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ABSTRACT 
 
 
 

IMPROVING OUR UNDERSTANDING OF EXPERIMENTAL HEART FAILURE AND THE 
PREVELANT SECONDARY CONDITION, TYOE II PULMONARY HYPERTENSION 

 
 
 

Mathew J. Platt     Advisor: 
University of Guelph, 2019    Dr. Jeremy A. Simpson 

 
 

Heart failure (HF), a chronic disease present in 15% of adults over 65, is a leading cause 

of mortality in the developed world.  With a rising prevalence and a mortality rate of ~50% 

within 5 years of diagnosis, HF is urgently in need of improved management strategies.  

Developing these strategies requires an improved understanding of how HF develops to identify 

novel ways to prevent this progression.  Additionally, there is a growing clinical appreciation for 

the role of the right ventricle (RV) and the lungs in HF; namely the development of secondary 

pulmonary hypertension (PH) in HF and its relationship to patient mortality.  Critically, there are 

no standard-of-care therapies for PH in HF despite a prevalence as high as 85%.  The aims of 

this thesis were to improve our understanding of how HF develops over time from the 

perspective of both ventricles and the lungs, and to investigate a therapeutic option for the 

unmanaged prevalent condition of PH in HF.  We hypothesize that (1) our model of HF 

(pressure-overload via aortic banding) will develop RV dysfunction and pulmonary remodeling 

that is not predictable from the remodeling patterns observed in the LV, and (2) that PH can be 

treated by currently available cardiovascular drugs if they are assessed for their impact on the 

RV and lungs.  Temporal characterization of LV and RV function identified TAC as a model of 

PH secondary to elevated LV filling pressures; a condition known as type II PH.  This 

longitudinal approach identified unique patterns of hypertrophy, dysfunction and hemodynamics 



	
 

between the LV and RV, emphasizing the need to investigate both ventricles to understand the 

overall cardiac phenotype.  Further, correlations at individual timepoints were inconsistent over 

time, underscoring the complexity of relationships and the inability to draw conclusions about 

how HF develops from timepoints in isolation.  These findings further our understanding of the 

murine pressure-overload model of HF, particularly as it relates to its usefulness as a model of 

type II PH.  We also found that common lipophilic cardiovascular drugs treated type II PH, 

presenting a possible therapeutic option for this unmanaged patient population.
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CHAPTER ONE  

 

REVIEW OF THE LITERATURE 
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1.1 Introduction 
Heart Failure (HF), {Dupuis:2015ec}an inability of the heart to meet the oxygen demands of the 

body, is a global epidemic and the leading cause of mortality in the developed world1.  Shifts 

towards a sedentary lifestyle in combination with poor dietary habits and longer life spans have 

combined to dramatically increase the incidence of HF over the past 50 years1.  The prevalence 

of HF in first world countries is 1-3% of the general population2,3, and ~15% in adults over 654,5.  

As our population continues to age, the incidence of HF will continue to climb3.  Alarmingly, 

one in five people alive right now will develop HF in their lifetime6.  Unfortunately, there is no 

cure for HF and mortality in this population remains high7 (~50% within 5 years of diagnosis).  

HF therapies instead target cardiovascular stresses; for example, using β-blockers to manage 

high blood pressure.  No HF therapies yet target the underlying cardiac dysfunction, and this 

population remains in continuous need of improved management strategies.   

 

Although commonly discussed as an ‘end-stage’ condition experimentally, the clinical term ‘HF’ 

actually describes a spectrum of conditions from pre-symptomatic structural changes to 

catastrophic end-stage cardiac dysfunction.  The stages of HF range from anyone at risk for 

developing HF (stage 1) to patients that are symptomatic (e.g., breathless) at rest (stage 4).  This 

highlights a difficulty in how we understand HF; patients generally present late into the 

development of this disease, only after decades of cardiovascular stress precipitate symptoms.  

This makes the timeline of dysfunction from the onset of (a) cardiovascular stress(es) towards 

the end-stage condition difficult to characterize.  How do structural and functional changes relate 

over time, particularly before overt dysfunction manifests?  This information is valuable for 

studies in disease mechanism, prevention and treatment as it helps identify targets for more in 

depth investigation.  Animal models of HF are especially helpful in obtaining this chronological 

data, with the ease of temporal characterization from stress onset to overt failure.  By 

investigating HF the same way it evolves, over time, we can improve our understanding and 

subsequent treatment of this widely prevalent condition.   

 

Although HF is classically understood as the failure of the left ventricle (LV), it is rapidly 

becoming apparent right ventricle (RV) failure also plays a role in the development and 

progression of this disease.  RV dysfunction is a strong independent predictor of mortality in HF 

patients even after correcting for variable LV function8-10.  Despite its increasing relevance 
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clinically, however, there remains a knowledge gap with respect to the time-dependent 

remodeling patterns in the RV compared to the LV in HF.  This is important when investigating 

novel therapies, as a treatment that targets LV remodeling cannot be expected to have an 

identical impact in the RV.  The RV is developmentally11, proteomically12 and molecularly13 

distinct from that of the LV, and RV remodeling patterns under a load are different in magnitude 

from those in the LV14.  Given the relationship between RV function and patient health in HF, 

including RV assessment in the standard for cardiovascular characterization is necessary to 

understand the broader cardiac phenotype.   

 

A final step towards improving our understanding and subsequent treatment of HF is to 

acknowledge that this disease presents with a myriad of different clinical comorbidities that all 

require individual management.  HF is often associated with impairments in organ systems 

outside of the cardiovascular system; patients commonly present with elevated sympathetic 

activity15, metabolic derangements16, renal disease17 and pulmonary complications18.  These 

additional pathologies, when left unmanaged, directly impact patient morbidity and mortality19.  

A prime example of a poorly managed extra-cardiac condition in HF is pulmonary hypertension 

(PH; high blood pressure in the lungs).  This comorbidity is present in anywhere from 20-80% of 

HF patients depending on etiology20, making it one of the most common ‘secondary’ conditions 

in HF.  The presence of PH in HF predicts increased mortality, and the severity of PH 

independently correlates with adverse outcomes8,21-23.  Despite this knowledge, there are no 

standard-of-care treatments that target PH in HF patients.  The current approach is to manage PH 

indirectly by instead targeting the LV dysfunction24.  This method, however, can be problematic; 

in cases where HF is insufficiently managed, persistent PH causes rapid failure of the fragile 

RV14.  RV failure is prevalent in HF patients with PH25, and is also a strong independent 

predictor of mortality8,26.  Without directly targeting the PH (or the resulting RV dysfunction), 

HF patients are at an increased risk for morbidity and mortality.  Therapies to manage prevalent 

secondary conditions in HF such as PH are urgently needed.   

   

The following sections will provide the context for the findings to be presented in this thesis.  

They will outline (in order) basic cardiac structure and function, the clinical classifications of 

HF, the patterns of pathological cardiac remodeling, the importance of the RV, the current 
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treatment options for HF, the history, pathophysiology and treatment options for PH in HF, and 

finally, a brief background on animal models of HF.   

 

1.2 Basic Cardiac Structure and Function 

1.2.1 Basic Anatomy 

The mammalian heart is a four chambered organ that pumps blood throughout the body.  The left 

and right atria are the two small chambers sitting atop the two larger chambers, the LV and RV.  

The LV is a thick-walled cone-shaped organ, while the RV is thin-walled and its shape more like 

a crescent moon (Figure 1.1).  The RV pumps oxygen-depleted blood towards the lungs for gas 

exchange, while the LV pumps the oxygen-rich blood returning from the lungs out to the rest of 

the body (Figure 1.2). 

 

 
1.2.2 Basic Cardiac Function 

The most basic understanding of cardiac function starts with how the heart fills and ejects blood, 

a process defined as the cardiac cycle.  The cardiac cycle is broken up into two phases; systole 

and diastole.  Systole refers to the contraction phase of the cardiac cycle, while diastole refers to 

the relaxation phase.  In simplified terms, systolic function describes how well the heart ejects  

 

Figure 1.1 | Basic cardiac structure.  The heart is a 4-chambered pumped consisting of a left and right 
atria that sit atop and a left and right ventricle.  The left ventricle has a thicker wall and is more of a cone 
shape, while the right ventricle has a thinner wall and is more of a crescent moon shape.  Figure adapted 
from Healthwise Incorporated and 2012 Pearson Education Inc.
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blood, while diastolic function describes how well the heart fills with blood.  Systolic function is 

assessed by measuring properties of cardiac contraction.  Two of the most common measures of 

systolic function are the percentage of blood ejected per heartbeat (i.e., ejection fraction; EF) and 

the maximal rate of pressure change during contraction as a function of time (i.e., dP/dt 

maximum, where d stands for derivative, P for pressure and t for time).  (Note: numerous other 

parameters are used to assess systolic function (e.g., mitral annular velocity derived from tissue 

Doppler, systolic time intervals, etc.27, however these methods are more often used clinically, not 

experimentally, and will not be discussed further).  Diastolic function is assessed by measuring 

properties of cardiac relaxation.  Some common measures of diastolic function include the 

maximal rate of pressure change during relaxation as a function of time (i.e., dP/dt minimum), a 

time constant of pressure decay (i.e., Tau; the time between two mathematically calculated 

slopes of pressure decay during cardiac relaxation), and the pressure in the ventricle at the end of 

relaxation (end diastolic pressure; EDP).  Given the relationship between ventricle wall stiffness 

and relaxation (stiffness impairs relaxation28), diastolic function is also contextualized by 

quantifying the abundance and arrangement of the extracellular matrix proteins that make up the 

Figure 1.2 | The cardiovascular system simplified. The right ventricle pumps blood into the pulmonary 
circulation to oxygenate blood, while the left ventricle pumps blood into the systemic circulation to 
oxygenate tissues.  Figure adapted from https://antranik.org/intro-to-the-heart/ 
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scaffolding of the heart (i.e., fibrosis; to be discussed in section 1.3.2).  Given both active (e.g., 

calcium handling) and passive (e.g., wall stiffness) components of diastole, diastolic function is 

more complex than systolic function to evaluate29.  (Note: As with systolic function, there are 

alternative methods by which diastolic function is assessed (e.g., E/A wave ratios, diastolic 

speckle tracking, etc.), however these methods are primarily used clinically, and are summarized 

elsewhere30).  Systolic and diastolic function are indeed tethered to one another through the 

cardiac cycle.  A heart cannot eject the blood it does not have from impaired filling, nor can it fill 

effectively if there is excess blood left over from impaired contraction.  Given that systole and 

diastole are sequential events, quantifying both the systolic and diastolic phases of the cardiac 

cycle provides the best understanding of overall cardiac function. 

 

1.2.3 Assessing Cardiac Structure and Function 

Cardiac structure and function are often quantified experimentally by using a combination of 

non-invasive imaging and invasive hemodynamics.  Non-invasive cardiac imaging is used to 

approximate cardiac volumes, with the two most common methods used being magnetic 

resonance imaging (MRI) and echocardiography.  MRI uses a magnetic field to generate 3-

dimensional images, while echocardiography uses reflected sound waves to generate 2-

dimensional images.  Although MRI is more accurate and precise at determining cardiac shape31 

and mass32 compared to echocardiography, the MRI machinery is exceedingly expensive, 

requires extensive training, and is less widely available.  Thus, echocardiography remains the 

most common method for non-invasive cardiac imaging.  Cardiac volumes by echocardiography 

are estimated from 2-dimensional measures of chamber sizes.  The calculation takes the chamber 

dimensions from the widest point of the heart, and using a modified formula for the volume of a 

cone33, approximates chamber volumes in diastole (fully relaxed) and systole (fully contracted).  

(NOTE: there are other formula’s to calculate volumes from 2-dimensional images, but these 

methods are less frequently used by comparison, and are summarized elsewhere34).  Stroke 

volume, the volume of blood ejected per heartbeat, is then calculated as the difference between 

the diastolic and systolic volumes.  A valuable secondary method of approximating cardiac 

stroke volumes with echocardiography that does not rely on the extrapolation of chamber 

dimensions from 2D images is with Doppler35.  The Doppler method directs sound waves at a 

blood vessel (e.g., the aorta) and the magnitude of the reflected sound waves is used to calculate 

the velocity of the blood flow.  The vessel’s cross-sectional area at the point of blood flow and 
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the blood flow’s velocity per beat (termed the velocity time integral) are used to mathematically 

approximate stroke volume (Chapter 4.3.4).  Finally, invasive hemodynamics are used to 

measure the cardiac pressures, heart rates and the rates of cardiac contraction and relaxation (i.e., 

dP/dt max or min)36.  This involves the guidance of pressure-impedance catheters into each 

ventricle, where cardiac pressures are digitized and can be recorded throughout the entire cardiac 

cycle.  While hemodynamic parameters such as dP/dt max/min can be approximated from non-

invasive imaging37,38, invasive catheterization remains the gold standard36.  Invasive data is used 

to calculate a variety of functional parameters from every pressures throughout the cardiac cycle 

to measures of both systolic function (e.g., dP/dt max) and diastolic function (e.g., Tau).  In 

summary, non-invasive imaging (i.e., echocardiography) and invasive hemodynamics are used 

together in the experimental setting to assess cardiac structure and function.   

 

Measures of cardiac function are at risk for misinterpretation because of their sensitivity to 

changing cardiac loading.  This means that the absolute value of a variable (e.g., dP/dt max) can 

change independent from an underlying change in how the heart is functioning.  (NOTE: An 

absolute value in this context simply refers to the value calculated for any particular variable.)  

Cardiac loading can be broken down into two major components; afterload and preload.  

Afterload is the burden the heart must work against to eject blood (e.g., the aortic blood 

pressures), while preload is the stress the heart experiences during relaxation before the initiation 

of a contraction (e.g., the stretch from diastolic volumes).  Changes in either afterload or preload 

can impact the absolute value of a cardiac variable (e.g., dP/dt max) without representing  a 

difference in underlying cardiac function.  A good example of how load impacts cardiac function 

is the Frank-Starling mechanism described in 192739.  This seminal work reported an increase in 

the amount of force produced by the heart (e.g., dP/dt max) when there was a higher pre-

contraction volume (e.g., increased diastolic stretch).  The relationship between afterload and 

dP/dt max is similar; increased afterload (e.g., increased aortic pressure) also causes an increase 

in ventricle work39,40; the rate of contraction has to increase to facilitate the greater pressure 

oscillation in the presence of higher pressure.  (NOTE: The sensitivity of LV and RV function to 

varying loading conditions is captured by a study in 2002 using an isolated biventricular heart 

preparation41).  Indeed, a goal is to find load-independent measures of cardiac function42.  One 

example of this is measuring the dP/dt value at a stable point in the pressure cycle instead of 

using the variable peak value.  This parameter (e.g., dP/dt@ a LV pressure of 40mmHg; 
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dP/dt@LVP40) is less affected by an increasing afterload(Figure 1.3).  Unfortunately, this 

variable is still sensitive to declining afterload, as well as changes in preload (e.g., variable end 

diastolic pressures)43.  In summary, load-independent cardiac function is difficult to quantify, 

and measures of cardiac function are best understood when variable loading conditions are 

accounted for.     

 

 
When assessing cardiac function, the relative accuracy and precision of a technique has bearing 

on the confidence of findings from that technique.  For example, if echocardiographic images of 

the LV are being used to estimate LV volumes, are the chamber dimensions obtained accurate 

when using a particular machine?  If a second person were to take the same images, would they 

obtain the same values?  Can you trust the data obtained using this method in both healthy and 

diseased models?  Questions like these are important in experimental research where a variety of 

different machines and different trainees are used to obtain similar data (e.g., cardiac chamber 

dimensions).  (NOTE: Accuracy describes how close a measure is to the correct or ‘true’ value, 

while precision describes the reliability of obtaining similar repeated measures).  Establishing 

accuracy and precision is crucial in all areas of research.  Inaccuracy or imprecision can lead to 

Figure 1.3 | Effect of varying afterload on two measures of cardiac systolic function; dP/dt max and 
dP/dt@LVP40. The above graph depicts pressure and dP/dt values in a single mouse in the presence of 
aortic occlusion (which increased left ventricle pressure; LVP) and inferior vena cava occlusion (which
reduces blood flow back to the heart and decreases LVP).  As afterload increases (i.e., increasing LVP), 
dP/dt max increases ~25%, while dP/dt@LVP40 stays relative stable.  dP/dt@LVP40 thus represents an 
index of cardiac systolic function that is less affected by this increased afterload.  However, as afterload 
declines (dropping LVP), neither variable remains stable.  This highlights the difficulty in finding an index of 
cardiac function that is completely load independent.  Figure adapted from HK*4550, 2011. 
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incorrect conclusions, increasing the rate of errors such as finding a difference where none 

existed (type I error), or missing a difference that was slight (type II error).  Moreover, high 

variance often leads to an increased requirement of n-values; a problem especially when using 

animal models.  This variability may, in part, contribute to the high rate of failing to translate 

successful preclinical trials into human patients25,26.  Designing studies to establish the accuracy 

and precision of commonly used experimental techniques will only help to increase the fidelity 

of preclinical research. 

 

1.3 Heart Failure  

1.3.1 Clinical Classification System 

HF is classified primarily by symptomology.  These symptoms are often breathlessness, fatigue, 

peripheral swelling, rapid/irregular heartbeats and some form of respiratory crackle (audible 

popping when a person breathes)44.  There are two classification systems that clinicians use to 

grade HF; the American Heart Association (AHA) staging charts and the New York Heart 

Association (NYHA) functional classification (Table 1.1)24.  HF is classified into four stages.  

Stage one is patients at risk for developing cardiovascular disease without any structural 

alterations or symptomology, arguably the entire adult population.  Stage two is the presence of 

structural abnormalities without symptoms.  Stage three describes patients that present with 

structural abnormalities and symptoms during exertion, and stage four describes patients that 

have symptoms at rest.  Unfortunately, most patients only present once they are in stage 3 or 4 

after HF precipitates symptoms.  There still exists a gap in our knowledge of disease 

pathophysiology during HF’s earlier stages.  Information about this disease before symptoms 

manifest may help understand how to prevent the progression of HF.   

Table 1.1:  Clinical classification systems for heart failure (adapted from Yancy et al., 2013) 
 

 AHA Stages of HF  NYHA Functional Classification 

A 
At high risk for HF but without structural heart 

disease or symptoms of HF 
I No limitation of physical activity. Ordinary 

physical activity does not cause symptoms of HF. 

B 
Structural heart disease but without signs or 

symptoms of HF 
II  

Slight limitation of physical activity. Comfortable 

at rest, but ordinary physical activity results in 

symptoms of HF.  

C 
Structural heart disease with prior or current 

symptoms of HF 
III 

Marked limitation of physical activity. 

Comfortable at rest, but less than ordinary 

activity causes symptoms of HF. 

D Refractory HF requiring specialized interventions IV Unable to carry on any physical activity without 

symptoms of HF, or symptoms of HF at rest.  
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HF is further classified by where impairments are detected within the cardiac cycle.  

Impairments in contraction are described as systolic dysfunction, while impairments in relaxation 

are described at diastolic dysfunction.  Although HF was originally considered isolated 

contractile dysfunction (i.e., systolic dysfunction), it is now understood that symptomatic HF can 

result from impairments in either phase of the cardiac cycle.  (Note:  There is debate as to the 

clinical reality of HF, with some suggesting systolic and diastolic dysfunction are separate 

entities45, and others arguing they are a clinical continuum46-48.  Differing paradigms for HF are 

presented in Figure 1.4, but none sufficiently describe all HF cases and no prevailing ‘unified’ 

paradigm has emerged).  

 

 
The clinical distinction between systolic and diastolic HF is made by determining the presence or 

absence of systolic dysfunction in patients with the symptoms of HF49.  The parameter used for 

this clinical distinction is LV EF, with symptomatic patients above a LV EF of 50% defined as 

having diastolic HF, and symptomatic patients below a LV EF of 50% defined as having systolic 

HF5,50.  (Note: this precise ‘cut-off’ is also the subject of current debate51).  Systolic HF is 

termed “HF with reduced EF” (HFrEF), while diastolic HF is termed “HF with preserved EF” 

Figure 1.4 | The prevailing paradigms for heart failure (HF).  Each paradigm captures a slightly 
different aspect of the clinical condition.  The vicious-circle paradigm captures the irreversible spiral from 
endothelial dysfunction and neurohormonal activation towards eventual death by congestive heart failure.  
In the time-progression paradigm, a similar emphasis is placed on the temporal progression of HF, but 
with more focus on the consecutive stages as ejection fraction (EF) declines.  These stages start with 
impaired pump function, progress towards failing hemodynamics, and culminate in complete 
cardiovascular (CV) failure identified by reduced stroke volume (SV), cardiac index (CI) and systemic 
blood pressure (Part).  Finally, the spectrum paradigm visualizes the varying ‘disease trajectories’ followed 
by different patients.  These variable trajectories are impacted by different ‘disease modifiers’ (i.e., 
comorbidities and genetics), which together combine to shift a patients HF phenotype (e.g., hypertrophic 
phenotype and left ventricular ejection fraction (LVEF)).  Figure adapted from De Keulenaer et al., 2011.
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(HFpEF).  The prevalence of HFpEF exceeds that of HFrEF, with the ratio of HFpEF/HFrEF 

patients increasing with age52.   

 

While HF can arise from a variety of acute (ischemic injury, cardiotoxic substances, illness, etc.) 

and chronic (environmental, valvular or congenital heart disease, arrhythmias, etc.) stresses, the 

two most common causes are high blood pressure (hypertension) and heart attacks (myocardial 

infarction; MI)53.  Hypertension is clinically defined as a systolic blood pressure over 

135mmHg54.  (NOTE: More recent trials suggest the target blood pressure be reduced to 

120mmHg, given this was associated with additional improvements in outcome55).  Chronically 

elevated blood pressure causes cardiac growth to compensate for the increase in afterload in a 

process known as hypertrophy (this will be reviewed in section 1.3.2.1).  A MI is an obstruction 

of blood flow to a region of cardiac tissue; in lay terms a blockage of an artery that feeds the 

heart muscle.  This results in cardiac tissue death from the lack of oxygen.  Both stresses 

eventually result in HF as the oversized muscle or the dead tissue no longer function properly.  

(NOTE: For a brief summary of the beta-adrenergic signaling pathways that are activated to 

sustain cardiac output in HF, refer to Appendix 1).  As hypertension and MI are antecedent in 

the vast majority of HF cases56, they represent two of the most commonly investigated 

preclinical models of HF. 

 

Finally, “HF” as a term can be misleading given its broad application.  This term is used to 

describe a spectrum of conditions from pre-symptomatic cardiac impairments right through to 

catastrophic end-stage dysfunction.  While in the clinic HF is defined by symptoms, HF in this 

thesis will be defined as the point when the heart is unable to sustain functional stability (e.g., 

stable EF between two time points).  HF was thus determined experimentally by following the 

change in systolic and diastolic parameters over time to identify the transition from compensated 

(sustained) to decompensated (failing) cardiac function.   

 

1.3.2 Cardiac Remodeling  

The heart is an organ that constantly adapts to stress in a process known as remodeling57.  

Cardiac remodeling describes the structural changes that occur as the hearts works to maintain 

pump function under varying loads (e.g., chronic hypertension).  The phrase “ventricular 

remodeling” was made mainstream in the 1980’s and 90’s, with seminal work by Janice and 
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Marc Pfeffer with Eugene Braunwald describing the changes in ventricle shape and structure 

following coronary artery ligation58-60.  This term–ventricular remodeling–is now widely used to 

describe any pattern of structural changes that occurs in response to mechanical/neurohormonal 

stresses61,62.  Today, there are two overarching views of remodeling; healthy (physiological) and 

unhealthy (pathological)63.  In situations of physiological loads (e.g., athletic training) 

remodeling patterns seem beneficial, as they do not negatively impact cardiac function64.  In 

conditions of pathological loads (e.g., MI or chronic hypertension), remodeling patterns are 

associated with a decline in cardiac function and eventual HF61.  The following sections will 

focus on pathological patterns of remodeling. 

 

1.3.2.1 Hypertrophy 

 

One form of cardiac remodeling is a process of increased cell growth termed hypertrophy.  

Cardiac hypertrophy is broadly defined as an increase in heart mass.  In the setting of increased 

load (e.g., chronic hypertension), the cardiomyocytes (muscle cells in the heart) increase in size 

Figure 1.5 | The two types of cardiac cellular/organ hypertrophy in heart failure (HF).  Concentric 
hypertrophy (top) refers to the addition of sarcomeres in parallel with one another, which decreases 
chamber size while increasing wall thickness.  This is generally the result of a pressure stress.  Here, 
contractile function is often preserved.  This is the common hypertrophic phenotype in HF with preserved 
ejection fraction (HFpEF).  Eccentric hypertrophy (bottom) refers to the addition of sarcomeres in series 
with one another, which increases chamber size without altering wall thickness.   Here, contractile function 
is often reduced.  This is the common hypertrophic phenotype in HF with reduced ejection fraction 
(HFrEF).  The red dot represents the nuclei in each depiction of a cardiomyocyte.  Figure adapted from 
Nakamura et al., 2018
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to support the contraction against the load.  There are two types of cardiomyocyte hypertrophy; 

concentric and eccentric62(Figure 1.5).  Concentric hypertrophy is an increase in cardiomyocyte 

width.  This type of hypertrophy is observed in response to an increase in systolic wall stress 

(e.g., increased pressure65).  Increased systolic wall stress increases the force the cardiomyocyte 

must contract against to eject blood, leading to the addition of new contractile proteins in 

parallel66.  This is a ‘bulking’ or widening of the cardiomyocyte to generate the increased force 

needed to contract against increased afterload.  This form of hypertrophy is commonly observed 

in patients with chronic hypertension67 and/or HFpEF68.  In contrast, eccentric hypertrophy is an 

increase in cardiomyocyte length.  This type of hypertrophy is observed in response to an 

increase in diastolic wall stress (e.g., increased volume65).  Increased diastolic wall stress can be 

understood as an over-stretching of the cardiomyocytes when they are supposed to be relaxing, 

leading to the addition of sarcomeres in series69.  This is a lengthening of the cardiomyocytes to 

reduce their stretch prior to a contraction.  This form of hypertrophy is observed in patients post-

MI70, as well as in end-stage HFrEF patients68.  The second way to understand the cardiac 

hypertrophy is at the whole organ level.  The law of LaPlace formula predicts the changes in 

chamber size and wall thickness as the heart remodels to normalize wall stress71.  (NOTE: This 

formula is explained in Figure 1.6).  Cardiac wall stress, as previously described, is the amount  

Figure 1.6 | Formula for left ventricle (LV) wall stress.  Wall stress is a function of ventricular pressure, 
chamber radius and wall thickness.   Peak wall stress can be calculated in either diastole or systole using 
the same formula.  Left ventricle pressure is measured with invasive catheterization, while radius and wall 
thickness can be obtained with non-invasive imaging (e.g., echocardiography).  Figure adapted from 
Gjesdal et al., 2011 



	
 
14	

 

of force acting against the heart cells and can be calculated in systole (systolic wall stress) and 

diastole (diastolic wall stress).  Peak systolic wall stress is synonymous with afterload, while 

peak diastolic wall stress is synonymous with preload.  In patients with chronic systemic 

hypertension, the increased pressure represents an increase in systolic wall stress, which is 

countered by concentric hypertrophy; increased wall thickness and reduced chamber radius72.  In 

MI and in end-stage HFrEF patients, reduced cardiac output is detected by pressure sensors in 

the kidneys, which, through an activation of the renin-angiotensin-aldosterone system, ultimately 

increase fluid retention73.  While the increased blood volume initially compensates for the 

reduced cardiac output in HF74, chronic activation of this system leads to a volume overload.  

This volume increases the stretch (i.e., diastolic wall stress) during relaxation as the heart fills, 

which eventually drives eccentric hypertrophy and chamber dilatation65.  (Note: In actuality, 

complex molecular pathways dictate the regulation (and often the overlap) between eccentric 

and concentric hypertrophy65, as well as between pathological and physiological hypertrophy75, 

however this is beyond what is required to understand the results presented in thesis).  Cardiac 

hypertrophy is a ubiquitous outcome in response to increased load.  However, with the variety of 

clinical histories that all converge towards HF, the time course of concentric versus eccentric 

hypertrophy during the development of HF from varying etiologies remains incompletely 

characterized.  Given the relationship between cardiac hypertrophy and mortality in HF 

patients68,76, characterizing the patterns of hypertrophic remodeling over time will further our 

understanding of how these remodeling patterns relate to cardiac function.  

 

An overarching concept in HF is that with persistent hypertension (i.e., pressure-overload), that 

there is a transition from early-stage compensatory hypertrophy to late-stage decompensatory 

hypertrophy and failure76.  The precise differentiation between these stages of hypertrophy, 

however, remains unclear.  While early concentric remodeling seems necessary in hypertensive 

patients for maintaining cardiac function77,78, completely preventing concentric hypertrophy in 

experimental models of pressure-overload does not cause immediate decompensation and 

death69,70.  The transition between early compensatory hypertrophy and late-stage 

decompensation is still incompletely understood.  Problematically, most experimental studies 

evaluate cardiac hypertrophy at a singular point following a stress, leading to the under-reporting 

of the chronology of hypertrophy under a load.  A comparative assessment of both the early 
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(compensatory) and late (decompensatory) stages of hypertrophic remodeling in response to 

experimental pressure-overload may help understand this transition. 

 

1.3.2.1 Fibrosis 

Another type of pathological cardiac remodeling is an increase in the extracellular matrix 

proteins that make up the skeleton of the heart known as fibrosis.  The extracellular matrix is 

composed of a variety of structural proteins (predominately collagens), and it provides the 

framework inside which the cardiomyocytes reside and contract79.  This matrix contributes to 

wall integrity, and owing to its relative rigidity compared to the cardiomyocytes, an over-

abundance of this matrix (i.e., fibrosis) negatively impacts relaxation by impairing the 

compliance of the ventricle wall80.  This fibrosis is thought to contribute, at least in part, to the 

pathologically elevated diastolic pressures in HF patients80.  Interestingly, while numerous 

studies demonstrate a relationship between fibrosis and ventricular wall stiffness73-76, others find 

static diastolic pressures with increases in fibrosis81-84.  This ‘relationship’ between fibrosis, wall 

compliance and the resulting cardiac hemodynamics is incompletely defined.  Indeed, while 

fibrosis is a significant component of pathological remodeling85,86, it is also a natural part of 

aging87 and is reported in some cases of physiological remodeling (e.g., extreme athletes88).  A 

temporal assessment of how fibrosis and indices of diastolic function (e.g., filling pressures) 

relate over time throughout the development of HF will help address this knowledge gap.  

 

1.3.3 The Importance of the Right Ventricle  

The heart has a second ventricle, the RV, that is also of independent significance to cardiac 

function.  The RV–by the necessity of a closed circuit system–pumps near identical volumes to 

the LV per beat, but only requires a quarter of the work given the low pressure in the pulmonary 

vasculature89.   This low-pressure pulmonary system represents a lower systolic load for the RV 

contraction to overcome compared to the LV.  As predicted by the Law of Laplace, this lower 

systolic wall stress results in a thinner RV wall; RV mass is only ~15-20% of LV mass in a 

healthy state90.  Knowledge about RV function, however, has lagged behind that of the LV.  This 

pattern of research stems from findings that initially questioned the importance of the RV; 

ablation of large portions (60-80%) of the RV free wall did not impair pressure generation91, 

systemic blood pressure92 or exercise capacity in dogs93.  In an ex vivo model, approximately half 

of the RV outflow can be driven by the isolated contraction of the LV94.  Conversely, while the 
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RV seems somewhat passive health, evidence is mounting to suggest the RV is the cardiac 

‘weak-point’ in conditions of stress.  In extreme endurance athletes, there is evidence of both 

acute and chronic RV dysfunction despite healthy LV function95.  Clinically, the presence of RV 

dysfunction predicts a worse outcome in patients with PH96, sepsis97, acute respiratory distress 

syndrome98, chronic lung disease99, and/or pulmonary embolism100.  Together, this suggests the 

RV is not an inconsequential chamber with a limited role in cardiac disease.    

 

Clinical appreciation for the importance of the RV in HF grew rapidly following the finding that 

RV function independently predicted mortality8,101,102.  RV failure in HF patients is associated 

with a more advanced NYHA functional class103, and is one of the hallmarks of a shift towards 

the ‘end-stage’ phenotype (stage IV; defined here104).  The relevance of RV function in HF is 

understood by explaining the origin of the RV dysfunction.  Failure of the LV to eject blood 

causes a ‘back up’ of blood through the pulmonary circulation.  This is termed ‘pulmonary 

venous congestion’, and over time, this elevated volume leads to increased pulmonary pressures; 

a condition known as PH105 (to be reviewed in detail in section 1.4).  These pressures represent 

an increased load against which the RV cardiomyocytes must contract to maintain output.  RV 

cardiomyocytes do not hypertrophy as significantly as LV cardiomyocytes under similar loads14, 

and the adaptive phase to pressure-overload in the RV is comparatively short-lived.  The result is 

rapid RV dilation and failure106, which contribute to the accelerated mortality observed in HF 

patients with PH.  Despite the relationship between RV failure and mortality, there are no 

standard-of-care treatments to manage RV dysfunction in HF107.  The majority of HF therapies 

are only investigated for their impact on LV structure and function, with the impact of these 

therapies on RV structure and function less frequently assessed.  Given that the RV possess 

different receptor densities13, at a proteomic level responds differently following a pathological 

stress12, has a different cardiomyocyte cell lineage from the LV11 and ejects blood into a different 

vascular system (pulmonary) with different hemodynamic loads and vascular properties, it is 

difficult to identify therapies that might treat the RV without first assessing the RV phenotype 

directly.  Assessing pulmonary pressures and RV function will help understand the broader HF 

phenotype from the perspective of both ventricles.  (NOTE: The indices of contractile function 

used for the LV (e.g., dP/dt max) can be applied to measure RV function when the varying 

vascular loads (e.g., different systolic pressures) are taken into account108).  As emerging 

evidence continues to establish the importance of RV function in HF patient health, a shift to 
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include RV function as part of the standard cardiac assessment both clinically and 

experimentally is warranted.   

 

1.3.4 Treatments for HF 

Despite centuries of cardiovascular research and the different pharmaceuticals on the market for 

HF patients (summarized in Table 1.2), the morbidity and mortality related to HF remains high.  

One reason is the poor management of comorbidities that directly contribute to adverse 

outcomes.  HF patients often present with comorbidities in the renal109, pulmonary110, 

metabolic111 and central nervous systems15.  However, current HF therapies are used to treat the 

cardiovascular stimuli that drive declining cardiac function (e.g., high blood pressure or the 

overabundance of ANG II signalling112).  These drugs, while prescribed to HF patients with 

comorbidities, are not often scrutinized for the impact they have on these comorbidities.  

Investigating these secondary conditions (e.g., PH and RV function) as primary outcomes in 

addition to the pre-determined cardiovascular end-points (e.g., LV EF, mortality, etc.) may 

provide valuable information about drug differences that directly applies to select patient 

subpopulations.  Any disproportionate improvement in a common secondary condition might 

identify an improved patient-specific treatment strategy for the HF population with that 

particular comorbidity.  For example, while there are a handful of drugs that manage high blood 

pressure (e.g., β-blockers or ACE inhibitors), which one is best in patients that present with PH?  

Investigating the impact of current–and future–HF drugs for their effect on prevalent 

comorbidities may help improve patient-specific treatment strategies to address the high 

morbidity and mortality in the HF population.   

 

Clinical outcomes in HF patients vary between drugs within the same class (e.g., β-blockers113, 

ARB’s114,115, and statins116,117).  One possibility is that the improved drugs are often more 

lipophilic113-116,117.   Lipophilicity, a measure of a drugs solubility in fats, is an important 

pharmacological feature that is gaining recognition as a potential ‘most important’ measure of 

efficiency in medical pharmacology119,120.  A lipophilic drug has an increased likelihood of 

crossing membrane layers both peripherally (e.g., crossing cell membranes) and centrally (e.g., 

crossing the blood-brain-barrier118) to access locations unavailable to hydrophilic drugs.  

Notably, while there is a growing list of secondary cardiovascular benefits in lipophilic drugs  
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Table 1.2:  Heart failure drug classes and information. 

HF, heart failure; EF, ejection fraction; HFrEF, heart failure with reduced (below 50%) ejection fraction.  Information 
summarized from Yancy et al., 2013. 
 

Drugs Class Mechanism(s) of Action Class Examples Clinical Indication 

Ace Inhibitors 
(ACEi) 

- blocks the activity of angiotensin converting 
enzyme (ACE1), decreasing ANG II levels - causes 
vasodilation, enhances natriuresis, lowers blood 
pressure, and prevents remodeling of smooth 
muscle and cardiac myocytes 
- reduces HF mortality in clinical trials 

Captopril 
Enalapril 

Fosinopril 
Quinapril 
Ramipril 

Trandolapril 

- unanimous first line therapy for 
all HF patients with HFrEF 

Angiotensin 
Receptor 
Blockers 

(ARB) 

- blocks the binding of ANG II to ANG receptors. 
- similar morbidity effects to ACEi’s, but with less 
of a mortality benefit in HF patients. 

Candesartan 
Losartan 

Telmisartan 
Valsartan 

- alternative first line HF therapy to 
ACEi (generally prescribed if 
patients can’t tolerate ACEi) 
 

ARB + 
Neprilysin 
Inhibitor 

- Neprilysin inhibitor prevents the degradation of 
natriuretic peptides, helping with vasodilation 

Entresto 
(valsartan/sacubitrol) 

- new first line therapy for HF, 
particularly HFrEF. 

Beta Blockers 

- blocking beta receptors blocks sympathetic 
stimulation of cardiac cells, acting to slow heart 
rate, reduce blood pressure, and even reverse 
some of the adverse remodeling in the heart (i.e., 
hypertrophy) 
- reduces HF mortality in clinical trials 

Nebivolol 
Bisoprolol 

Metoprolol  
Carvedilol 

- first/second line therapy for HF, 
particularly HFrEF. 
- especially beneficial in patients 
with hypertensive HF 

Diuretics 

- rids body of excess fluids by acting on the 
kidney’s to increase sodium or water excretion 
- helps to decrease the heart’s workload. 
- more about symptom management than a 
reduced mortality 

Furosemide 
Bumetanide 
Torsemide 

Chlorothiazide 
Metolazone 

- most often prescribed for patients 
with congestive HF to reduce fluid 
build-up in the lungs 

If Channel 
Blocker 

- reduces heart rate by slowing the rate of 
depolarization in the hearts pacemaker cells  Ivabradine - used in HF patients with high 

heart rates 

Aldosterone 
Agonists 

- similar to diuretics, decreases fluid retention 
- also decreases fibrosis  
- reduces morbidity and mortality in patients  

Spironolactone 
Eplerenone 

- used in HF patients with 
especially low EF (below 35%) 

Digitalis 
Glycosides 

- inhibits a sodium potassium pump in cardiac 
cells to effectively slow heart rate 
-helps increase intracellular calcium stores to 
increase contractile force  

Digoxin - beneficial in patients with HFrEF 
to reduce hospitalizations  

Cardiovascular drugs prescribed to “at risk” patients  

Anticoagulants 
- various mechanisms all relating to the blockade 
of portions of the coagulation cascade to prevent 
the formation of blood clots 

Apixaban 
Dabigatran 

Rivaroxaban 
Warfarin 

- used to reduce risk for stroke and 
heart attack in patients at risk for 
HF (or with previous heart attack) 
- not recommended in HFrEF 

Calcium 
Channel 
Blockers 

- blocks the release of the potent contractile 
signaling molecule calcium 
- causes vascular smooth muscle relaxation 
(vasodilation), decreased contractile force 
generation and a decreased heart rate  

Amlodipine 
Diltiazem 
Felodipine 
Nifedipine 
Verapamil 

- used to manage hypertension 
before the onset of overt HF  
- also for treating angina and 
arrhythmias  
- not helpful in HFrEF patients 

Statins 
- various mechanisms of action (e.g., increase 
clearance, reduced re-absorption, etc.,) all 
working to decrease harmful low density 
cholesterols in circulation  

Atorvastatin 
Fluvastatin 
Lovastatin 
Pravastatin 

Rosuvastatin 
Simvastatin 

- used to prevent symptomatic HF 
and HF-related events 
- helps prevent clots, reduces 
inflammatory state and improves 
endothelial function 
- not helpful in HFrEF patients 
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(e.g., improved vasodilatory response119, improved vagal tone120,121, and reduced ventricular 

fibrillation122,123) that are not observed in their hydrophilic counterparts, there are no mentions of 

drug lipophilicity in either the Canadian124 or American2 guidelines for the 

treatment/management of HF.  Few trials separate data based on relative lipophilicity, 

highlighting a disconnect between the reported differences of lipophilic versus hydrophilic drugs, 

and the frequency that drug lipophilicity is considered for stratification.  The disproportionate 

benefits observed with lipophilic drugs in HF warrants a comparison of lipophilic and 

hydrophilic cardiovascular drugs to better understand the differences between these therapies.   

 

1.4 Pulmonary Hypertension 
Pulmonary hypertension (PH) is gaining appreciating as a secondary epidemic within the HF 

population, and is emerging as an independent driver of mortality in late-stage HF patients22,125.  

Defined as a pulmonary artery pressure that exceeds 25mmHg at rest (or 30mmHg during 

exercise)126, PH can only be diagnosed in the clinic by invasive catheterization127.  (NOTE: PH 

can be approximated using echocardiography127, but this method is imprecise and insufficient 

for a clinical diagnosis or to design a patient-specific treatment strategy).  PH is a condition that 

progresses towards RV failure much faster than systemic hypertension progresses towards LV 

failure, owing–in part–to the RV’s sensitivity to higher loads14 (explained in section 1.3.3).  

While PH has multiple etiologies (to be highlighted in the following sections), the end stage RV 

phenotype is always similar; rapid dilatation, pump failure and increased short-term 

mortality128,129.  This rapid progression towards RV failure makes PH a life-threatening condition 

that requires clinical attention.  To better understand PH, the following sections provide a brief 

historical background leading up to the current clinical classifications of PH before highlighting 

the prevalence, classification and pathophysiology of type II PH, and closing by discussing the 

current therapeutic strategies used for type II PH. 

 

1.4.1 Historical Perspective and Classification  

The clinical definition of PH has broadened dramatically since right heart catheterization was 

first applied in the clinical setting in 1944130, and so the classification of PH is best explained 

chronologically.  The first published evidence of PH as a pathology came in the form of case 

reports in the late 19th and early 20th century, which described severe pulmonary vascular 

remodeling and RV hypertrophy in post-mortem investigations120-124.  Some of these reports 
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went as far as calling this condition the “black heart disease” owing to the darkened skin colour 

associated with the intense cyanosis of a failing RV123,124.  In the late 1950’s, around the same 

time that right heart catheterization was making it into mainstream practice for 

cardiologists131,132, PH was classified for the first time based on the etiology of the elevated 

pressure133.  (Note: This article starts with the statement “The relationship of the lungs to the 

heart is very close, and it is not surprising that diseases of the lung may affect the heart and 

diseases of the heart may affect the lungs. It is, of course, by way of the pulmonary blood vessels 

that this interrelationship is affected.”  While this statement is common knowledge now, it 

captures the time before the relationship between the heart and lungs was widely acknowledged 

and represents one of the first times this concept was articulated to the greater scientific 

community.)  This original classification divided PH into 5 groups; primary PH, chronic 

bronchitis/emphysema, pulmonary arteriosclerosis, left to right blood shunting and pulmonary 

embolism.  It was not, however, until an epidemic of PH cases caused by appetite suppressants in 

the 1970’s134,135 that PH was recognized on the global stage.  This epidemic set in motion the 

events to eventually hold the first international World Health Organization (WHO) symposium 

on PH in 1973, summarized in 1975136.  This first official classification was, however, a bit of a 

step backwards, only classifying 2 very broad categories of PH; primary PH (of unknown origin) 

or secondary PH (of identifiable causes or risk factors including everything from HF to 

infection).  It took twenty-five years for the 2nd WHO symposium on PH to be held in 1998, 

where the 5 current groups of PH were established based on similarities in disease etiology and 

response to therapies.   

 

Group 1:  All primary pulmonary arterial hypertension (PAH);  

Group 2:  Pulmonary venous hypertension;  

Group 3:  PH associated with lung diseases; 

Group 4:  PH caused by pulmonary embolism or clotting disorders; and 

Group 5:  PH caused by infection/inflammation of the pulmonary vasculature137.   

 

This 5-group classification was updated again in 2003138, then in 2008139, and most recently in 

2013126; notable changes include a shift in Group 2 from pulmonary venous hypertension to PH 

secondary to left heart disease (with subgroups for the different forms of HF, such as patients 

with HFrEF vs HFpEF), and an expansion of Group 5 to include all PH cases with unclear 
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multifactorial mechanisms (e.g., tumors, metabolic disorders, renal failure, etc.).  A history of the 

changes specifically to the definition of Group 2, PH secondary to HF, can be found in Figure 

1.7.  (Note: a 6th global symposium on PH was held earlier this year in Nice, France140, however 

the results have not yet been published.)  The recent improvements in the clinical classification 

of PH are rapidly refining our understanding of this condition. 

Figure 1.7 | Current clinical classification of pulmonary hypertension (PH).  This classification chart is 
taken from the most recent World Health Organization symposium on PH held in Nice, France in 2013.  
Classes are separated based on treatments.  Figure adapted from Oudiz et al., 2016.  PAH, pulmonary 
arterial hypertension; BMPR2, bone morphogenic protein receptor 2; HIV, human immunodeficiency virus. 
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While the 5 WHO groups classify PH from a therapeutic perspective, a second way to classify 

PH is based on the origin of the hemodynamic stress.  This classification broadly separates PH 

into two categories; pre-capillary (pressure that originates in the pulmonary arteries; type I) or 

post-capillary (pressure that originates in the pulmonary veins; type II).  A pre-capillary stress 

causes primary RV dysfunction, while a post-capillary stress impacts the RV secondary to the 

LV pathology.  This hemodynamic classification is a second way to highlight the difference 

between the two most common forms of PH, type I and type II (Figure 1.8).   

 

 
The classification of type II PH can be further broken down based on the presence or absence of 

concurrent pulmonary vascular disease.  The most recent clinical guidelines use multiple 

hemodynamic variables to properly identify patient sub-populations(Figure 1.9).  The key 

hemodynamic parameter used to identify type II PH (apart from other types) is an increased 

pulmonary artery wedge pressure >15mmHg.  This is an increase in pulmonary venous pressure 

as estimated by plugging a pulmonary vessel and recording the passive pressure distal to the  

Figure 1.8 | Simplified etiological difference between type I and type II pulmonary hypertension 
(PH).  In type I PH (termed pre-capillary PH), the pressure originates before the capillary bed in the 
pulmonary arteries, causing primary right ventricle (RV) dysfunction with minimal left ventricle (LV) 
pathology.  In type II PH (termed post-capillary PH), the pressure originates after the capillary bed as the 
result of a dysfunctional LV.  This pressure eventually leaks backwards into the pulmonary circulation, only 
affecting the RV secondary to the LV.   
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plug141.  Since adopting this 15mmHg cut-off to define type II PH, researchers have identified 

different sub-populations based on the diastolic pressure gradient (DPG) across the pulmonary 

capillary bed (measured as the difference in pressure between the pulmonary artery diastolic 

pressure and the wedge pressure)127.  (NOTE: for reference, a healthy DPG is between 1 and 

3mmHg142)  The DPG helps classify the two main forms of type II PH; isolated post-capillary PH 

(Isolated-PH; DPG<7mmHg) and combined pre- and post-capillary PH (Combined-PH; 

DPG>7mmHg)(Figure 1.10).  Isolated-PH makes up the majority of type II cases (~85%)143, and 

describes patients where pulmonary artery pressures increases proportional to the pulmonary 

venous pressure (i.e., wedge pressure).  It is known as “isolated” PH owing to the absence of a 

pre-capillary component; this is a condition of congestion without an additional vascular 

component.  Combined-PH makes up the remainder of type II PH cases (~15%)143, and describes 

patients where some degree of pulmonary arterial disease is present in addition to the passive 

congestion, causing pulmonary artery pressures to rise higher than predicted from the wedge 

pressure alone.  (NOTE: This is sometimes referred to as ‘out-of-proportion’ PH.)  The term 

“combined” PH is used because of the addition of a pre-capillary pathology to the post-capillary 

congestion.  The clinical distinction between these subgroups is important from a diagnostic 

perspective, given Combined-PH is more severe and has a much worse prognosis than Isolated-

PH144,145.  (NOTE: pulmonary vascular resistance (PVR) is also used to help stratify Isolated-PH 

versus Combined-PH patients from a prognosis standpoint143. A cut-off value of 3 Woods Units–

a common unit of vascular resistance–adds to the prognostic capacity of a diagnosis, with the 

worst outcomes in patients with a DPG>7mmHg AND a PVR>3 Woods Units143).  As the 

heterogeneity of type II PH patients continues to be uncovered, further sub-classifications of this 

condition can be expected.  

 

1.4.2 Prevalence of Type II PH 

While the global prevalence of PH is difficult to discern given the infrequent assessment of 

pulmonary pressures, it has become clear in recent years that the most prevalent type of PH is 

type II PH146.  This is largely the result of the vast number of patients living with HF (~1-3% of 

the population)147, and the prevalence of PH in these populations is ~50-80% in HFpEF148-150 and 

40-75% in HFrEF151-153.  Given this high prevalence and the relationship between severity of 

pulmonary hypertension (PH) and morbidity in both HFrEF23,152-154 and HFpEF23,149,155, there is 

an urgent need for type II PH to become a primary target of preclinical HF investigations.   
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1.4.3 Pathophysiology of Type II PH 

A pulmonary blood vessel is made up of three layers; the intima, media and adventitia156.  The 

intima is the innermost layer; a collection of endothelial cells that line the lumen of the vessel156.  

The media is the muscular layer surrounding the vessel made up of smooth muscle cells156.  The 

adventitia is made up of fibroblasts in a fibrous matrix that surround the vessels156.  The primary 

function of the pulmonary vasculature is to bring blood in close proximity with the air-filled 

alveoli to facilitate gas exchange.  As this blood flow is necessary for life, the vascular system is 

thin and pliable in order to minimize resistance157.  In PH, it is common to see pathological 

thickening of in all three layers of the pulmonary vasculature158-161.  Thickening of the vascular 

layers increases resistance, and since the formula for blood flow is: 

flow=pressure gradient/resistance 

Where: 

flow = cardiac output; 

pressure gradient = RV systolic pressure – LV diastolic pressure; and 

resistance = PVR,  

Any increase in resistance will further increase pulmonary artery pressures (i.e., RVP) to 

maintain adequate pulmonary blood flow.   

 

Figure 1.10 | Variable pulmonary pressures and remodeling patterns in type II pulmonary 
hypertension (PH).  The two predominate forms of type II PH are Isolated post-capillary pulmonary 
hypertension (Isolated-PH) and combined post-and-pre capillary pulmonary hypertension (Combined-PH).  
To be diagnoses as having type II PH, the pulmonary capillary wedge pressure must be >15mmHg.  The 
differentiation between isolated and combined PH is then made using the diastolic pressure gradient 
(DPG; the difference between the pulmonary arterial diastolic pressure and the pulmonary capillary wedge 
pressure).  In Isolated-PH, pressures increase proportionally in the pulmonary veins and arteries, and 
pulmonary vascular remodeling is mostly confined to the pulmonary veins.  Here, the DPG is  <7mmHg.  
In Combined-PH, pressure in the pulmonary arteries increases disproportionately to the pressure in the 
veins, which signifies the presence of a pulmonary arterial vasculopathy in addition to the passive 
pulmonary venous congestion.  Here, the DPG is >7mmHg.  The numbers presented are average 
pressures for each chamber (systolic/diastolic [mean]) derived from clinical data (Gerges et al.,2013; 
Gerges et al., 2015; Assad et al., 2016; and Fayyaz et al., 2018).  Relative wall thickness for the different 
chambers (RA, RV, LA, LV and pulmonary capillaries) are also derived from clinical data.  Horizontal 
arrows depict flow of blood, while vertical arrows are used to depict the relative magnitude of pressure 
increase.  Arrow colour is used to differentiate between deoxygenated (blue) versus oxygenated (red) 
blood.  Abbreviations as they appear from left to right are as follows: SVC, superior vena cava; IVC, 
inferior vena cava; RA, right atria; RV, right ventricle; PA, pulmonary arteries; PC, pulmonary capillaries; 
PV, pulmonary veins; LA, left atria; LV, left ventricle.  This figure is adapted from Haddad et al., 2011.
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The precise pathophysiology of type II PH is unclear.  The present understanding is that type II 

PH starts as a hemodynamic stress (i.e., pulmonary venous congestion), before evolving into a 

condition of secondary pathological pulmonary vascular remodeling162.  In the acute setting, the 

increase in LV filling pressures ‘backs up’ blood into the pulmonary venous circulation, 

increasing pulmonary venous pressure163.  This hemodynamic stress damages the delicate 

pulmonary capillary walls, causing low grade edema164 which impairs proper gas exchange165.  

This damage is initially reversible166, particularly if the underlying HF is managed167-169.  

However, left untreated, irreversible remodeling of the entire pulmonary vascular tree is 

inevitable170.  This starts with the muscularization of smaller pulmonary veins171, and commonly 

ends with significant pulmonary arterial remodeling similar to that observed in type I PH 

patients144,172.  The histopathological changes include intimal thickening, medial hypertrophy and 

excessive fibrosis158-161,171-174.  While these adverse vascular changes are well documented, the 

relationship between pulmonary vascular remodeling and cardiac function remains undefined.  

Characterizing the chronology of pulmonary and cardiac changes in models of type II PH, 

particularly as they relate to LV function in HF, is necessary to improve our understanding of 

this condition. 

 

1.4.4 Treatments for Type II PH  

While immense progress has been made in the diagnosis and management of PH over the past 

100 years, the majority of these treatments were developed for patients with type I PH175.  These 

type I drugs target vasoactive pathways to promote vasodilation of the pulmonary arterial 

circulation; some drugs include phosphodiesterase type 5 (PDE5) inhibitors, prostacyclin 

analogs, nitric oxide modulators (e.g., guanylate cyclase stimulators or inhaled nitric oxide), 

calcium channel blockers or endothelin receptor antagonists127.  While these treatments improve 

outcomes in primary pre-capillary stresses (i.e., type I PH)125,162, when administered in type II 

PH patients, they are either ineffective176,177 or accompanied by serious side effects including 

edema178, peripheral volume overload179,180, systemic hypotension181 and even increased 

mortality182-184.  The only modestly successful type I drug in type II patients is the PDE5 

inhibitor sildenafil, but even these results are mixed185.  There remains an urgent need for 

primary type II PH therapies.  
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There are yet no standard-of-care strategies that directly target type II PH.  The current approach 

is instead to alleviate the underlying primary pathology (i.e., the LV dysfunction) using 

Diuretics186, ACEi187, ARB’s188, and/or β-blockers189,  leaving the PH to correct itself.  Thus, an 

advantageous drug in type II patients might preferentially treat the PH and associated pulmonary 

vascular remodeling in addition to alleviating the associated cardiac dysfunction.  In 2017, a 

review by Perros et al190 suggested β-blockers may possess these capacities, citing numerous 

articles where β-blockers treated models of type I PH191-195, and referencing a 1998 case study 

where critical unresponsive type II PH was regressed with the β-blocker metoprolol196.  β-

blockers are still considered the single most effective therapy for HFrEF patients197,198 making 

them readily prescribed to ~50% of HF patients.  What remains unproven is the safety of β-

blockers for treating type II PH.  Concerns with β-blockers in PH are largely derived from a 2006 

trial where β-blocker therapy impaired exercise capacity and increased the risk of adverse events 

in patients with portopulmonary hypertension199.  Although this form of PH is dissimilar in 

etiology and clinical presentation to type II PH, this trial is frequently referenced when 

dismissing the use of β-blockers in patients with any form of PH.  Given the lack of treatment 

options to directly manage PH in HF patients, every therapy with any indication of potential 

success (i.e., β-blockers) is worth investigating further. 

 

1.5 Experimental Models of HF 

1.5.1 Animal Models of HF 

The study of HF in a preclinical setting is critical, particularly as it relates to understanding the 

progression of this disease.  This is because our understanding of HF pathogenesis in patients is 

limited by the complexity of this disease; patients present with numerous comorbidities at 

various ages and stages of HF.  Animal models of HF are used instead to study the patterns of 

remodeling and the impact of novel interventions on cardiac structure and function.  A vast array 

of animal models mimic HF; acute injury-related models of ischemia (e.g., coronary artery 

ligation), genetic models of HF (e.g., spontaneously hypertensive rat; SHR or the Dalh Salt 

Sensitive Rat), volume overloaded models (e.g., mitral valve disruption or atrio-ventricular 

shunts), hypertrophic HF models (e.g., ventricular pacing or aortic banding) or models induced 

by administering cardiotoxic substances (e.g., anthracycline infusion)200.  However, despite the 

abundance of HF models, few studies characterize a model over time to better understand the 

basic pathophysiology in that particular model.  Moreover, most studies only focus on the LV; 
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RV function is often overlooked.  With the recent technological advances in micromanometer 

conductance catheters enhancing and streamlining the assessment of cardiac function in mice, it 

is time to update decades old temporal characterizations of HF models (e.g.,58,201) with a 

newfound focus on both ventricles and prominent secondary conditions. 

 

1.5.2 Animal Models of Type II PH 

Critically, while type II PH and eventual RV dysfunction are commonly observed as secondary 

consequences of HF162, there are no standardized animal models of type II PH in the 

experimental setting202,203.  In contrast, there are over 10 models for type I PH204,205.  This lack of 

standardized type II PH models limits the ability to investigate novel therapeutic strategies.  

Based on the information presented in section 1.4, informed logic suggests the majority of HF 

models will (eventually) develop some degree of type II PH and RV dysfunction.  Indeed, type II 

PH is reported in most rodent models if HF (e.g., in the spontaneously hypertensive rat, SHR206; 

murine transverse aortic constriction, TAC161; murine MI207 and murine dilated 

cardiomyopathy208).  However, until the chronology of the PH and RV dysfunction is 

characterized in each model, these studies are insufficient to standardize a model of type II PH.  

The absence of a standardized model of type II PH represents an opportunity to establish one. 
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CHAPTER TWO  

 

AIMS OF THESIS 
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Our current understanding of HF in humans is largely restricted to patients at end-stage 

timepoints only after their disease precipitates symptoms.  A knowledge gap exists in our 

understanding of the chronological remodeling patterns that lead to eventual decompensatory 

HF.  Moreover, our basic pathophysiological characterization of experimental HF must be 

updated to include the RV and the lungs, given their relevance to HF patient health.   

 

Aim 1 (Chapter Three):  The aim of the first chapter was to improve the understanding of HF 

development in experimental animal models.  Specifically, to characterize the remodeling 

patterns in the cardiopulmonary system; the LV, RV and the pulmonary vasculature.  This was 

accomplished using the murine TAC model of pressure-overload.  We hypothesized that that 

remodeling patterns in the lung and RV will be unique both temporally and in magnitude from 

those in the LV.  This temporal biventricular approach establishes TAC as a model of type II PH; 

a condition without a standardized pre-clinical model.  This study supports a shift in how HF 

models are characterized to include an assessment of the RV and lungs, particularly given the 

growing awareness of their relationship to outcome clinically. 

Aim 2 (Chapter Four):  In this chapter, the aim was to improve how cardiac function is 

assessed in rodent models of HF.  The focus was to increase the accuracy and precision of a 

technique to reduce the impact of variability on data fidelity.  The technique I found issues with, 

was the approximation of cardiac output (CO) from 2-dimensional (2D) echocardiographic 

images of the LV.  These “classical” LV volume calculations from 2D images are fallible in 

situations of variable wall thickness and asymmetrical wall kinetics, particularly as is the case in 

end-stage HF.  It was hypothesized that blood flow through the pulmonary trunk (an area without 

HF-related morphological changes) would be superior to LV geometry and 2D wall movement in 

the approximation of CO in experimental HF.   

Aim 3 (Chapter Five):  In the final chapter, the aim was to investigate a pharmaceutical 

approach for type II PH in experimental HF.  Previous work from our lab found that lipophilic 

drugs, but not hydrophilic drugs, both prevented and regressed diaphragm atrophy in murine 

TAC.  This represented treatment of a lung-related condition, thus it was hypothesized that 

lipophilic drugs might disproportionately treat another lung-related condition in HF; type II PH.  

Two models of HF were used (murine TAC and the SHR) to test two classes of drugs, β-blockers 

and ARB’s, for the differing impact of lipophilic versus hydrophilic compounds on the treatment 

of PH.   
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CHAPTER THREE  

Pathophysiological Mapping Experimental Heart Failure: Left and Right 
Ventricular Remodeling in Transverse Aortic Constriction is 

Temporally, Kinetically and Structurally Distinct 
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3.1 Abstract 
A growing proportion of heart failure patients present with impairments in both 

ventricles.  Experimental pressure-overload (i.e., transverse aortic constriction, TAC) induces 

left ventricle (LV) hypertrophy and failure, as well as right ventricle (RV) dysfunction.  

However, little is known about the coordinated progression of biventricular dysfunction that 

occurs in TAC.  Here we investigated the time course of systolic and diastolic function in both 

the LV and RV concurrently to improve our understanding of the chronology of events in TAC.  

Hemodynamic, histological, and morphometric assessments were obtained from the LV and RV 

at 2, 4, 9 and 18 weeks post-surgery. Systolic pressures peaked in both ventricles at 4 weeks, 

thereafter steadily declining in the LV, while remaining elevated in the RV.  The LV and RV 

followed different structural and functional timelines, suggesting the patterns in one ventricle are 

independent from the opposing ventricle.  RV hypertrophy/fibrosis and pulmonary arterial 

remodeling confirmed a progressive right-sided pathology.  We further identified both 

compensation and decompensation in the LV with persistent concentric hypertrophy in both 

phases.  Finally, diastolic impairments in both ventricles manifested as an intricate progression 

of multiple parameters that were not in agreement until overt systolic failure was evident.  We 

establish pulmonary hypertension was secondary to LV dysfunction, confirming TAC is a model 

of type II pulmonary hypertension.  This study also challenges some common assumptions in 

experimental HF (e.g., the relationship between fibrosis and filling pressure) while addressing a 

knowledge gap with respect to temporality of RV remodeling in pressure-overload. 

 

3.2 Introduction  
Heart failure (HF), a chronic condition characterized by the inability of the heart to meet 

the metabolic demands of the body, is an increasing epidemic and a leading cause of mortality in 

the developed world209.  As the general population continues to age, the prevalence of HF will 

increase3.  HF can develop acutely (e.g., infarction, broken heart syndrome, drug overdose) or 

over years as a result of chronic stress (e.g., hypertension, atherosclerosis, diabetes, 

cardiomyopathy).  While all HF is progressive, each cause has defining characteristics that 

manifest in their own time-frame for reasons that are not always expected or explainable.   

Unfortunately, the majority of clinical knowledge on this progression is either retrospective or 

derived from late-stage patients only after years of remodeling precipitate symptoms.  

Alternatively, animal models are used to investigate the chronology of cardiac events to a 
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particular stress over time.  Temporal studies in animal models provide insight into the time 

course of remodeling patterns201,210,211, and are valuable in the search for disease mechanisms 

and treatment targets212.   

Transverse aortic constriction (TAC) was developed to investigate the left ventricle (LV) 

response to pressure-overload213 and was suggested as a model of pulmonary 

hypertension161,214,215.   From a clinical standpoint, there is a growing understanding that poor 

right ventricle (RV) function is an independent predictor of HF patient outcomes8-10.  At the 

same time, an increasing proportion of patients with LV dysfunction are also being diagnosed 

with concurrent RV dysfunction25,104.  Experimental models like TAC recapitulate this 

‘biventricular phenotype’ and are therefore of growing importance to pre-clinical investigations.  

In this study, we address a knowledge gap in the TAC model with respect to the chronology of 

hemodynamic, morphological and kinetic changes in the RV as compared to the LV.  We 

hypothesize that pulmonary hypertension and the associated RV pathology will occur secondary 

to LV dysfunction (i.e., type II pulmonary hypertension), and that the patterns of remodeling will 

be distinct from those observed in the LV.   

Diastolic dysfunction is growing concern requiring more research, given that it is more 

prevalent than systolic dysfunction in HF patients50, the general population216,217, and particularly 

in women218.  There are numerous parameters used to assess cardiac diastole, however, no 

studies have compared these different indices for their relative capacity to grade diastolic 

dysfunction in a model of HF over time.  This makes comparisons between experimental models 

using different parameters difficult to interpret.  In the present study, we asked the question: do 

invasive indices of diastolic function (i.e., dP/dtmin, filling pressures, Tau) agree over time in 

TAC?  We hypothesize that different indices of diastolic function will progress independently 

given the complexity of cardiac diastole and, likely, the different aspects captured by each 

parameter.  

The salient findings in this study are: 1) Pulmonary hypertension was secondary to the increase 

in LV filling pressures and dysfunction, and RV and pulmonary vasculature remodeling was 

temporally distinct from the LV.  2) Determining the severity of diastolic dysfunction in either 

ventricle over time was complex, given that diastolic parameters were not in agreement until 

overt systolic dysfunction was apparent.  And 3) the time course of structural and kinetic changes 

in both ventricles was interesting:  interstitial fibrosis did not correlate with filling pressures in 

either ventricle, LV pressures did not predict RV pressures, and hypertrophy in the LV and RV 
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had both early and late stage phenotypes that were not predictable from prevailing 

hemodynamics.  Together, this study improves our understanding of the biventricular response to 

pressure-overload and firmly establishes TAC as a model of type II pulmonary hypertension. 

 

3.3 Materials and Methods 

3.3.1 Surgical Model  

 Briefly, 9-week-old male (32-40g) CD-1 mice (Charles River Laboratory International 

Inc.), were anesthetized with an isoflurane/oxygen mix (2%:100%), intubated and connected to a 

ventilator (Harvard Apparatus).  Mice were ventilated at 200 breaths per minute at 300uL per 

breath.  TAC was done as previously described212,219.  Briefly, the 2nd and 3rd ribs were separated 

from their cartilaginous connections with the sternum to expose the aortic arch.  The transverse 

aorta was isolated and constricted to 26-gauge blunted needle with 7-0 silk thread.  Sham surgery 

was similar to TAC, absent only the placement of the 7-0 thread.  All mice were housed on a 12-

hour light/dark cycle and with food and water ad libitum.  This study was approved by the 

Animal Care Committee at the University of Guelph and all experiments were carried out in 

accordance with the guidelines from the Canadian Council on Animal Care. 

 

3.3.2 Echocardiographic Analysis  

Mice were anesthetized with an isoflurane/oxygen mix (2%/100%).  Echocardiography 

was performed using the Vevo2100 system (VisualSonics Inc., Toronto, ON, CA) with the 

40MHz MS550D ultrasound transducer.  Mice were kept at 37°C throughout data collection 

using a rectal probe thermometer (Physiotemp Instruments LLC, Clifton, NJ, 

United States) .  Acquired M-mode images were analyzed with the LV-trace function from the 

cardiac package (VisualSonics Inc., Toronto, ON, CA), and data was obtained over at least 5 

heart beats as previously described220.  All measurements were made between noon and 5pm.  

 

3.3.2 Hemodynamic Analysis  

 Mice were sacrificed at 2, 4, 9 or 18 weeks after TAC or sham surgery.  Again, an 

isoflurane/oxygen mix (2%:100%) was used, and again mice were kept at 37°C while a 1.2F 

catheter (FTS-1211B-0018; Scisense Inc.) was inserted into the RV via the right jugular and into 

the LV via the right carotid.  Hemodynamic signals were digitized at a sampling rate of 2kHz 

and recorded using iWorx® analytic software (Labscribe2, Dover, NH, USA).  Data sets were 
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analyzed with the removal of respiration artifacts.  The presence of pulmonary hypertension was 

determined using the 99th percentile upper reference limit (i.e., greater than three standard 

deviations above the mean right ventricular systolic pressure in sham mice).  Thus, 32.5mmHg 

was deemed the physiological threshold for pulmonary hypertension in our model.  Animals 

designated for morphometric analysis had organs removed, cleaned and weighed.  Animals 

designated for histological analysis were exsanguinated and 10mL of 1x PBS, 10mL of 0.5mol 

L-1 KCl, and 10mL of 10% buffered formalin (VWR) were perfused through the right carotid 

artery.  Tissues were harvested, stored in 10% buffered formalin for 24hrs, and then transferred 

to 70% ethanol until tissue processing. 

  

3.3.3 Histological Analysis 

 Cross sectional slices (~5μm) were obtained from the mid papillary region of the heart.  

Paraffin embedded sections were stained with either Picro-Sirius Red (PSR; 500ml of saturated 

picric acid solution and 0.5g of Direct Red 80 from Sigma Aldrich), to visualize interstitial 

fibrosis (staining cytoplasm yellow and collagen red), or Wheat Germ (Sigma Aldrich) to assess 

cardiomyocyte cross sectional area (CSA; staining cell borders green).  Images were acquired 

using an Olympus FSX 100 light microscope and analyzed using Cell Sense software (Olympus, 

Tokyo, Japan).  CSA was quantified only from cardiomyocytes with centralized nuclei.  For 

analysis of lung tissue, the medial thickness of muscularized arteries was expressed as a 

percentage of lumen diameter.  Arteries with internal diameters <35μm were selected for 

quantifying the ratio of muscularized to non-muscularized arteries221. 

 

3.3.4 Statistical Methods 

 All results are expressed as means±SE unless otherwise indicated.  Statistical analysis was 

performed using Prism (Graphpad Software Inc.).  Statistical significance between sham and 

TAC mice at individual time-points was determined using the two-tailed Students t-test.  A one-

way ANOVA (Tukeys post hoc) was used to determine differences within one group over 18 

weeks as all measures were terminal.  Differences between sequential time-points were 

subsequently determined using a two-tailed Students t-test.  Regression analyses were done with 

Prism 6.0.  The threshold for significance was p<0.05 in all cases unless otherwise specified.  
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3.4 Results 

3.4.1 RV dysfunction develops secondary to LV dysfunction, with a complex progression of 

diastolic dysfunction in both ventricles 

To account for changes in function as the mice aged, TAC’s were compared to age-

matched surgical shams at all time-points.  Representative tracings and a summary of invasive 

hemodynamic function over 18 weeks of TAC are presented in Figure 3.1 and Table 3.1 (for 

sham data, see Table 3.2).   
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Figure 3.1 |  Hemodynamic characterization of the transverse aortic constriction (TAC) model 
in male CD1 mice over 18 weeks. Left panel (red) = left ventricular (LV) function. Right panel 
(blue) = right ventricular (RV) function. Representative hemodynamic tracings over 18 weeks 
from (A) the LV and (B) the RV. (C) Peak left ventricular pressure (LVP), (D) LV dP/dtmax, (E) 
left ventricular end diastolic pressure (LV EDP), (F) LV dP/dtmin, (G) Tau (Weiss), and (H) Tau 
(Glantz) profile the temporal changes in LV hemodynamics over 18 weeks of TAC. (I) Peak 
RV pressure (RVP), (J) RV dP/dtmax, (K) RV end diastolic pressure (RV EDP), (L) RV dP/dtmin,
(M) Tau (Weiss), and (N) Tau (Glantz) profile the temporal changes in RV hemodynamics over 
18 weeks of TAC. * = p<0.05 vs. age-matched sham. † = p<0.05 vs. previous time point. 
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LV pressure (LVP; Figure 3.1C) peaked at 4 weeks before progressively declining 

towards sham values by 18 weeks. RV pressure (RVP; Figure 3.1I) peaked at 4 weeks, but unlike 

the LVP, plateaued from 9 to 18 weeks.  Of importance for the chronology of this model, 

pulmonary hypertension did not develop until 4 weeks.  Only 11% (1/9) of TAC mice at 2 weeks 

had pulmonary hypertension.  By 4 weeks, incidence of pulmonary hypertension rose to 90% 

(9/10) and was 75% thereafter (16/21).  

To evaluate systolic function, the first positive derivative of ventricular pressure 

(dP/dtmax) was used as an index of contractility (Figure 3.1D and J).  LV dP/dtmax initially 

decreased at 2 weeks before rebounding by 4 weeks and progressively declining thereafter.  In 

the RV, dP/dtmax was unchanged until increasing at 4 weeks before also declining thereafter.   

To assess diastolic dysfunction, we used three different indices: the first negative 

derivative of ventricular pressure (dP/dtmin), end diastolic pressure (EDP) and two methods to 

calculate the relaxation time constant (i.e., Tau Weiss; TauW and Tau Glantz; TauG) (Figures 

3.1E-H, K-N and Table 3.1).  LV EDP increased ~400% by 2 weeks and plateaued thereafter 

(Figure 3.1E).  LV dP/dtmin followed the same trend as LV dP/dtmax, initially reduced at 2 weeks, 

normalizing by 4 weeks and then progressively declining out to 18 weeks (Figure 3.1F).  LV 

TauW increased only by 18 weeks (Figure 3.1G) while TauG was elevated both at 2 weeks and 18 

weeks (Figure 3.1H).  In the RV, EDP initially increased by 4 weeks before partially returning 

towards sham levels at an elevated plateau between 9 weeks and 18 weeks (Figure 3.1K).  RV 

dP/dtmin followed the same pattern as RV dP/dtmax, increasing at 4 weeks before declining out to 

18 weeks (Figure 3.1L).  RV TauG increased at 2 weeks (Figure 3.1N) while TauW increased at 4 

weeks (Figure 3.1M); both stayed elevated from sham thereafter.   

In sham mice, LV and RV pressure, as well as systolic and diastolic function also 

changed over 18 weeks.  LVP increased by ~20%, while RVP increased by ~10% (Figure 3.1C 

and I).  Interestingly, while LV dP/dtmax was stable (changing by <10% over 18 weeks), RV 

dP/dtmax increased ~30% between 2 and 9 weeks (Figure 3.1D and J).  In the LV, most measures 

of diastolic function declined by 18 weeks (EDP and TauG increased by ~60%, while dP/dtmin 

declined by 10%), yet TauW remained unchanged (Table 3.2).  Alternatively, in the RV, 

measures of diastolic function either improved (dP/dtmin increased by ~40%) or were unchanged 

(EDP, TauG and TauW were stable; Table 3.2).  
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3.4.2 Interstitial fibrosis did not correlate with diastolic function in either ventricle over time 

Elevations in EDP are sometimes reconciled as the product of fibrotic remodeling.  To 

investigate this relationship over time in our model, histological sections of the ventricles were 

stained with PSR (Figure 3.2A).  In the LV, interstitial fibrosis progressively increased over 18 

weeks, initially increasing ~8 fold by 2 weeks with a further 50% increase out to 18 weeks 

(Figure 3.2B).  In the RV, interstitial fibrosis increased linearly ~10 fold by 4 weeks, stabilizing 

thereafter (Figure 3.2B).   

Regression did not find a significant non-zero relationship between EDP and fibrosis over 

time in either the LV (Figure 3.2C) or RV (Figure 3.2D).  Of an interesting note was that 

interstitial fibrosis increased ~500% in the RV by 2 weeks without a concurrent change in RV 

EDP.   
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To investigate if fibrosis correlated with any other parameter of diastolic function, we 

compared the relationship between fibrosis and -dP/dtmin, TauG and TauW in both the LV(Figure 

3.2 E,F,G) and RV (Figure 3.2 H,I,J).  No parameter consistently correlated over time.  At best, 

in the RV only, there was a dichotomy between early and late fibrosis and diastolic dysfunction. 

Figure 3.2 |  Ventricular interstitial fibrosis in both ventricles over 18 weeks of TAC. (A)
Representative images stained with Picrosirius Red (top panel; left ventricle; LV, bottom 
panel; right ventricle; RV). (B) Average interstitial fibrosis over time in both ventricles (n=6 
for each point). Sham was unchanged over 18 weeks and was represented by the point at 
x=0. * = p<0.05 vs. age-matched sham. † = p<0.05 vs. previous time point. Linear 
regression was run on correlations between average fibrosis and all invasive indices of 
diastolic function: (C) LV end diastolic pressure (LV EDP), (D) RV end diastolic pressure 
(RV EDP), (E) LV dP/dtmin, (F) LV Tau (Glantz), (G) LV Tau (Weiss), (H) RV dP/dtmin, (I) RV 
Tau (Glantz), (J) RV Tau (Weiss).



	
 
42	

 

3.4.3 Pressure-overload resulted in divergent patterns of hypertrophy between the LV and RV 

over time  

To investigate the hypertrophic response following LV pressure-overload, whole hearts 

(ventricles, septum and atria) were weighed and normalized to tibial length (TL).  Weights were 

normalized to TL as increasing body weight (BW) skewed the HW/BW ratio in sham mice, 

while HW/TL in the same mice was stable across normal growth (Figure 3.3).   

 

Representative H&E (top panel) and PSR (bottom panels) cross-sectional images of the 

heart are presented in Figure 3.4A.  Whole heart hypertrophy increased steadily (Figure 3.4B), 

culminating in significantly larger hearts by 18 weeks of TAC (Figure 3.4C).  To evaluate 

chamber-specific hypertrophy, atrial, LV, RV and septal weights were normalized to TL.  The 

atrial/TL and LV/TL ratio increased steadily across all time points(Figure 3.4D and E).  RV/TL 

did not increase until 4 weeks of TAC (Figure 3.4F) while the septum/TL ratio increased to 4 

Figure 3.3 | Correlation plots between measures of body growth and cardiac growth in 

sham mice between 9 and 27 weeks of age (n=40). (A) Heart weight/body weight 

(HW/BW) plotted against body weight. (B) Heart weight/tibial length (HW/TL) plotted 

against tibial length. The lack of slope in B indicates HW/TL is less impacted by growth 

(i.e., changes in the denominator) than HW/BW. This suggests that normalizing cardiac 

weight to TL may be a better method for determining cardiac hypertrophy between groups 

of varying weight/age.
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weeks where it plateaued and increased proportional to sham out to 18 weeks (Figure 3.4G).  

Expanded morphometrics are presented in Table 3.3 (TAC) and Table 3.4 (sham). 

 

Figure 3.4 |  Summary of cardiac morphometrics following 18 weeks of TAC. (A) 
Representative cross-sectional images of the heart stained with H&E (top row) and 
PSR (bottom row). (B) Whole heart weight normalized to tibial length (HW/TL). (C) an 
18wk sham (left) and TAC (right) heart. Normalized chamber-specific growth curves 
from the (D) atria, (E) left ventricle (LV), (F) right ventricle (RV), and (G) septum are 
presented. * = p<0.05 vs. age-matched sham. † = p<0.05 vs. previous time point. 
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To quantify concentric hypertrophy, cardiomyocyte CSA was assessed in both the LV 

and RV (Figure 3.5).  LV CSA increased progressively over 18 weeks, while RV CSA only 

increased between 2 and 4 weeks, remaining stable thereafter (Figure 3.5B).  The linear increase 
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in LV weight and LV CSA over 18 weeks suggested the rate of hypertrophy was constant and 

likely (predominantly) concentric (Figure 3.5C).  In contrast, the pattern in the RV had two parts.  

Initially (0-4 weeks), RV CSA and weight increased linearly (Figure 3.5D).  Between 4 and 18 

weeks, however, RV weight continued to increase while RV CSA plateaued.  While this 

increased weight could be attributed to extracellular proteins or cardiomyocyte hyperplasia, RV 

fibrosis was static between 4 and 18 weeks (Figure 3.2B) and, adult cardiomyocyte hyperplasia 

is accepted to be low to negligible.  This suggested the weight was coming from an increase in 

cardiomyocyte cell length (i.e., eccentric hypertrophy).   

 

3.4.4 Temporal echocardiography revealed an early period of stable cardiac output followed by 

a secondary decline and chamber dilatation  

Representative M-mode images from the LV of sham and TAC mice are profiled in 

Figure 3.6A.  LV dilation (increased LV end diastolic dimensions (EDD)) began at 4 weeks and 

Figure 3.5 | Cardiomyocyte cross-sectional area (CSA) from both the left (LV) and right 
(RV) ventricles over 18 weeks of TAC. (A) Representative images from the LV (top row) 
and RV (bottom row) stained with wheat germ agglutinin-3. (B) Averaged cardiomyocyte 
CSA over 18 weeks of TAC (n=6 for each point). Complete sham CSA data is presented in 
Table 4. Correlation plots between ventricle weight and CSA in the (C) LV and (D) RV. * = 
p<0.01 vs. age-matched sham. † = p<0.01 vs. previous time point. 
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progressed to 18 weeks (Figure 3.6B).  Cardiac output decreased by 2 weeks and remained stable 

until 9 weeks before decreasing further by 18 weeks (Figure 3.6C).  Ejection fraction, a common 

variable used to clinically grade LV function, followed the same pattern as cardiac output with 

the secondary decline occurring between 9 and 18 weeks (Figure 3.6D).  Complete 

echocardiographic data from sham and TAC mice is summarized in Table 3.5. 

 

Figure 3.6 | Chamber size and echocardiographic function over 18 weeks of TAC. (A) 
Representative M-mode images acquired from the mid-papillary region of the LV. (B) 
Left ventricular end diastolic (EDD) and end systolic (ESD) dimensions, (C) cardiac 
output and (D) ejection fraction demonstrate dilation and a decline in cardiac function, 
especially between the 9 and 18 week time-points. Heart rate was statistically 
unchanged between all timepoints. * = p<0.01 vs. age-matched sham. † = p<0.01 vs. 
previous time point. 
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3.4.5 Pathological remodeling of the pulmonary vasculature was progressive with significant 

muscularization of smaller vessels.  

To confirm the increase in RVP was pathological, we looked for evidence of pulmonary 

vascular remodeling within the pulmonary circulation by histology (Figure 3.7A).  We found 

increased large-vessel wall thickness by 2 weeks with a neomuscularization of the smaller 

vessels by 4 weeks; both continuously increased thereafter (Figure 3.7B and C).  By 9 weeks,  

 

this was associated with an increased total lung weight without evidence of pulmonary edema 

(i.e., static lung wet/dry weight ratio; Table 3.2).  Pulmonary vascular resistance (PVR), 

Table 3.5 |  Expanded echocardiographic function. 
 

  TAC 

Variable Pre-surgery 
(n=8) 

2wk 
(n=15) 

4wk 
(n=12) 

9wk 
(n=17) 

18wk 
(n=13) 

DimensionDiastole (mm) 4.38±0.04 4.39±0.04 4.66±0.07*,† 4.78±0.07* 5.11±0.09*,† 
DimensionSystole (mm) 2.95±0.01 3.43±0.05*,† 3.74±0.08*,† 3.86±0.12* 4.49±0.13*,† 
VolumeDiastole (µL)  86.9±1.8 87.1±1.8 100.9±3.3*,† 107.2±3.8* 124.9±4.9*,† 
VolumeSystole (µL) 33.5±0.4 48.6±1.6*,† 60.0±3.1*,† 65.6±4.9* 93.4±5.9*,† 
Stroke Volume (µL) 53.4±1.6 38.5±1.3*,† 40.8±2.3* 41.6±1.6* 31.5±2.0*,† 
Ejection Fraction (%) 61.3±0.7 44.3±1.2*,† 40.6±2.1* 39.9±2.4* 26.1±2.2*,† 
Fractional Shortening (%) 32.7±0.5 21.8±0.8*,† 19.9±1.1* 19.6±1.3* 12.3±1.1*,† 
Cardiac Output (mL/min) 29.1±0.5 21.9±0.7*,† 23.6±1.3* 22.8±0.8* 22.8±0.8*,† 
Wall ThicknessDiastole (mm) 0.88±0.02 1.15±0.01*,† 1.20±0.01*,† 1.23±0.01* 1.30±0.02*,† 
Heart Rate (bpm) 548±10 570±7 578±13 557±6 575±11* 

  sham 

Variable 
Pre-surgery 

(n=8) 
2wk 

(n=8) 
4wk 

(n=8) 
9wk 

(n=9) 
18wk 

(n=12) 
DimensionDiastole (mm) 4.38±0.04 4.39±0.04 4.44±0.04 4.50±0.07 4.62±0.04# 
DimensionSystole (mm) 2.95±0.01 2.99±0.04 3.05±0.06 3.05±0.08 3.19±0.06# 
VolumeDiastole (µL)  86.9±1.8 87.5±1.9 89.5±1.9 92.6±3.7 98.6±1.8# 
VolumeSystole (µL) 33.5±0.4 34.8±1.2 36.6±1.7 36.8±2.5 41.0±1.8# 
Stroke Volume (µL) 53.4±1.6 52.7±1.0 52.9±1.2 55.8±1.4 57.7±0.9# 
Ejection Fraction (%) 61.3±0.7 60.3±0.7 59.1±1.4 60.6±1.2 58.7±1.2 
Fractional Shortening (%) 32.7±0.5 32.0±0.5 31.2±0.7 32.3±0.8 31.0±0.8 
Cardiac Output (mL/min) 29.1±0.5 29.2±0.6 29.2±0.6 30.3±0.8 30.8±0.3# 
Wall ThicknessDiastole (mm) 0.88±0.02 0.92±0.03 0.94±0.03# 0.97±0.03# 0.99±0.04# 
Heart Rate (bpm) 548±10 554±7 552±11 544±8 535±7 

 
* = p<0.05 vs. age-matched sham mice. † = p<0.05 vs. previous time point. # = p<0.05 in sham vs. pre-
surgery time point.  
Bolded values draw attention to significance vs. age-matched sham 
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calculated using the formula PVR=(RVP–LV EDP)/cardiac output), and was reduced at 2 weeks, 

before peaking at 4 weeks and remaining elevated thereafter (Figure 3.7D).  

 

 

3.5 Discussion  

This study is the first to report a longitudinal, biventricular evaluation of cardiac function and 

morphology in the murine pressure-overload model.  Here we mapped the pathophysiological 

Figure 3.7 | Pulmonary vascular remodeling over 18 weeks of TAC. (A) Representative cross-
sectional images of whole pulmonary arteries (top panel) and vessel walls (bottom panel). (B) 
Thickness of vascular media was calculated as a percent of external diameter to normalize for 
varying vessel sizes. (C) Percent of muscularized small arterioles (<35μm) in the lung. Sham 
values did not change over the 18-week study period and are represented as ‘sham’. (D)
Pulmonary vascular resistance (PVR) was calculated from first principles; Resistance = 
∆Pressure/Flow. ∆Pressure was the gradient between right ventricle systolic pressure and left 
ventricle end diastolic pressure. Flow was cardiac output. * = p<0.01 vs. age-matched 
sham. † = p<0.05 vs. previous time point. 
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development of type II pulmonary hypertension, pulmonary vascular remodeling and RV 

dysfunction in TAC together for the first time.  There were two phases of function, 

compensatory and decompensatory.  In the compensatory phase, both the LV and RV remodeled 

concentrically in line with increased pressure.  During decompensation, the LV continued to 

hypertrophy concentrically despite declining pressure, while in the RV the data suggested a shift 

to eccentric hypertrophy.   We also demonstrated that no one parameter was sufficient to explain 

diastolic function with each index (e.g., fibrosis, EDP, tau and dP/dtmin) following a different 

pattern over time.  And finally, fibrosis did not correlate with diastolic pressure in either 

ventricle over time, calling into question how fibrosis per se is related to elevations in EDP. 

 

3.5.1 Left Ventricular Perspective 

TAC is commonly used to investigate LV hypertrophy as pressure drives proportional concentric 

cardiac growth71.  The relationship between pressure and hypertrophy over time however, is 

more complex.  In this model, we show early LV hypertrophy was concentric and proportional to 

pressure (0-4 weeks), but during decompensation (4-18 weeks), concentric hypertrophy persisted 

despite declining systolic pressures.  While the former is well recognized in the literature, the 

later (i.e., hypertrophy with declining pressure) is typically only reported at very late time points 

or more severe models161,215,222,223. Thus, pressure-independent hypertrophy is relative and a 

hallmark of decompensation. Notably, we confirm the type of hypertrophy during 

decompensation as concentric. Cardiac hypertrophy is an independent risk factor for 

cardiovascular morbidity and mortality76, and a primary target of emerging HF therapies224.  To 

our knowledge however, the molecular mechanism(s) by which cardiomyocytes undergo 

concentric hypertrophy through these two stages have not been directly compared and 

contrasted.  The existence of two phases of concentric hypertrophy is relevant because anti-

hypertrophic therapies are often initiated early in a model (e.g.,225).  This leaves the impact of 

therapies in the decompensated stage of cardiac remodeling largely unknown; therapies initiated 

in this later phase may not have the same outcome as those initiated early on.  This is particularly 

significant given the aged clinical population that largely presents after years of hypertrophic 

remodeling only once their failing heart begins to precipitate symptoms.  As these patients are 

approaching–or already experiencing–decompensation, comparatively assessing therapies 

between the compensatory and decompensatory phases is an important future focus of pressure-

overload studies.   
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 Both LV hypertrophy and eventual decompensation are ubiquitous following pressure-

overload.  The variability is in the degree of hypertrophy and the time-to-decompensation.  The 

differences reported between models of pressure-overload are largely contingent on three main 

features.  First, the degree of constriction (gauge of needle) impacts both the amount of 

hypertrophy and rate of dilation.  Smaller gauges (i.e., 24-gauge82, 25-gauge214) lead to mild 

concentric hypertrophy, no early dilation and mild dysfunction.  Intermediate gauges (i.e., 27-

gauge226,227 214) lead to more substantial short-term hypertrophy, a period of stable or recovered 

cardiac function, and then dilatation and decompensation within 4 to 9 weeks.  Severe 

constrictions (28-gauge222) develop concentric hypertrophy in tandem with rapid dilatation and 

mortality.  Second, animal selection significantly affects the response to pressure-overload.  

Strain and gender differences contribute to the genetic variation228,229, while different ages and/or 

weights impact the relative severity of the same-sized constriction (e.g., 27-gauge induces a 20% 

increase in LV weight by 3 weeks in 6-8 week old mice222 versus a 50% increase in 14-16 week 

old mice230).  Third, and finally, the relative proximity of the band to the heart (i.e., ascending vs 

transverse vs abdominal aortic constriction) also impacts the magnitude of hypertrophy and rate 

of decompensation212.  These data indicate the need for direct intra-study comparisons of 

hypertrophy and its molecular mechanisms, and that inter-study comparisons be made with these 

factors in mind.  Here, we report early concentric hypertrophy and recovered function (0-4 

weeks) before dilatation and decompensation (18 weeks).  These data suggest our model was 

moderate, and thus valuable to investigate the transitional phase between compensatory 

remodeling and decompensated HF.  

 Interstitial fibrosis correlates with a stiffening of the LV wall, which impairs ventricular 

relaxation and contributes (among other things) to increased passive filling pressures 

(EDP)28,80,231-234.  Increased EDP is part of the diagnosis of diastolic dysfunction47,235, thus any 

cause of increased EDP is a clinically important event.  Here we show that over time, an increase 

in EDP was neither dependent on a change in interstitial fibrosis, nor guaranteed by an increase 

in interstitial fibrosis.  In the LV, fibrosis increased from 7 to 11% between 2 and 18 weeks 

without commensurate increases in EDP.  In the RV, fibrosis increased 5-fold by 2 weeks while 

EDP remained unchanged.  Interestingly, other reports have described disagreement between the 

onset and severity of fibrosis and the relative diastolic pressures. Wu et al., reported a 3-fold 

increase in LV fibrosis in their model without any change in EDP81.  Hamdani et al., reported 

increased left ventricular interstitial fibrosis in a diabetic model in the absence of changes to 
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EDP83.  A study by Perrino et al., reported variable LV interstitial fibrosis with static LVEDP in 

3 different TAC groups84.  And finally, treating with sildenafil to reduce fibrosis 2-fold in a TAC 

model did not alter EDP82.  These data suggest gross fibrosis does not explain changes in 

diastolic pressure in TAC.  For example, collagen cross-linking is more predictive of LV 

stiffness and diminished diastolic function than total collagen content, both in experimental 

models236,237 and in humans238.  What remains to be established is a definitive approach to 

capturing ECM remodeling related to diastolic dysfunction, which will be critical in developing 

future therapies. 

 In shams, we report appreciable changes in cardiac structure and function over the 18-

week study period.  This was especially true in the RV, where between 2 and 9 weeks, invasive 

measures of contractility and relaxation increased by ~33%.  In the same time frame, the change 

in LV function was <10%.  This suggests the healthy RV may reach functional maturity in a 

different timeframe than the LV.  Importantly, evidence of contractile dysfunction in the TAC 

RV was only significant by 18 weeks because of the increase in RV function in aged-matched 

shams.  This demonstrates the importance of mapping structure and function in shams/controls, 

particularly in longitudinal studies where early time points may misrepresent the mature 

phenotype. 

 

3.5.2 Right Ventricular Perspective 

Type-II pulmonary hypertension is the most prevalent form of pulmonary hypertension104.  

Reported in over 50% of HF patients149,239,240, its presence increases 3-year mortality by 20-50% 

(positively correlated with severity of pulmonary hypertension)14.  While numerous models exist 

for investigating the pathophysiology and treatment options for type-I pulmonary hypertension, 

the literature on experimental models of type-II pulmonary hypertension is comparatively 

sparse241.  In type-II pulmonary hypertension, the primary condition is LV dysfunction; increased 

LV filling pressures (EDP) precede the increase in pulmonary artery pressures242.  This differs 

etiologically from type I pulmonary hypertension, which originates as a primary pathology of the 

pulmonary vasculature139.  Here, we corroborate previous findings demonstrating pulmonary 

hypertension and RV dysfunction are prominent features of the LV pressure-overload model161.  

We further verified that the onset of pulmonary hypertension was secondary to the increase in 

EDP, and that pathological remodeling in the pulmonary vasculature was secondary to the spike 

in RVP.  This confirms TAC is a model of type II pulmonary hypertension with the instigating 
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pathology in the LV, which migrates to the RV and associated vasculature.  As current therapies 

for type I pulmonary hypertension (i.e., pulmonary vasodilators) are either ineffective243 or 

detrimental170 in patients with HF (type II), there is an urgent need for novel therapies that 

address this population.  TAC presents an ideal model to investigate both the pathophysiology of 

type II pulmonary hypertension, as well as novel treatments for this prevalent condition. 

 Remodeling patterns in the LV cannot be applied to the RV; the RV is developmentally11, 

physiologically12, and molecularly13 distinct from the LV and pumps into a different vascular bed 

against differing hemodynamic loads.  Here we report early concentric hypertrophy between 2 

and 4 weeks that occurred in tandem with increased RVP, followed by a secondary phase where 

RV weight increased without any further increase in cardiomyocyte CSA–suggestive of a shift to 

eccentric hypertrophy.  The lack of concentric hypertrophy was unexpected given sustained 

pulmonary hypertension.  This contrasted the LV where cardiomyocyte CSA increased out to 18 

weeks despite declining pressures and suggest the RV does not respond similarly to the stimuli 

driving continued concentric growth in the late-stage LV.  Emerging studies suggests RV 

hypertrophy may be determinant to mortality; a defining feature of decompensation is a 

disproportionate increase in RV mass compared to LV mass161,223,244,245.  Generally, cardiac 

hypertrophy studies are LV-centric65,246 and more attention should be provided to the RV.   

The RV is, at least in part, hemodynamically dependent on the LV247.  One example of 

this is in the flow across the lung, which is a function of the pressure gradient between the RV 

(RVP) and the LV (LVEDP).  An increase in LVEDP is thought to cause a reflexive increase in 

RVP for the maintenance of flow through the pulmonary system161.  Our analysis does not show 

this to be entirely true as a curvilinear relationship is a better fit (Figure 3.8).  This may be due to 

extensive recruitment and distension of pulmonary capillaries to reduce pulmonary vascular 

resistance in early situations of elevated EDP.  
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Figure 3.8 | Correlation plot between right ventricle systolic pressure and left ventricular end 
diastolic pressure in both sham (n=23) and TAC (n=55). The curve of best fit and R2 Value 
were calculated using a non-linear third order polynomial (cubic) regression.

Figure 3.9 |  An artistic depiction of the hypertrophic response in both ventricles over 18 weeks of 
TAC. At 4 weeks, both the right (RV) and left (LV) ventricles present with concentric hypertrophy 
(thickening of ventricle walls with an increase in cardiomyocyte cross-sectional area). LV 
concentric hypertrophy continued out to 18 weeks despite declining systolic 
pressures. Alternatively, RV cardiomyocyte cross-sectional area was static despite sustained 
systolic pressure-overload. Here, total weight increased in the absence of changes in cross-
sectional area, suggestive of cardiomyocyte lengthening (eccentric hypertrophy).
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Finally, in light of the varying patterns between the LV and RV with regards to pressure 

and hypertrophy, we introduce an updated depiction of hypertrophy progression in pressure-

overload (Figure 3.9). 

 

3.5.3 Diastolic Dysfunction 

The concept of "diastolic dysfunction”, which grew out of clinical observation, is cumbersome to 

diagnose and a validated gold standard is missing.  Indeed, what we define as dysfunction is only 

in terms of referencing ‘normal’ function, which is dynamic as the cardiovascular system 

develops and ages.  In experimental models, the standard is to measure diastolic function 

invasively (e.g., EDP, dP/dtmin, and Tau).  This differs from the clinical reliance on indirect 

surrogate measures (e.g., symptoms, E/A ratio and serum BNP levels).  Of concern is whether 

the surrogate measurements remain in agreement with the fundamental pathophysiology.  We 

found over time, diastolic function was not easily reconciled by any one parameter, suggesting 

diastolic dysfunction is more a spectrum of impairments than a singular entity.   

As components of diastolic function, we interpret EDP as a measure of pressure-stress to 

relaxation, Tau as the relative time required for relaxation, and dP/dtmin as the instantaneous 

maximum rate-of-relaxation.  We show that diastolic parameters were incongruent with each 

other over time, a finding reported in other pressure-overload studies84,161,225.  Indeed, each 

parameter likely has subtle and unique inferential value.  If both EDP and Tau are increased, is 

this the same disease state as increased EDP when Tau is unchanged?  As most studies rely on a 

single parameter to assess diastolic function, this question remains difficult to answer.  Caution 

should be taken when evaluating development of diastolic dysfunction in different etiologies 

(e.g., channelopathy vs. interstitial fibrosis) as they may not conform to a single diastolic 

measure.  Rather, each measure likely varies in sensitivity to identify dysfunction, or captures a 

particular physiological nuance of diastolic function.  

One discrepancy to highlight is the difference in sensitivity between Tau methods to 

assess diastolic function.  Particularly, Tau Glantz (TauG) detected diastolic impairments by 2 

weeks while Tau Weiss (TauW) was unchanged.  The discrepancy between Tau measures may 

exist because TauW (approximated in isolated hearts) assumes an independence of Tau from 

volume loading and changes in EDP248.  TauG, however, is an updated method derived from 

observations in intact dog hearts, and accounts for the impact of variable loading conditions (i.e., 

changing diastolic pressures)249.  Given the chronically elevated EDP in our (and most) pressure 
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overload model(s), TauG may be the more sensitive parameter.  Yet, it remains uncertain at this 

time which is the superior measure that avoids type-I/II statistical errors and, thus, until more 

physiological studies are performed, both measures should be used with a clear knowledge as to 

their underlying assumptions.   

Additionally, it was unexpected that in sham mice, while systolic function remained 

stable, the thresholds for diastolic dysfunction were met (EDP, dP/dtmin, and TauG decreased 

from pre-surgical values).  This is consistent with human data where diastolic function is more 

fragile with aging than systolic function216.  These steady declines suggest the “thresholds” used 

to identify diastolic dysfunction may need to be adjusted in each study based on reference values 

relative to aging.   

Finally, parameters for grading diastolic function in the LV were also impaired in the RV 

following TAC.  However, RV diastolic dysfunction remains largely undefined, both clinically 

and in basic research, and gold standard indices of RV diastolic function remain to be determined 

in a patient population250. 

 

3.5.4 Congestion in Pressure Overload 

HF, either clinically or experimentally, is not defined by the presence or absence of pulmonary 

edema.  Indeed, congestion is neither always expected in HF nor always due to pulmonary 

edema.  In fact, pulmonary edema is rare in patients with HF251-253, particularly when compared 

to the reference values in age matched individuals without HF254.  This is sometimes despite the 

presence of hemodynamic congestion (this was part of the motivation to shift terminology from 

congestive HF to HF with preserved or reduced ejection fraction).  Consistent with HF patients, a 

feature of TAC is congestion without pulmonary edema161,212.  This is not to say that pulmonary 

edema never occurs in experimental models of HF.  Both in our study and in others, pulmonary 

edema is observed along with rapid decompensation instead of reaching pre-determined time-

points210,214,255-257.  Thus, when present, pulmonary edema in rodent models may be more 

indicative of impending mortality than part of the pathophysiology of morbidity.  

 

3.5.5 Limitations 

While we characterize cardiac function and morphology across multiple time points, we do so in 

young healthy male mice when the clinical HF population is variably aged and both sexes.  

Indeed, the necessary next step is to apply this ‘mapping’ approach using aged male and female 
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subjects.  Future pre-clinical models might also benefit from an assessment of frequently used 

clinical variables such as blood biomarkers (i.e., BNP 258), Doppler echo, or frailty indexes259 to 

improve the alignment between experimental models and the clinical population.  As well, 

isolated cardiomyocyte measurements of length and width would provide insight into eccentric 

hypertrophy. 

 

3.5.6 Future Outlook 

The goal of HF research is to translate findings to the clinical population to improve survival and 

quality of life.  As too few drugs make the transition from bench to bedside, there is a need to 

improve the success of translational research.  Several reports have emphasized that the current 

designs of preclinical rodent studies are not fundamentally rigorous enough260-262.  This demands 

an improved understanding of the basic pathophysiology of the models used for preclinical 

therapies200.  A bi-ventricular temporal assessment incorporating multiple indices of diastolic 

function addresses this in part, adding to our understanding of pressure-overload HF and 

specifically the time course of pathology in the RV.  
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4.1 Abstract 
Echocardiography is a valuable non-invasive technique to estimate cardiac output (CO) from the 

left ventricle (LV) not only in clinical practice, but also in small animal experiments.  CO is used 

to grade cardiac function and is especially important when investigating cardiac injury (e.g., 

myocardial infarction; MI).  Critically, MI deforms the LV, invalidating the assumptions 

fundamental to calculating of cardiac volumes directly from the LV.  Thus, the purpose of this 

study was to determine if Doppler-derived blood flow through the pulmonary trunk (pulmonary 

flow; PF) was an improved method over conventional LV-dependent echocardiography to 

accurately determine CO following MI.  Variations in CO were induced either by transverse 

aortic constriction (TAC) or MI.  Echocardiography was performed in healthy (n=27), TAC 

(n=25), and MI (n=41) mice.  CO calculated from PF (pulsed-wave Doppler) was internally 

compared to CO calculated from LV images using M-Mode (Teichholz formula) and the single-

plane ellipsoid 2D formula, and externally compared to the gold standard, flow probe CO.  In 

healthy mice, all three echocardiography methods (M-Mode, 2D and PF) correlated well with 

flow probe derived CO.  In MI mice, only PF CO values correlated well with flow probe.  Bland-

Altman analysis confirmed PF was improved over M-Mode and 2D.  Inter- and intra-user 

variability of PF CO was reduced and both inter- and intra-correlation coefficients were 

improved when compared to either M-Mode or 2D CO calculations.  PF CO calculated from 

pulsed-wave Doppler through the pulmonary trunk was an improved method of estimating CO 

over LV-dependent formulae following MI.  
 

4.2 Introduction 
Cardiac Output (CO), the product of heart rate and stroke volume, is an important 

measure of cardiac performance.  Although various methods exist for estimating CO (e.g., 

Thermodilution, pulse-pressure, MRI, etc.) these techniques are generally invasive, impractical 

in experimental models or require highly specialized/expensive equipment.  Both clinically and 

experimentally, echocardiography (echo) remains a frequently used method to rapidly and non-

invasively estimate CO with low overhead cost for equipment and training.  

The ability to accurately determine CO is critical for assessing and comparing myocardial 

function.  Using echo to determine CO is commonly accomplished by calculating left ventricular 

volumes directly from 1- and 2-D images of the left ventricle (LV).  Yet, these calculations are 

limited when the shape of the LV no longer adheres to the assumptions defined by the formulae.  
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Two common formulae are the 1D ‘M-Mode’ formula described by Teichholz and colleagues in 

1976263, and the 2D single-plane ellipsoid formula34.  These formulae were derived under the 

assumption that the LV resembles an approximated ‘ellipsoid’ shape with uniform wall 

movement through each plane (vertical plane; M-mode, long-axis plane; 2D).  The accuracy with 

which these 1D and 2D methods estimate stroke volume (diastolic volume - systolic volume) is 

contingent on the LV maintaining both this ellipsoid shape and uniformity of contraction.  

Directly determining CO using these formulae is robust and comparable in models 

without perturbations in cardiac symmetry ─ healthy or hypertensive hearts (e.g., transverse 

aortic constriction; TAC) ─ where the LV is symmetrical, approximates an ellipsoid shape, and 

exhibits uniform contraction264-266.  These formulae are fallible when the LV no longer adheres 

to these assumptions, as is the case following myocardial infarction (MI; see Figure 4.1).  Here, 

1) the chamber is dilated, and the LV shape distorted, 2) the LV wall is non-uniform with both 

hyper- and hypo-contractile myocardial tissue and/or akinetic scar, and 3) pathology interferes 

with proper landmarking (e.g., non-visible papillary muscles).  While these limitations are 

recognized267,268, and although caution is suggested when using 1D and 2D approximations of 

LV volumes in ischemic models (e.g., MI)265, LV-dependent echo methods for determining CO 

continue to be relied on.  Accordingly, the purpose of this study was to identify an improved 

echo method to grade CO following MI that is more precise and accurate. In large animal MI 

models (e.g., porcine, ovine and canine), the complications associated with single-image 

formulae can be avoided by calculating the volume of multiple cross-sectional images, 

collectively accounting for differences in chamber shape and contractile function between 

different ventricular segments.  In small animal models of MI (e.g., murine, cricetine and 

leporine), chamber size, heart rate and poor resolution of the thinly-ballooned scar impairs the 

ability to obtain multiple cross-sectional volumes with reproducible accuracy.  Indeed, an 

improved method would determine CO regardless of LV pathology.  In 2011, Tournoux et al. 

introduced the use of pulsed-wave Doppler blood flow through the pulmonary trunk (termed 

Pulmonary Flow; PF) as an alternative method to approximate CO in healthy mice and following 

acute endotoxic shock35.  What has yet to be investigated is whether this methodology can be 

applied to the most common experimental models of heart failure ─ for example, pressure-

overload (i.e., TAC) or volume-overload (i.e., MI).  In this study, we present data establishing PF 

as a preferable method over classical LV-dependent echo formulae for calculating CO, 

particularly in a mouse MI model, both increasing the accuracy and reducing the variability of  
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Figure 4.1 |  Non-uniform left ventricular (LV) wall composition and kinetics following a myocardial 
infarction. Long-axis (top) and short-axis (bottom) images from a healthy (Left) and MI (Right) hearts in both 
diastole (top panels) and systole (bottom panels) where D’ (diameter) approximates chamber diameters 
obtained from the mid-papillary region.  In healthy hearts, the LV approximates an ellipsoid shape, the 
papillary muscles are used to landmark location, and this mid-papillary region is representative of global wall 
thickness and contraction. Post MI, the infarcted LV is composed of both thin akinetic scar tissue and thicker 
remaining myocardium with varying degrees of contractile function. This results in a non-ellipsoid shape 
that is inconsistent in dimensions between systole and diastole, and a mid-papillary region that is no longer 
representative of global LV wall thickness, contour or contractility. Further, frequent ablation of papillary 
muscles restricts reproducible landmarking for image acquisition. These abnormalities directly affect the 
ability to accurately determine chamber volumes from measurements of LV dimensions. 
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cardiac output measurements.  This has relevance when investigating treatments for MI. 
 

4.3 Methods 

4.3.1 Surgical Model 

Briefly, 8-9 week old male CD-1 mice (~35 g body weight) were anesthetized with 

isoflurane/oxygen (2%:100%), intubated, and ventilated (Harvard Apparatus) at 150 breaths/min 

at a tidal volume of ~300μl.  Animals were randomly assigned to receive either MI or TAC.  MI: 

A thoracotomy was performed on the left side of the mice to expose the left anterior descending 

coronary artery, which was ligated with 7-0 surgipro™II polypropylene suture (Covidien) 

directly inferior to the left atria.  MI was confirmed by myocardial blanching.  TAC: The 

cartilaginous connection between the sternum and ribs 2/3 was separated to expose the upper 

mediastinum.  The transverse aorta was isolated and subsequently set with 7-0 Sofsilk® thread to 

the diameter of a blunted 26-gauge needle.  For both surgical models, the ribs and skin were 

closed using 5-0 Sofsilk® suture (Covidien). Mice were taken off anesthetic and allowed to 

recover on 100% oxygen.  Housing and experimental procedures were approved by the Animal 

Care Committee at the University of Guelph and were in accordance with the guidelines for 

laboratory animal welfare set forth by the University of Guelph.  
 

4.3.2 Echocardiography  

Images were obtained between 9am and 3pm using the Vevo2100 system (VisualSonics 

Inc., Toronto, ON, CA).  All TAC mice were evaluated 18 weeks post-surgery.  All MI mice 

were evaluated 4-8 weeks post-surgery.  Mice were anesthetized with isoflurane/oxygen (1-

1.5%:100%) just below the level of a pedal reflex to ensure comparable anesthesia, and 

maintained at 37°C throughout procedures.  All LV images were acquired within 10 minutes of 

induction with the MS550D ultrasound transducer set to 40MHz.  All measurements were done 

using the Cardiac Package (VisualSonics Inc., Toronto, ON, CA).  M-Mode (1D) images were 

analyzed using the LV-trace function, and long-axis B-Mode (2D) images were analyzed using 

the 2D area calculation.  M-Mode images were either obtained from long or short axis views of 

the heart at the mid-papillary level.  2D images were acquired from the long axis view of the LV, 

where probe placement was such that the LV chamber was visualized from the apex to the 

outflow tract. 

PF was measured from a parasternal short-axis view of the pulmonary trunk just distal of 
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the pulmonary semi-lunar valves with probe placement arranged to obtain an image as depicted 

in Figure 4.2A/D; similar to the long-axis view of the LV but with the probe moved 1-2mm 

superiorly.  Aortic flow was measured from a parasternal long-axis view of the ascending aorta 

(Figure A1A/B).  Pulmonary and aortic flows were calculated as the product of the vessel area 

(2πr2) and the velocity time integral (VTI) of the pulsed-wave Doppler of flow at that level 

(Figure 4.2B/C or Figure A1C/D respectively).   

 

Figure 4.2 | Visualization of pulmonary flow (PF) through the pulmonary trunk of a healthy mouse. (A)
Pulmonary trunk diameter (white line) at the point where flow was measured. (B) Color Doppler visualization 
through the pulmonary trunk. (C) Representative pulsed-wave tracing of the pulmonary flow velocity time 
integral (VTI) obtained over four consecutive heart beats. (D) An unlabelled (top) and labelled (bottom) image 
of the pulmonary trunk and surrounding structures of importance. The red arrows represent the direction of 
blood flow. 
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Vessel diameter was measured just distal to the valve leaflets where VTI was obtained.  

Doppler gain was consistently set between 32-35dB at a frequency of 32MHz to limit Color 

Doppler variability269,270.  Beam steering, a novel function of the Vevo2100 system, was used to 

ensure the two-dimensional angle between the direction of the pulmonary trunk visualized in 

vivo and the sound beam(s) were under 45 degrees. 

All echo images (M-Mode, 2D and flows) were obtained in triplicate.  All volumes were 

calculated as the mean of 3 images sets; the mean of each set was 5 consecutive heartbeats.  All 

images were reanalyzed in a blinded manner to identify any subjectivity, which was defined as 

any mean exceeding 10% between repeated measures.  In all cases of discrepancy, image quality 

was poor in part or in entirety, and values were excluded from analysis (see Table 4.1).  All 

images were acquired within 10 minutes of induction and calculations done post acquisition. 
 

4.3.3 Flow Probe 

Similar to surgical intervention, mice were intubated and ventilated (Harvard Apparatus) 

at 150 breaths/min at a tidal volume of ~300 μl with an isoflurane/oxygen mix (2%:100%).  Mice 

were maintained at 37°C with a rectal probe and heating lamp throughout data collection.  Ribs 

were separated at the cartilaginous connections of ribs 2, 3 and 4 to expose the upper mediastinum.  A 

piece of 7-0 silk thread was looped around the ascending aorta used and to delicately place the aorta 

inside the 1.5mm diameter flow probe (Transonic, Ithaca, NY, USA).  This flow probe was connected to 
the TS420 Perivascular Flow Module and CO calculations were presented as a digitized readout directly 
on the machine.  Probe placement was adjusted to obtain peak flow and CO was recorded when peak flow 
values were maintained for at ~3 consecutive seconds (approximately 30 heart beats).  In contrast to 

previous studies35, flow probe CO calculations were made 24hrs after echo-derived CO calculations as 

flow probe placement directly impeded concurrent visualization of the pulmonary trunk using echo. 
 

4.3.4 Cardiac Output Calculations 

The following formulae were used to calculate cardiac volumes from echo images (In all 

cases, CO was the product of stroke volume and heart rate): 

a) M-Mode (1D): Volume = (7.0/(2.4+D))D^3) - where D = the internal ‘diameter’ at the mid-

papillary region of long-axis B-Mode images in either systole or diastole263.  Stroke volume was 

calculated as the difference between diastolic and systolic volumes.  

b) 2D: Volume = ((8*A^2)/(3πL)) - where A= longitudinal surface area and L = chamber 

length34.  Stroke volume was calculated as the difference between diastolic and systolic volumes.  
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c) PF/Aortic Flow: Volume = (VTI)(2πr^2).  Flow-derived stroke volumes were calculated as a 

product of the velocity time integral (VTI) and the vessel cross sectional area (pulmonary trunk 

or ascending aorta) at the point of peak flow where r=vessel radius35.  
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4.3.5 Variability Assessments 

Variability of echo-derived values (M-Mode, 2D and PF) were assessed within users (intra-user 

variability) and between users (inter-user variability) with the results summarized in Table 4.2A.  

A total of 9 images were collected per animal (n=11 for healthy, n=9 for MI).  All images were 

acquired rapidly over a period of <10 minutes to help ensure similar heart rates and body 
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temperatures. CO from each image was averaged over 5 heartbeats (between breathes).  Intra-

user variability was calculated from the standard deviation within each set of 3 images (M-Mode 

2D or PF) and expressed as a percentage of the average CO for that method in that particular 

mouse.  The intra-user variability from each per mouse was averaged and between the two users 

for each method.  Inter-user variability was calculated as the average absolute percent difference 

between user 1 and user 2’s calculations from the same images (n=30-36 per method).  Intra- and 

inter-user reliabilities were assessed using intra- and interclass correlation coefficients (ICC) 

respectively, and values are presented in Table 4.2B.  Correlation coefficients were calculated 

using Excel’s Anova: Two Factor without Replication data analysis table (i.e. a repeated 

measures analysis) and the formula: {(MSRow – MSE) / [MSRow + (dfCol)(MSE) + 

(dfCol+1)(MSCol – MSE) / (dfRow+1)]}(adapted from271).  
 

4.3.6 Histological Approximation of Infarct Size 

A total of 10 mice were blindly selected for infarct size estimation following data 

collection.  Briefly, hearts were perfusion fixed with 1xPBS, 50mmol KCL and 10% neutral 

buffered formalin (VWR International, Mississauga, Ontario, Canada) through the right common 

carotid artery.  Hearts were processed overnight and imbedded in paraffin.  Cross sectional slices 

(5μm) were obtained from the approximated apex, mid-papillary and base regions of the heart.  

Sections were stained with Gomori’s One Step Trichrome (Poly Scientific, Bay Shore, NY).  

Images were acquired using an Olympus FSX 100 light microscope and analyzed with Cell 

Sense software (Olympus, Tokyo, Japan).  Infarct size was determined as a percentage of total 

LV circumference as averaged from all three sections.  Average infarct size using this method 

was 55.2 ± 9.7% (SD) of the total LV circumference.  

 

4.3.7 Bland-Altman Analysis 

Bland-Altman graphs were created in Prism 6.0 (GraphPad Software Inc.) to evaluate the 

agreement between reference values (e.g., flow probe) and comparator values (e.g., M-Mode; 

echo)272.  Zero bias lines are presented as the ‘ideal agreement’ between the two compared 

methods across a range of differences.  Regression lines are plotted to demonstrate the 

directional biases; if a bias is more likely to exist above or below a particular inflection point.  

The difference between the reference and comparator values was plotted against the average of  
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these values to reduce the risk of biasing trends273.  Mean difference, 95% confidence intervals 

and range are also presented. 
 

4.3.8 Statistical Analysis 

Averages are presented as ± SEM unless otherwise indicated.  Standard deviation, 

Pearson correlation and Bland-Altman (Tukey mean difference) plot analysis with an absolute 

mean/range difference were determined using Prism 6.0 (GraphPad Software Inc.).  All other 

variables were compared using either the student’s t-test (for paired values) or 1-way ANOVA 

for group comparisons; p<0.05 was considered significant in all cases.  Since higher n-values  

increase absolute ICC values274, we compared a similar number of CO’s for the ICC calculations 

(n range=32-36).  ICC values were then compared against one another to determine relative 

reliability of each technique.  

 

4.4 Results 
Here we compared three methods of echo-derived CO (M-Mode, 2D, and PF) to a 

literature gold standard for CO (flow probe) in healthy mice and two experimental models of 

heart failure (i.e., TAC and MI).  Complete echo values are summarized in Table 4.3. 
 

CO determined from PF or LV chamber dimensions should be equivalent in healthy and 

pathological conditions where the LV chamber is uniform in thickness and function.  This was 

confirmed by the strong correlation between all three echo methods (M-Mode, 2D and pulsed-

wave Doppler; Figure 4.3) in healthy and TAC mice.  In healthy and TAC mice, PF CO 

correlated well with both M-Mode (R2=0.945; p<0.001) and 2D (R2=0.914; p<0.001) along the 

line of identity.  In MI however, PF correlations with M-Mode (R2=0.359; p<0.001) and 2D CO 

(R2=0.498; p<0.001) were weaker, and PF consistently over-approximated respective 2D and M-

Mode CO calculations (Figure 4.3; blue triangles).   Importantly, the two LV-dependent 

measurements (2D and M-Mode) were in disagreement (R2=0.086, p=0.146; Figure 4.3C), 

highlighting the difficulty in precisely determining chamber volumes using M-Mode and 2D 

formulae post-MI. 
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To determine which of the three methods was more accurate in MI mice, we compared  
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them to a gold standard for determining CO ─ intra-thoracic flow probe35.  In healthy mice 

(n=13; black circles), all three echo methods (M-mode, 2D and PF) significantly correlated with 

the flow probe measures (R2=0.709, 0.530 and 0.901; p<0.001 respectively; Figure 4.3).  While 

flow probe is a gold standard for determining CO, this method under-estimates physiological CO 

values as compared to echo-derived measurements (Table A1).  Likewise, lower CO measures 

with a flow probe assessment were shown in comparison to physiological derived CO by echo 

previously35.  This expected bias is attributed to artificial ventilation of the mice and the deeper 

anesthetic plane required for the open-chested preparation needed to place the flow probe around 

the aorta (mechanical ventilation induces a positive intra-thoracic pressure that reduces venous 

return and subsequent CO)275,276.  In MI (n=13; blue triangles), only PF CO correlated well with 

flow probe CO (Figure 4.4C; R2=0.669, p<0.001); M-Mode CO correlated poorly (Figure 4.4A; 

R2=0.346, p=0.046), while 2D-derived CO had no significant correlation (Figure 4.4B, 

R2=0.277, p=0.097).  By Bland-Altman analysis, flow probe to M-Mode (Figure 4.4D) and 2D 

(Figure 4.4E) demonstrated less precise and less accurate measures and did not maintain the 

Figure 4.3 |  Pearson correlations plots of echocardiographically determined cardiac output (CO). Three 
methods for calculating cardiac outputs were compared in three groups of mice; healthy, transverse 
aortic constriction (TAC), and myocardial infarction (MI) hearts.  Correlations of (A) pulmonary flow (PF) 
and M-Mode CO (MI; n=34, TAC; n=22, Healthy; n=24), (B) PF and 2D single-plane CO (MI; n=27, TAC; 
n=19, Healthy; n=23), and (C) M-Mode and 2D CO (MI: n= 26, TAC; n=19, Healthy; n=21).  Each point 
represents a male CD1 mouse where CO values were acquired at statistically similar body temperatures 
and heart rates.  CO calculated from all three methods correlated strongly in both healthy and TAC 
hearts.  In MI hearts however, M-Mode and 2D both under-approximated the majority of CO’s when 
compared to PF.  No correlation existed in MI hearts between the two LV-derived CO calculations (M-
Mode and 2D) demonstrating a lack of conformity between both LV-dependent methods in MI hearts.  
The dashed black line represents the line of identity in all images.  Solid black lines are the lines of best fit 
for the pooled TAC and healthy data, and solid blue lines are the lines of best fit for MI data.  
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expected positive bias of the methodology to the gold standard flow probe.  Further, the standard 

deviation of the mean difference was greater than the mean, while the range of difference was 

20-25mls/min.  In contrast, flow probe to PF (Figure 4.4F) demonstrated improved accuracy and 

precision, retained the expected positive bias and had less than 10mls/min range difference 

across healthy and MI animals.  

We then investigated the intra- and inter-user variability of PF CO as compared to both 

M-Mode and 2D echo (Table 4.2A).  In healthy mice, both intra and inter-user PF CO variability 

was lower when compared to 2D and M-Mode CO variability.  This reduction in variability was 

more pronounced in MI mice, where PF CO variability was 6-fold lower than both the intra- and 

Figure 4.4 |  Pearson correlations and Bland-Altman analysis comparing cardiac output (CO) between flow 
probe and echocardiography in healthy and myocardial infarcted (MI) mice.  Flow probe CO is plotted against 
(A) M-Mode- (MI: n=12, Healthy: n=12), (B) 2D- (MI: n=11, Healthy: n=13) and (C) pulmonary flow (MI: n=12, 
Healthy: n=13) (PF)-derived CO values.  All three measurements strongly correlated with flow probe in healthy 
mice (black dots).  In contrast, only PF (C) strongly correlated with flow probe in MI mice.  The dotted line 
represents the line of identity.  The bottom panels (D, E and F) are Bland-Altman’s of the data from panel A, B 
and C (organized vertically).  Differences (in mL/min) represent the subtraction of the gold standard (flow 
probe), from the reference measure (indicated).  Bland-Altman analysis demonstrated strong agreement 
between PF and flow probe with a lower range of differences when compared to M-Mode or 2D relationships 
with flow probe.
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inter-user variability of M-Mode and 2D measurements.  Variability in CO calculations was 

confined to stroke volume as confirmed by the low/negligible variability in HR.  We also 

calculated inter- and intraclass correlation coefficients (ICC) as a measure of 

reliability/reproducibility between and within users respectively (Table 4.2B).  In healthy mice, 

all three CO methods, M-Mode (ICC=0.902), 2D (ICC=0.834) and PF (ICC=0.881) agreed well 

internally.  Between users, PF calculated CO values (ICC=0.833) were more similar than 2D 

(ICC=0.692) or M-Mode (ICC=0.679) CO’s.  In MI, PF CO demonstrated the strongest internal 

agreement (ICC=0.817).  Although less strong, both M-Mode (ICC=0.519) and 2D (ICC=0.625) 

CO values also demonstrated reasonable internal agreement.  Between users, neither M-Mode 

(ICC=0.119) or 2D (ICC=0.351) CO values agreed.  Only PF CO values (ICC=0.754) 

demonstrated reasonable agreement between users.   Taken together, PF offered lower intra- and 

inter-user variability and demonstrated improved agreement of repeated measures within and 

between users compared to M-Mode or 2D in healthy mice and particularly in MI. 

 

4.5 Discussion 
 PF provided a simple, reproducible technique with strong inter and intra-agreement for the 

estimation of CO when compared to both methods relying on LV chamber morphology (i.e., M-

Mode, 2D).  This was particularly relevant following MI, as echo methods relying on the 

extrapolation of volumes from chamber dimensions (i.e., M-Mode, 2D) are fallible when LV 

chamber morphology is irregular (Figure 4.1).  PF was less variable and demonstrated stronger 

agreement with flow probe CO than either M-Mode or 2D. This data suggests PF is useful for 

determining CO following MI.    

 We demonstrate low technical variability in determining VTI (Table 4.2A).  Our users, 

likely because of the superior resolution of a Vevo2100 system, were able to further reduce 

intra/inter-variability as much as two-fold over previous work35.  As well, the pulmonary trunk 

does not extensively remodel following MI, which is advantageous for the technical 

reproducibility of images.  To highlight the potential risk for operator variability when 

remodeling impacts LV morphology (i.e., MI), we provided a case example in Figure 4.5.  Here, 

representative B-Mode images with slight displacements of the M-Mode lines (± 0.5mm from 

~mid-papillary region) are presented from an individual TAC, MI and healthy heart (Figure 

4.5A).  Changes in M-Mode location resulted in a 14% change in EDD and a 20% change in 

ESD in the MI heart (Figure 4.5B) compared to ~±2% changes in either TAC or healthy hearts.   
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Figure 4.5 |  Individual left ventricle (LV) images depicting the potential for error in LV-dependent volume 
calculations. (A) Representative B-Mode images in diastole (top panel) and systole (bottom panel) used to 
obtain end diastolic dimensions (EDD) and end systolic dimensions (ESD) from a single healthy, transverse aortic 
constriction (TAC) and myocardial infarction (MI) mouse heart.  Note: dashed white lines represent 0.5 mm 
locations on either side of the mid-papillary region (solid white line), which is perpendicular to the cardiac 
outflow tract from apex to aorta (dashed red line).  These white lines approximate varied M-Mode placements 
to estimate potential inter-user variability.  (B) Percent change in both EDD and ESD were calculated using 
Teichholz formula from the three variable locations.  Both EDD and ESD were relatively stable in the healthy 
and TAC mouse, while in the MI heart, the minor changes in location resulted in different dimensions.  (C) These 
alternate dimensions translate to large variations in calculated stroke volume (SV) and cardiac output (CO) for 
the representative MI heart shown. 
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This variability in MI LV chamber dimensions translated to a ±50% change in stroke volume and 

huge variability in CO measures (4.6 to 19.8 ml/min; Figure 4.5C).  As 2D calculations from the 

LV require clear visualization of the entire long-axis view, similar error can exist in situations 

where the base and/or apex are not clearly visible (and chamber length is difficult to determine) 

or when septal contractions are significantly contributing to CO (Figure 4.6).  
 

 

Figure 4.6 |  Representative short axis images depicting the left ventricle (LV) from a healthy and myocardial 
infarction (MI) heart at end diastole (left) and end systole (right).  Traced internal outlines in both diastole 
(blue) and systole (red) highlight non-uniform wall kinetics in the MI LV as compared to the uniform wall 
kinetics in the healthy heart.  The dimensions used to calculate cardiac output (CO) were taken from 
movement in either the “a”; horizontal plane, or “b”; vertical plane.  CO calculations were done using 
Teichholz’s 1D formula (a/b) and the single plane 2D ellipsoid formula (images not shown) and compared to 
pulmonary flow (PF) calculations from the same mice.
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While the potential for error associated with single plane methods (M-Mode and 2D) is 

recognized following ischemic injury in humans34,263,265,277 (and directly reported in select 

studies278), the extent of the variability using these methods is likely more pronounced in murine 

models, where average survivable infarct size is significantly larger than in humans279,280.  

Indeed, the infarct size in our study (as measured as a % of LV circumference) was ~55% 

compared to an average infarct size in humans that is generally <30%281,282.  The limitations of 

M-Mode and 2D are further impacted by damaged or ablated papillary muscles; a condition that  

 

Figure 4.7 |  Pearson correlations between aortic flow (AF) pulmonary flow (PF) in both healthy and 
myocardial infarction (MI) mice. Scatter plots of paired AF and PF values from (A) healthy (n=13), and (B) MI 
(n=15) mice.  AF correlated strongly with PF in both healthy (R2=0.779, p<0.001) and MI (R2=0.753, p<0.01) 
along the line of identity (dotted line), suggesting these three methods were interchangeable for 
approximating CO.  Bland-Altman analysis shows agreement between AF and PF measures in (C) healthy and 
(D) MI that were both precise and accurate.  Differences (in mL/min) represent the subtraction of the gold 
standard (flow probe), from the reference measure (indicated).
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can occur in the MI-model (indeed, papillary muscles were not visible in ~40% of MI-hearts in 

this study).  This increases the difficulty of landmarking a reproducible location for functional 

assessment, and the potential for human error.  In contrast, the pulmonary trunk (and reference 

RV-semilunar valves) were visible in ~95% of MI hearts, representing a clearly improved 

landmark for inter-user consistency.  

An important benefit of PF when compared to LV-dependent methods is the specificity 

of measuring forward flow (see Table 4.1).  This is relevant in clinical MI patients, where mitral 

regurgitation is prevalent283.  In situations of regurgitation, LV stroke volumes determined 

directly from the LV (M-Mode and 2D) overestimate forward CO because of backflow.  While 

flow probe and thermodilution also measure forward flow, these methods require a deeply 

anesthetized open-chested ventilated preparation that reduces CO275.  Echo permits spontaneous 

breathing with light anesthetic over the short period of time required for data acquisition 

(>10min).  

An additional method to measure total forward blood flow by echo would be to measure 

aortic flow.  When measured, aortic flow and PF were equitable and in agreement in both healthy 

and MI mice (Figure 4.7).  A similar strength of correlation between pulmonary and aortic flow 

has been reported in patients284.  However, we found the angle of the aorta made aortic flow 

more difficult to obtain than pulmonary flow.  In aortic constriction models (e.g., TAC), this is 

increasingly problematic as scarring in the thoracic cavity and around the aortic arch further 

obstructs imaging.  

 As experimental procedures such as pressure-volume loops rely on the manual input of 

pre-determined stroke volume, PF calculations will improve the accuracy of this secondary 

cardiac evaluation in MI mice particularly.  In contrast to the conductance system (i.e., Millar), 

the admittance system (i.e., Scisense) for pressure-volume loop analysis requires the user to 

manually input stroke volumes for each mouse so that the software accurately measures in vivo 

volumes.  Since stroke volume can be derived from CO, the use of PF CO would be most useful 

in MI mice because it is more accurate and precise than LV-based determination.  
 

4.6 Study Limitations 
 Calculated Doppler velocities (VTI’s) are angle dependent.  Variable angles between the 

blood flow stream and ultrasound beam can skew calculations.  The angle of incidence between 

the ultrasound beam and the direction of flow can easily be accounted for by the user in the x- 
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and y-dimension but is indeterminate in the z-dimension.  However, variability in the z-

dimension can be minimized by using a platform angle, where one can reproducibly visualize the 

pulmonary trunk from the valve leaflets to the bifurcation (Figure 4.2D).  Thus, the consistent 

placement of the animal with respect to the probe ─ to provide a complete long-view of the 

pulmonary trunk ─ should limit the magnitude of this indeterminate, but not insignificant, angle.  

 Another limitation of this study was our inability to compare the values of every 

technique in each mouse (M-Mode, 2D, PF, aortic flow and flow probe).  This may have 

introduced an inadvertent bias in the comparative analysis.  It is possible this inability to obtain 

data skewed our results, reducing data variability and improving the relationships between the 

various methods compared.   

 The comparison of echo CO’s to flow probe CO’s was additionally limited by the 

inability to simultaneously obtain values (as was the case in previous studies35).  This was the 

result of the placement of the flow probe in the upper mediastinum, directly atop the greater 

vessels, which made concurrent visualization of the pulmonary trunk impossible.  While flow 

probe values were reduced ~30% from echo CO’s (Figure 4.4A-C), this was similar to the 

reduction in CO we observed by echo before and after a pneumothorax and artificial ventilation; 

the required preparation for flow probe assessment (Table S1).  Any day-to-day variations in 

hemodynamic function would be marginal as this model is stable at the time point of 

comparative analysis. 

 An additional limitation was the lack of comparison between aortic flow and flow probe.  

This was due to the frequent difficulty in visualizing the ascending aorta to obtain accurate and 

reliable measures (Table 4.1).  In our models, we found PF was consistently easier to obtain than 

aortic flow.  However, in models where the pulmonary trunk is more difficult to visualize (e.g., 

pulmonary artery banding), an alternative view depicting the left ventricle outflow tract (LVOT) 

instead of the ascending aorta may provide a complementary measurement to PF CO. 

 We also did not assess mitral valve regurgitation (MR) in this study.  While we cannot 

comment on the presence or absence of MR in our model, speculatively, in a mouse where MR 

may have been present (i.e., MI), CO values obtained from LV measurements would be over-

approximated owing to the backflow of blood into the left atria.  Indeed, this makes 

quantification of cardiac volumes from the LV even more fallible post-MI, and possibly 

contributes to the impaired relationship between the different LV-derived CO values obtained 
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from MI (Figure 4.3C).  Future studies would benefit from assessing the accuracy and benefit of 

PF in the quantified presence/absence of MR. 
 

4.7 Conclusion 
 In summary, PF improves the accuracy and reduces the variability of CO calculations, 

particularly following MI in mice.  Reducing data variability is beneficial for increasing the 

power of pre-clinical studies with a decreased reliance on sheer animal numbers.  PF was also 

less variable in healthy mice, and provided a secondary validation of CO in models where the 

LV maintains uniform wall thickness and contractile properties.  This is particularly valuable in 

expensive and/or complicated models where animal numbers may be limited or the LV difficult 

to image.  Future investigations would benefit from investigating this method against flow 

probe/MRI in other animal models as well as in humans where classical cardiac imaging is 

obstructed or when LV morphology is asymmetric.   
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5.1 ABSTRACT 
Background and Objective:  

Emerging evidence indicates lipophilic therapeutics offer additional benefits compared to their 

hydrophilic counterparts.  Currently, type-II pulmonary hypertension (PH-II), a prevalent 

condition in heart failure (HF), has no standard-of-care therapies.  Previous work from our lab 

identified drug lipophilicity as an important feature for alleviating respiratory muscle weakness 

in experimental HF.  Given the connection of the cardiovascular and respiratory systems through 

the lungs and the right ventricle, we sought to evaluate the efficacy of lipophilic cardiovascular 

drugs in the treatment of type-II PH. 

Methods: 

Two experimental models of type-II PH were used; murine transverse aortic constriction (TAC), 

and the Spontaneously Hypertensive Aged Rat (SHAR).  For TAC, the lipophilic β-blocker 

Propranolol was compared to hydrophilic β-blockers, Nadolol and Atenolol, with 15mg/kg doses 

administered daily for 10 weeks starting after PH was established (5 weeks post-TAC).  For 

SHAR, a lipophilic angiotensin receptor blocker (ARB; Candesartan) was compared to 

hydrophilic ARB (Valsartan) or ARB+Neprilysin Inhibitor (ARNI;Entresto), with 15mg/kg 

doses administered daily for 16 weeks starting at 72 weeks of age.  

Results: 

Lipophilic drugs (i.e., Propranolol and Candesartan) treated PH in both models, while 

hydrophilic compounds did not.  In TAC, while both lipophilic and hydrophilic drugs improved 

left ventricular remodeling and function, only the lipophilic drug Propranolol improved right 

ventricle function and hypertrophy while arresting pulmonary vascular remodeling.   

Conclusion: 

Lipophilic drugs most commonly used to alleviate catecholamine stress in HF, show the capacity 

to treat PH-II and the accompanying right ventricle dysfunction, hypertrophy and pulmonary 

vascular remodeling.  These data suggest drug selection based on lipophilicity could be used as a 

strategy to help resolve type II PH even in the presence of acute afterload and chronic age-related 

comorbidity.  
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5.2 INTRODUCTION 
Pulmonary hypertension (PH), defined clinically as a pulmonary artery pressure >25mmHg at 

rest141, is a progressive disease of multiple origins that culminates in right ventricle failure and 

death.  The World Health Organization identifies five different classes of PH, with the most 

prevalent being type II PH (PH-II); PH secondary to left ventricle dysfunction139.  PH-II arises as 

a consequence of left heart failure (HF) and the resulting hemodynamic congestion of blood in 

the pulmonary circulation, and has a prevalence of 20-80% in HF patients depending on 

etiology(3-5).  The presence of PH-II increases re-hospitalizations and all-cause mortality in HF 

patients regardless of etiology8,22,149,285,286.  As the HF population continues to expand by both 

incidence and patient longevity 3, the prevalence of this secondary condition will continue to rise, 

negatively impacting outcomes and quality of life.   

 

There is not yet a standard-of-care therapy that specifically targets PH-II287.  Treatment currently 

focuses on the reduction of left ventricular dysfunction in an attempt to alleviate the incipient 

cause of PH-II.  Although regression of PH-II is obtainable in HF patients after mitral valve 

surgery167,288,289 or the implantation of left ventricular assist devices168,290, in most patients, PH-II 

is unmanaged.  PH-specific drugs were principally designed to treat type-1 PH (primary 

pulmonary arterial hypertension; PH-I), thus they focused on pulmonary vasodilation to reduce 

pulmonary pressures (i.e., endothelin receptor antagonists, phosphodiesterase-5 inhibitors, 

soluble guanylate cyclase stimulators, prostacyclin analogues, nitrous oxide stimulating agents 

and prostacyclin receptor agonists291).  Unfortunately, in PH-II patients, these drugs are either 

ineffective 146,292, or associated with an increase in adverse events (19-21).  This highlights the 

urgent need for PH-II specific therapies.  

 

The relative lipophilicity of a drug is well understood as an important pharmacological feature in 

drug design and delivery293, and is gaining attention as an important efficiency metric in medical 

chemistry294.  Lipophilicity affects a drugs diffusion through biological barriers (i.e., blood-

brain118), its metabolism (renal or hepatic), subsequent half-life, and its relative intracellular 

concentrations295,296.  Notably, lipophilicity was a key feature in the effectiveness of 

cardiovascular drugs–irrespective of class–to alleviate respiratory weakness in experimental HF 

(i.e., reducing ventilatory overdrive and preventing diaphragm atrophy)212.  What is unknown is 

the effect of lipophilic drugs on other lung-related comorbidities in HF such as PH-II.  Given the 



	
 
82	

robust connection of the cardiac and pulmonary systems both autonomically (i.e., neural297) and 

mechanically (i.e., ventilation298), we hypothesize that lipophilic cardiovascular drugs will treat 

PH-II more effectively than their hydrophilic counterparts.  To test this hypothesis, we compared 

two lipophilic drugs (Propranolol and Candesartan) against four hydrophilic drugs (Nadolol, 

Atenolol, Valsartan and Entresto) in two different rodent models of PH-II.  We demonstrated that 

PH-II was alleviated in a lipophilic dependent manner irrespective of drug class in the presence 

of either acute pressure-overload or chronic age-related HF.  Importantly, left ventricle function 

was similar between all treated groups, suggesting the treatment of type II PH was not the result 

of disproportionately alleviating the left ventricle pathology.  These data suggest that drug 

selection based on lipophilicity could be a strategy to develop specific treatment options for type 

II PH.  

 

5.3 MATERIALS & METHODS 

5.3.1 Surgical Model  

Briefly, male CD1 mice (~32-43 grams) were anesthetized, intubated and ventilated at 200 

breathes per minute at a tidal volume of 300uL (Harvard Apparatus) with an isoflurane/oxygen 

mix (2%:100%).  Transverse aortic constriction (TAC) surgery was done as previously described 
299.  This study was approved by the Animal Care Committee at the University of Guelph and all 

experiments were carried out in accordance with the guidelines from the Canadian Council on 

Animal Care. 

 

5.3.2 Treatment Protocols 

(See Figure 5.1 for experimental timelines) 

Transverse aortic constriction (TAC):  Mice were treated with Atenolol (abcamBiochemicals, 

Toronto, Canada), Nadolol (Sigma-Aldrich, Oakville, Canada) or Propranolol (Sigma-Aldrich, 

Oakville, Canada) at a dose of 15mg/mL/kg between 9am and 12pm for ten weeks.  Drugs were 

dissolved in sterile PBS (VWR) and administered intraperitoneally.  TAC mice were left for 5 

weeks to ensure the development of type II PH299.  At this point, mice were separated into groups 

prior to the treatment protocol based on an equal distribution of body weights.  Three separate 

surgical cohorts were used in this study, with an untreated group included in every surgical 

cohort.  Baseline (5 week TAC) data was sampled from each surgical cohort prior to the start of 

the treatment protocol. 
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Spontaneously Hypertensive Aged Rat (SHAR):  Rats receiving treatment were given 

15mg/kg/day doses of either Candesartan (Sandoz, Holzkirchen, Germany), Valsartan (Sandoz, 

Holzkirchen, Germany) or Entresto (Novartis, Basel, Switzerland) between 9am and 12pm for 16 

weeks.  Drugs were mixed into 1/8th of a teaspoon of Nutella every morning and administered 

periorally.  Rats (~72 weeks old) were separated into groups prior to the treatment protocol based 

on an equal distribution of body weights.  A baseline cohort was included to characterize the pre-

treated phenotype.  There was no 88-week untreated cohort due to the high mortality rate in these 

aged rats.   

  

5.3.3 Echocardiography 

Echocardiography with performed using the Vevo2100 system (VisualSonics Inc., Toronto, ON, 

CA).  Mice were assessed with the 40MHz MS550D transducer, while rats were assessed with 

Figure 5.1 |  Experimental timelines in young male CD1 mice (top) and 
spontaneously hypertensive aged rats (SHAR; bottom). 
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the 21MHz MS250 transducer.  Briefly, mice were anesthetized with an isoflurane/oxygen mix 

(2%/100%) and maintained at 37°C with a rectal thermometer (Physitemp Thermalert TH-5, 

Clifton, New Jersey, USA) and heating lamp, while rats were anesthetized with an 

isoflurane/oxygen mix (2.0%/100%) and maintained at 37.0°C throughout procedures.  Chests 

were shaved and treated with Nair.  Left ventricle dimensions were obtained using the 40MHz 

MS550D transducer as previously described 220.  Echocardiography methodology in SHR’s was 

identical save for the probe used (21MHz MS250 transducer).   

 

5.3.4 Invasive Function and Tissue Collection 

TAC:  At 5 weeks of TAC (baseline) and following 10 weeks of dosing (study end), left and 

right ventricular invasive function was obtained.  Briefly, mice were anesthetized with an 

isoflurane/oxygen mix (2%/100%) and maintained at 37°C.  Right ventricle function was 

obtained by placing a bent (~25-35 degrees) 1.2F catheter (FTS-1211B-0018; Scisense Inc.) 

through the right external jugular down into the right ventricle.  A second 1.2F catheter was fed 

through the right carotid into the left ventricle.  Hemodynamic signals from both ventricles were 

digitized at a sampling rate of 2kHz and recorded using iWorx® analytic software (Labscribe2, 

Dover, NH, USA).  Data sets (~30-40 consecutive beats) were taken from both ventricles and 

analyzed with the removal of respiration artifacts.  All mice were saved for histological analysis.  

In sequence, 10mL of 1x PBS and 10mL of 0.5mol L-1 KCl were perfused through the right 

carotid artery.  Prior to cardiac removal, the trachea was cannulated, and the lungs and heart 

were delicately removed together.  The heart was then removed from the lungs and dropped in 

10% neutral buffered formalin (VWR).  The lungs were drip fixed for 15 minutes at a height of 

20cm with 10% neutral buffered formalin.  After 24 hours, all heart and lung samples in formalin 

were transferred to 70% ethanol until tissue processing. 

 

SHAR: At both 72 weeks of age (pre-treated) and after 16 weeks of treatment, left and right 

ventricular invasive function was obtained.  Rats were anesthetized and maintained with an 

isoflurane/oxygen mix (2.5%/100%) at 37.5°C (using the same rectal thermometer and heating 

lamp) throughout data collection.  Left and right ventricle function was obtained similar to in 

mice but with 1.6F catheters instead (FTS-1611B-0018; Scisense Inc.).   

 

Functional Notes:  All cardiac function was obtained at least 48 hours after the final doses to 
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ensure a wash-out of acute drug effects.  The ‘contractility index’ reported in Figure 5.3, Table 

5.1 and Table 5.3 is the dP/dt max value divided by the left ventricle pressure at dP/dt max.  The 

‘relaxation index’ reported in Figure 5.3, Table 5.1 and Table 5.3 is the dP/dt min value divided 

by the left ventricle pressure at dP/dt min.  Pulmonary vascular resistance (PVR) was calculated 

using the formula: 

 

 PVR = pulmonary pressure gradient / flow 

where 

Pressure gradient = right ventricle peak pressure – left ventricle filling pressure  

and 

Flow = cardiac output 

 

5.3.5 Histological Analysis 

Heart:  Cross sectional slices (~6μm) of murine hearts were obtained from the mid papillary 

region.  Paraffin embedded sections were stained with Picro-Sirius Red (PSR; 500ml of saturated 

picric acid solution and 0.5g of Direct Red 80 from Sigma Aldrich), to visualize interstitial 

fibrosis (staining cytoplasm yellow and collagen red) and cardiomyocyte cross-sectional area 

(CSA).  CSA was quantified in Image J (open source) only from cardiomyocytes with 

centralized nuclei.  Interstitial fibrosis was also quantified in Image J and expressed as the 

percentage of total ventricle area (minus vasculature) that stained red.  Only free left and right 

ventricular walls were used for histological analysis.  

 

Lung: To visualize multiple levels of the vascular tree, the three right lobes of the murine lung 

were embedded in different orientations.  Lung slices (~6μm) were then stained with Verhoeff-

van Giessen’s stain to differentiate between the media (golden brown tissue outside of the dark 

purple elastin) and the intima (dirty brown tissue on the inside of the dark purple elastin).  See 

Figure 5.2 for the depiction of each layer.   
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For each vessel, between 6 and 10 measures of medial and intimal thickness were averaged from 

around the vessel wall.  All measurements were made in ImageJ.  Vessel diameter was derived 

from vessel circumference (measured from the outside of the medial layer in arteries, or the 

outside of the elastic lamina in veins).  Medial and intimal thicknesses were expressed as a 

percentage of vessel diameter to account for variable vessel sizes.  The formulas used to 

calculate normalized wall thicknesses were:  

 

 [(Average medial thickness)*2]/Vessel Diameter  

 and  

 [(Average Intimal thickness)*2]/Vessel Diameter 

Figure 5.2 | Depiction of pulmonary vascular intimal and medial layers.  Representative images of a 
pulmonary artery (top panel) and a pulmonary vein (bottom panel) from 15-week TAC mice stained with
Verhoeff-van Giessen depicting the separation of the medial and intimal layers.  The dark purple elastic 
lamina layer were used to separate where media and intima measurements were taken.  The muscular 
media stains a golden brown, while the intima stains a muddy brown with intermixed pink and purple 
connective tissue.  The left panel is images of entire vessels, and the scale bars are 70µm.  The right 
panel is zoomed in images of vessel walls, and the scale bars here are 35µm.
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Intimal calculations were separated based on the presence of absence of a medial layer 

(presumably differing between arteries and veins).  All images were acquired using an Olympus 

FSX 100 light microscope.  

 

5.3.6 Statistical Methods 

All results are expressed as means±SE unless otherwise indicated.  Statistical analysis was 

performed using Prism (Graphpad Software Inc.).  One-way ANOVA’s were used to determine 

differences between experimental groups.  Tukeys post hoc test was used to identify significance 

between each group.  Age matched control values were included for reference, but were 

excluded from ANOVA’s.  The threshold for significance was p<0.05 in all cases. 

 

5.4 RESULTS 

5.4.1 The Lipophilic β-blocker Propranolol treated type II PH and the associated right ventricle 

dysfunction and hypertrophy in murine TAC, while hydrophilic drugs (Nadolol and Atenolol) 

were unsuccessful. 

It was important to first establish left ventricle structure and function given that the clinical 

dogma suggests type II PH regresses if LV dysfunction and the associated pulmonary congestion 

is alleviated.  Following 10 weeks of treatment, no significant differences were observed in left 

ventricle peak pressure (Figure 5.3B) or left ventricle filling pressure (as a surrogate for 

pulmonary venous pressure; Figure 5.3C).  Moreover, left ventricle systolic and diastolic 

function were similar, with no change in the left ventricle contractility index (Figure 5.3D) or 

relaxation index (Figure 5.3E) between untreated and β-blocker treated 15-week TAC mice.  All 

three β-blockers equally prevented additional left ventricle hypertrophy from the time of 

treatment onset as evidenced by unchanged cardiomyocyte cross sectional area (Figure 5.4A) 

and unchanged posterior wall thickness (Table 5.1) compared to pre-treated 5-week TAC values.  

All three β-blockers were also similar in their treatment of left ventricular interstitial fibrosis 

(Figure 5.4B).  Representative images of left ventricle tissue are presented in Figure 5.4C.   

 

Next, right ventricle structure and function were assessed to quantify the effect of β-blocker 

therapy on type II PH and the associated remodeling.  Representative right ventricle pressure 

tracings are presented in Figure 5.3A.  Notably, only the lipophilic β-blocker Propranolol  
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Figure 5.3 |  Treatment of type II pulmonary hypertension (PH) and the associated right ventricle 
dysfunction with the lipophilic beta blocker Propranolol.  (A), Representative hemodynamic tracings 
from the RV.  Pronounced negative dips in the pressure tracings represent breathes.  Left Panel: (B), left 
ventricle peak pressure (LVP), (C) left ventricle end diastolic pressure (LV EDP), (D) left ventricle 
contractility index (LV CI) and (E) left ventricle relaxation index (LV RI) all demonstrate the similar LV 
pressures and function between the beta blocker treated TAC mice. Right Panel: (F) right ventricle 
pressure (RVP), (G) right ventricle end diastolic pressure (RV EDP), (H) right ventricle contractility index 
(RV CI), and (M) right ventricle relaxation index (RV RI) all demonstrate the disproportionate 
improvements in RV pressures and function in TAC mice treated with Propranolol over Nadolol and 
Atenolol. N-values for function are found in Table 5.1. * indicates p<0.05 compared to 15-week untreated 
TAC. † indicates p<0.05 compared to 5-week TAC. 
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Table 5.1 |  Expanded cardiac function data from TAC mice 

 

LVP, left ventricle peak pressure; LV EDP, left ventricle end diastolic pressure; RVP, right ventricle pressure; RV EDP, 
right ventricle end diastolic pressure.  * indicates p<0.05 compared to 15-week untreated TAC (determined by 
ANOVA).  Bolded values are used to draw attention to significance compared to 15-week untreated TAC. † indicates 
p<0.05 between 5-week and 15-week TAC (determined by students t-test).  
 

                                     15week TAC 

Left Ventricle (LV) 
Control 

(n=8) 

5week TAC 

(n=12) 

Untreated 

(n=15) 

Atenolol 

(n=10) 

Nadolol 

(n=13) 

Propranolol 

(n=15) 

LVP (mmHg) 107±4 140±3 121±6† 128±8 129±5 125±5 

LV EDP (mmHg) 6.4±1.9 25.9±1.0 25.1±1.6 25.3±0.9 22.0±2.4 20.8±2.5 

Systolic Pressure (mmHg) 106±4 140±3.3 120±6† 126±7 128±5 125±5 

Diastolic Pressure (mmHg) 77±2 65±3 59±3 58±3 68±3* 62±4 

dP/dt max (mmHg/s) 9316±719 6854±222 5971±326† 6494±492 6529±401 6544±409 

Contractility Index (s-1) 160±12 131±4 119±4† 129±6 127±8 133±7 

dP/dt min (mmHg/s) -9436±720 6444±260 -5317±365† -5936±611 -5790±507 -6181±488 

Relaxation Index (s-1) -129±13 -83±2 -77±3 -82±5 -78±6 -87±6 

Tau (Weiss, ms) 5.9±0.5 9.1±0.3 10.5±0.5† 9.9±0.6 10.2±0.9 9.1±0.8 

Tau (Glantz, ms) 11.0±1.7 15.5±0.8 18.1±0.8† 16.8±1.9 17.8±1.8 15.0±1.0 

Heart Rate (bpm) 555±9 559±8 566±10 542±10 571±13 566±14 

Right Ventricle (RV) 
Control 

(n=8) 

5week TAC 

(n=12) 

Untreated 

(n=14) 

Atenolol 

(n=10) 

Nadolol 

(n=12) 

Propranolol 

(n=14) 

RVP (mmHg) 29.6±0.9 38.6±1.6 44.0±2.0† 44.4±1.9 40.1±2.4 33.2±2.1* 
RV EDP (mmHg) 2.3±0.4 5.8±0.5 6.9±0.9 6.8±0.9 6.4±0.8 3.4±0.7* 
dP/dt max (mmHg/s) 2703±189 1976±53 2084±97 2339±174 2157±112 2017±73 

Contractility Index (s-1) 224±18 154±17 152±20 149±18 155±14 208±22* 
dP/dt min (mmHg/s) -2322±96 2022±96 -2161±122 -2371±147 -2071±84 -2006±84 

Relaxation Index (s-1) -155±12 -93±7 -82±6 -88±6 -91±8 -126±12* 
Tau (Weiss, ms) 5.8±0.3 9.0±0.6 10.1±0.8 9.0±0.5 9.1±1.1 7.3±0.8* 
Tau (Glantz, ms) 9.1±0.7 14.8±1.4 17.8±1.4† 16.8±2.0 16.2±1.9 10.6±1.2* 
Heart Rate (bpm) 536±8 548±8 538±15 532±10 547±12 537±8 

Echocardiography  
Control 

(n=8) 

5week TAC 

(n=12) 

Untreated 

(n=15) 

Atenolol 

(n=10) 

Nadolol 

(n=13) 

Propranolol 

(n=15) 

Dimension Systole (mm) 2.9±0.1 3.8±0.1 4.4±0.2† 4.4±0.2 4.4±0.2 3.9±0.1* 
Dimension Diastole (mm) 4.4±0.1 4.5±0.1 5.0±0.2† 4.9±0.1 4.9±0.2 4.7±0.1* 
VolumeSystole (uL) 35±2 61±4 92±10† 87±7 92±11 68±6* 
VolumeDiastole (uL)  85±3 94±4 122±9† 111±6 116±9 103±5* 
Stroke Volume (uL) 51±12 32±2 27±2† 25±1 24±3 35±2* 
Ejection Fraction (%) 59±23 35±3 16±3† 24±2* 23±4* 35±3* 
Fractional Shortening (%) 31±2 17±1 16±2 14±1 14±2 17±2 

Cardiac Output (mL/min) 28.5±0.8 18.7±0.9 16.4±0.9† 15.9±0.8 16.2±1.9 19.6±1.3* 
Wall Thickness Diastole (mm) 0.90±0.02 1.19±0.02 1.26±0.01† 1.15±0.02* 1.18±0.01* 1.16±0.02* 
Chamber Length (mm) 8.0±0.1 8.8±0.1 9.6±0.2† 9.7±0.2 9.2±0.2 8.7±0.2* 
Body Weight (grams) 41.1±08 40.2±0.9 40.7±1.4 40.8±0.8 40.0±1.5 40.0±0.7 

Cardiac Index ((mL/g)/min) 0.70±0.03 0.44±0.02 0.39±0.02† 0.36±0.02 0.36±0.04 0.49±0.03* 
Heart Rate (bpm) 565±11 546±12 550±14 538±7 558±10 565±10 
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reduced elevated right ventricle pressure compared to either 5- or 15-week untreated TAC mice 

(Figure 5.3F).  Similarly, only Propranolol reduced right ventricle filling pressure (Figure 5.3G) 

and improved indices of right ventricle function (contractility index; Figure 5.3H, and relaxation 

index; Figure 5.3I).  All β-blockers reduced right ventricle hypertrophy (i.e., right ventricle 

cardiomyocyte CSA) compared to 15-week untreated TAC (Figure 5.4D).  However, only 

Propranolol regressed right ventricle hypertrophy from the pre-treatment 5-week TAC values.  

Right ventricle fibrosis was equally treated by all three β-blockers (Figure 5.4E).  Representative 

images of right ventricle tissue are presented in Figure 5.4F.  Expanded murine TAC data is 

found in Table 5.1. 

 

5.4.2 The Lipophilic β-blocker Propranolol halted lung-wide pulmonary vascular remodeling in 

murine TAC. 

Pulmonary vascular remodeling in patients with type II PH is severe 172, and correlates with 

impaired pulmonary vascular 300 and cardiac 301 function.  Regressing or halting pulmonary 

vascular remodeling would thus be beneficial in patients with PH-II300.  To quantify the impact 

of lipophilic versus hydrophilic β-blocker therapy on pulmonary vascular remodeling in murine 

TAC, Propranolol and Nadolol treated lungs were compared to untreated lungs.  Representative 

images of pulmonary arteries are presented in Figure 5.5A, while images of pulmonary veins are 

presented in Figure 5.5B.  Pulmonary vascular remodeling was significant and progressive in the 

untreated TAC as evidenced by progressive increases in the thickening of the arterial media 

(Figure 5.5C), arterial intima (Figure 5.5D) and the venous intima (Figure 5.5E).  Propranolol 

therapy arrested the thickening of all pulmonary vascular layers at their pre-treatment values.  

The significant difference between Nadolol and Propranolol was that Propranolol reduced 

arterial intimal thickness, while Nadolol did not (Figure 5.5D).  This suggested a 

disproportionate benefit of Propranolol on the pre-capillary side of the pulmonary vasculature.  

Both Propranolol and Nadolol reduced venous intimal thickness compared to untreated TAC 

(Figure 5.5E), suggesting equivalent post-capillary treatment with lipophilic and hydrophilic β-

blockers.  Expanded vascular analysis data is found in Table 5.2. 
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Figure 5.4 | Regression of right ventricular hypertrophy with the lipophilic beta blocker 
Propranolol.  Left Panel:  Left ventricle (A) cardiomyocyte cross sectional area and (B) interstitial fibrosis 
were similarly reduced by lipophilic and hydrophilic beta blockers.  (C) Representative images of left 
ventricle tissue from 15-week TAC mice stained with PSR.  Right Panel:  Right ventricle (D) cardiomyocyte 
cross sectional area and (E) interstitial fibrosis were both reduced from 15-week untreated TAC values by 
all beta blockers.  Only Propranolol reduced right ventricle cardiomyocyte cross sectional area compared 
to pre-treated 5-week TAC values.  (F) Representative images of right ventricle tissue from 15-week TAC 
mice stained with PSR. N-values for histology are; Untreated n=9, Propranolol n=8, Atenolol n=6, Nadolol 
n=8.  * indicates p<0.05 compared to 15-week untreated TAC. † indicates p<0.05 compared to 5-week 
TAC. 
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PVR is an important diagnostic tool in patients with PH-II127.  Elevated PVR in PH-II patients is 

a sign of more severe pulmonary vascular remodeling144, and it is associated with a worse 

clinical prognosis302,303.  Regression of PVR in end-stage PH-II patients is associated with 

improved outcomes196.  To quantify the functional impact of improved pulmonary vascular 

remodeling with β-blocker therapy, we compared the PVR between Nadolol and Propranolol 

treated TAC mice.  Only Propranolol reduced PVR compared to the 15-week untreated TAC 

Table 5.2 |  Vascular Analysis in Murine TAC  

 
PVR, pulmonary vascular resistance.  * indicates p<0.05 compared to 15-week untreated TAC (determined by 
ANOVA).  Bolded values are used to draw attention to significance compared to 15-week untreated TAC.  
† indicates p<0.05 between 5-week and 15-week TAC (determined by students t-test). 

   15week TAC 

Combined Vascular Analysis 
Control 
(n=5) 

5week TAC 
(n=7) 

Untreated 
(n=9) 

Nadolol 
(n=10) 

Propranolol 
(n=8) 

Average # of Vessels/Mouse 13±4 18±2 19±4 19±3 20±2 
PVR (mmHg/s) 0.8±0.1 0.7±0.1 1.1±0.1† 1.2±0.2 0.8±0.1 

Muscularized Vessels 
Control 
(n=5) 

5week TAC 
(n=7) 

Untreated 
(n=9) 

Nadolol 
(n=10) 

Propranolol 
(n=8) 

Average # of Vessels/Mouse 8±1 10±2 11±3 11±2 12±3 
Average Vessel Diameter 207±25 192±17 180±10 182±11 207±22 
Media Thickness 9.4±1.2 10.7±0.9 12.9±1.4† 12.3±0.9 11.6±1.3* 
Normalized Media Thickness 9.1±0.3 11.3±0.4 14.3±1.0† 12.9±0.9 11.2±0.8* 
Intima Thickness 1.9±0.3 3.9±0.8 7.1±0.7† 6.4±1.3 3.7±0.6* 
Normalized Intima Thickness 2.0±0.2 4.3±0.7 8.6±0.7† 7.6±1.2 3.9±0.6* 

Non-Muscularized Vessels  
Control 
(n=5) 

5week TAC 
(n=7) 

Untreated 
(n=9) 

Nadolol 
(n=10) 

Propranolol 
(n=8) 

Average # of Vessels/Mouse 6±2 8±1 8±2 8±2 8±2 
Average Vessel Diameter 78±7 83±13 103±10 92±7 96±15 
Intima Thickness 2.7±0.2 4.3±1.1 7.5±1.2† 5.0±0.8* 4.1±0.7* 
Normalized Intima Thickness 7.3±0.6 10.0±0.8 14.0±1.2† 10.7±0.9* 8.8±0.8* 

Figure 5.5 | Propranolol treatment halted the thickening of pulmonary vascular medial and intimal 
layers in the lungs of TAC mice. The primary benefit of Propranolol over Nadolol treatment was in the 
treatment of the arterial intima.  From left to right, columns represent 5-week TAC mice (pre-treatment) 15-
week TAC mice (untreated) and 15-week TAC mice treated with either Nadolol or Propranolol for 10 
weeks.  Representative images from (A) muscularized vessels; arteries and (B) non-muscularized vessels; 
veins. The top panels show full vessels, and the scale bars for these images are all 70µm.  The bottom 
panels show magnified images of vessel walls, and here the scale bars are 35µm.  In the final panel are 
the average normalized (C) arterial medial thickness, (D) arterial intimal thickness and (E) venous intimal 
thickness.  To normalize for variable vessel size, the wall thicknesses are presented as as a percentage of 
the vessel diameter.  N-values for lung histology are found in Table 5.2 * indicates p<0.05 compared to 15-
week untreated TAC. † indicates p<0.05 compared to 5-week TAC.  
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values (Figure 5.6A).  This was the result of an improved pulmonary pressures gradient (Figure 

5.6B) and an increase in pulmonary blood flow (i.e., cardiac output; Figure 5.6C).  Nadolol 

treated mice were no different from the untreated TAC phenotype.   

 

 
 

5.4.3 The benefit of lipophilicity in the treatment of PH-II was neither class nor species specific.  

Cardiac dysfunction in murine TAC is highly dependent on angiotensin II signaling, as ARB 

treatment regresses both left ventricle hypertrophy and dysfunction304.  Thus, we were unable to 

use murine TAC to investigate ARB therapy, given the likely regression of PH-II if the LV with 

the alleviation of the incipient cause (i.e., regression of left ventricular filling pressures).  To test 

if drug lipophilicity remained a critical property for treating PH-II in a second model of HF, a 

lipophilic ARB (Candesartan) was compared against the hydrophilic ARB (Valsartan) or 

ARB+Neprilysin Inhibitor (ARNI; Entresto) in the SHAR.  Similar to the findings in murine 

TAC, only the lipophilic drug (Candesartan) treated to reduce elevated right ventricle peak 

Figure 5.6 |  Propranolol reduced pulmonary vascular resistance (PVR) in murine TAC while 
Nadolol did not. (A) PVR as calculated using the formula: PVR = pulmonary pressure gradient / cardiac 
output, (B) pulmonary pressure gradient (right ventricle pressure – left ventricle end diastolic pressure), 
and (C) cardiac output.  N-values can be found in Table 5.1.  * indicates p<0.05 compared to 15-week 
untreated TAC. † indicates p<0.05 compared to 5-week TAC. # indicates p<0.05 compared to Nadolol 
treated TAC.  
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pressure (Figure 5.7C) and right ventricle filling pressure (Figure 5.7D) in the SHAR.  The 

treatment of PH-II, as in murine TAC, was not the result of disproportionately reducing left 

ventricle afterload (peak pressure; Figure 5.7A) or left ventricle filling pressure (Figure 5.7B), 

which were both similar between Valsartan and Candesartan.  These data suggest lipophilic 

cardiovascular drugs that target catecholamine signaling can treat PH-II in class and species 

independent manner, even in the presence of age-related comorbidities, a notable distinction 

given the geriatric and comorbid HF population.  Expanded SHAR data is found in Table 5.3. 

 

 

Figure 5.7 | Treatment of type II pulmonary hypertension (PH) in SHAR’s with the lipophilic 

angiotensin receptor blocker (ARB) Candesartan while the hydrophilic drugs, Valsartan and 

Entresto, were unsuccessful.  (A) Left ventricle pressure (LVP), (B) left ventricle end diastolic pressure 
(LV EDP), (C) right ventricle pressure (RVP), and (D) right ventricle end diastolic pressure (RV EDP).  N-
values for function can be found in Table 5.3.  * indicates p<0.05 compared to 72-week SHAR. 
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Table 5.3 |  Expanded SHAR cardiac function data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LVP, left ventricle peak pressure; LV EDP, left ventricle end diastolic pressure; RVP, right ventricle pressure; RV EDP, 
right ventricle end diastolic pressure.  * indicates p<0.05 compared to 72-week untreated SHAR (determined by 
ANOVA).  Bolded values are used to draw attention to significance compared to 72-week untreated SHAR.  Given the 
lack of 72-week SHAR echocardiography data, it should be noted that no statistical differences existed between 
treated groups when assessed by ANOVA.  

   88week SHAR 

Left Ventricle (LV) 
Control 

(n=8) 

72week SHAR 

(n=8) 

Valsartan 

(n=9) 

Entresto 

(n=16) 

Candesartan 

(n=16) 

LVP (mmHg) 131±11 196±6 156±14* 185±6 157±7* 
LV EDP (mmHg) 19.1±1.8 32.2±2.5 24.6±1.9* 32.1±1.6 25.3±2.3* 
Systolic Pressure (mmHg) 129±8 193±5 155±13* 182±6 155±7* 
Diastolic Pressure (mmHg) 77±7 83±4 79±8 80±5 81±6 

dP/dt max (mmHg/s) 6445±519 9027±220 7163±721 8946±411 7940±401 

Contractility Index (s-1) 94±5 77±1 83±4 90±3 96±2 

dP/dt min (mmHg/s) -5996±545 -7276±235 -6089±578 -6444±240 -6194±345 

Relaxation Index (s-1) -66±4 -49±3 -54±3 -47±2 -56±4 

Tau (Weiss, ms) 13.9±0.5 17.2±0.5 14.9±0.8 16.5±0.5 15.5±1.0 

Tau (Glantz, ms) 18.9±2.6 28.5±3.0 24.8±2.6 28.2±1.7 25.9±3.8 

Heart Rate (bpm) 301±5 328±3 341±9 333±7 332±7 

Right Ventricle (RV) 
Control 

(n=8) 

72week SHAR 

(n=8) 

Valsartan 

(n=9) 

Entresto 

(n=16) 

Candesartan 

(n=16) 

RVP (mmHg) 22.8±0.9 28.6±1.4 33.1±1.6* 30.1±1.5 23.3±1.1* 
RV EDP (mmHg) 6.8±0.8 7.0±1.4 9.8±1.2* 7.0±0.9 4.3±0.9* 
dP/dt max (mmHg/s) 1396±47 1702±55 1291±158* 1401±66* 1356±70* 
Contractility Index (s-1) 94±9 187±30 75±8* 99±7* 119±8* 
dP/dt min (mmHg/s) -893±53 -1344±234 -981±127* -1036±83* -937±65* 
Relaxation Index (s-1) -76±11 -143±45 -62±9* -71±4* -91±10* 
Tau (Weiss, ms) 15.5±1.4 12.4±2.4 15.3±3.1 15.0±1.2 12.0±1.3 

Tau (Glantz, ms) 17.0±1.3 26.3±3.2 37.1±6.9 34.1±3.8 32.9±3.7 

Heart Rate (bpm) 309±4 333±5 334±5 332±6 336±7 

Echocardiography  Control 72week SHAR 
Valsartan 

(n=8) 

Entresto 

(n=11) 

Candesartan 

(n=11) 

Dimension Diastole (mm) 

N
o 

D
at

a 

N
o 

D
at

a 

8.6±0.2 8.6±0.2 8.5±0.3 

Dimension Systole (mm) 6.0±0.4 5.9±0.4 5.6±0.3 

VolumeDiastole (uL) 188±27 183±14 159±16 

VolumeSystole (uL) 403±20 407±25 403±28 

Stroke Volume (uL) 214±12 224±14 244±17 

Ejection Fraction (%) 53±5 54±3 59±3 

Fractional Shortening (%) 30±3 32±3 34±2 

Cardiac Output (mL/min) 71±4 71±5 77±7 

Wall Thickness Diastole (mm) 2.20±0.08 2.15±0.05 2.14±0.12 

Body Weight (grams)# 444±22 443±32 424±22 

Cardiac Index ((ml/g)/min) 0.16±0.01 0.16±0.01 0.18±0.02 

Heart Rate (bpm) 332±5 320±7 320±11 
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5.5 DISCUSSION 
In this study, we found that lipophilic drugs–regardless of class–demonstrated the capacity to 

treat PH-II, while hydrophilic drugs were unsuccessful.  This treatment was neither species nor 

age dependent and was observed in the presence of both acute afterload (i.e, murine TAC) and 

chronic age-related comorbidity (i.e., SHAR).  The benefits of lipophilic therapy were not the 

result of disproportionate improvements in left ventricle function or filling pressures, suggesting 

lipophilic drugs preferentially treated the pulmonary pathology.  In murine TAC, the lipophilic 

drug (Propranolol) regressed right ventricle hypertrophy, halted pulmonary vasculature 

remodeling and reduced PVR better than its hydrophilic counterpart.  These findings suggest that 

drug selection based on lipophilicity could be an effective strategy to help resolve PH-II and the 

associated pathological remodeling.   

 

5.5.1 The Need for a Right Ventricular Therapy in HF 

A primary determinant of mortality in HF patients is right ventricle dysfunction/failure8,10,305.  

Failure of the right ventricle is caused primarily by sustained afterload (i.e., PH) 306.  Thus, the 

primary goal for treating right ventricle dysfunction in HF is to alleviate the afterload (i.e., to 

treat the PH14).  Here, we present data suggesting lipophilic compounds may represent a 

pharmaceutical solution for this problem.  The application of this potential finding is broad.  

Based on the HF population1 and estimations of PH-II prevalence (3-5), somewhere between 1 

and 6 million North Americans are currently living with PH-II.  The vast majority of these 

patients will eventually develop right ventricle failure leading to an increased rapidity of 

mortality106.  These patients do not have a current front-line pharmacological therapy to manage 

their PH-II and prevent right ventricle failure.  The clinical significance of a readily available 

therapeutic strategy (i.e., approved lipophilic HF drugs) that may directly manage PH-II and 

mitigate right ventricle failure is worth further inquiry. 

 

5.5.2 Treating Experimental PH with Lipophilic Drugs 

Previous findings also support a disproportionate benefit of lipophilic drugs in the treatment of 

PH and related ‘right-sided’ remodeling.  First, Bisoprolol, a hydrophilic β-blocker, was 

unsuccessful in the treatment of elevated pulmonary pressures in a model of experimental 

pulmonary arterial hypertension (i.e., PH-I)191.  In contrast, Nebivolol193 and Carvedilol192, 

(lipophilic β-blockers), were both successful in treating PH and right ventricular hypertrophy in 
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experimental PH-I.  With respect to ARB’s, the lipophilic compound Irbesartan reduced right 

ventricle pressures in a model of PH-II (rodent myocardial infarction307) and the lipophilic 

compound Telmisartan reduced adverse lung and right ventricle remodeling in a model of PH-

I308.  In contrast, the hydrophilic ARB, losartan, was ineffective at treating elevated pulmonary 

pressures in a model of PH-I 309.  Although PH-I models differ etiologically from the PH-II 

models used in the present study, the similarities in the treatment of pulmonary pressure, right 

ventricle hypertrophy and pulmonary remodeling all further the narrative that lipophilic drugs are 

superior in their treatment of PH and related ‘right-sided’ remodeling compared to hydrophilic 

compounds.   

 

5.5.3 Clinical Perspective on Lipophilic Drugs 

The concept that the lipophilic cardiovascular drugs improve clinical outcomes (e.g., mortality) 

is an idea that is gaining attention.  Lipophilic ARB’s115, β-blocker’s113,310, and even statins116,117 

are all found to reduce mortality further than their hydrophilic counterparts.  What remains 

unknown is the reason(s) for the reported improvements on lipophilic compounds.  In the current 

study, we demonstrate that lipophilic drugs treat experimental PH-II.  Indeed, successful 

regression of PH-II clinically is associated with improved cardiac function and outcome167,168,288-

290, and could explain the reduction in mortality in patients on lipophilic treatments.  Moreover, 

the correlation between pulmonary artery pressure and impaired exercise capacity in HF 

patients152,311,312 suggests that any treatment of PH-II would improve a patient’s capacity for 

cardiac rehabilitation, compounding the benefits of that therapy.  Recent work out of our lab also 

found lipophilic drugs prevent respiratory muscle weakness in experimental HF, while 

hydrophilic drugs were unsuccessful212.  Respiratory muscle weakness is another clinical 

comorbidity that predicts mortality in HF patients313.  Together, these ‘lung-related’ 

improvements add to the list of cardiovascular benefits lipophilic drugs provide over and above 

hydrophilic drugs in experimental HF (e.g., improving the vasodilatory response 119, improving 

vagal tone120,121, and reducing ventricular fibrillation122,123).  Although the precise reason for the 

reduced HF mortality on lipophilic therapies remains uncertain, these data support an impact of 

lipophilicity on secondary conditions in HF and an underappreciated importance of lipophilicity 

in HF drug selection.   
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5.6 Limitations 
The drug doses used in this study were all equivalent (15mg/kg/day).  The pharmacodynamic 

and pharmacokinetic features of these drugs will need to be revisited if they are found to have 

any impact in managing PH-II clinically.   For a summary of the pharmacological characteristics 

of the drugs used in this study, refer to Table A2 and A3 in Appendix 1. 

 

5.7 Conclusion and Perspective  
Our data suggests lipophilic drugs have an increased capacity to treat PH-II and associated 

pulmonary/right ventricle remodeling as compared to hydrophilic drugs.  This may represent a 

readily available therapeutic option (e.g., lipophilic ARB’s/β-blockers) to manage a substantial 

patient population (i.e., those with PH-II) that presently have no primary treatment strategies.  

Given the significant portion of HF patients already on β-blockers and/or ARB’s314, retrospective 

studies comparing patients on hydrophilic versus lipophilic compounds for the prevalence and 

severity of PH-II seem warranted. 
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CHAPTER 6  

 

INTEGRATIVE DISCUSSION 
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6.1 Summary of Results 
The aims of this thesis were to advance our understanding of murine TAC as a model of HF 

(Chapter 3), to improve the assessment experimental HF in animal models (Chapter 4), and to 

investigate a treatment option for type II PH (Chapter 5).  The first study characterized the 

chronology of cardiopulmonary changes in a model of pressure-overload HF (Chapter 4).  We 

addressed a knowledge gap that existed in the time-dependent changes occurring in both the RV 

and LV, and used this chronological data to firmly establish TAC as a model of type II PH.  

Importantly, this is a condition without a standardized pre-clinical model or a therapeutic 

standard-of-care.  The second study addressed a problem with how cardiac volumes are assessed 

in murine models with cardiac asymmetry, namely the MI model.  Cardiac injuries causing 

akinetic and/or asymmetric regions in the heart invalidated the assumptions necessary for 

calculating cardiac volumes from LV chamber dimensions.  A more accurate and precise means 

of approximating cardiac output was to use blood flow through the pulmonary trunk (termed 

pulmonary flow) as determined by Doppler echocardiography.  In the final study, commonly 

used HF drug classes (β-blockers and ARB’s) were used in two different HF models with type II 

PH.  We found that only the lipophilic drugs (Propranolol and Candesartan) treated this 

secondary condition, while hydrophilic drugs (Nadolol, Atenolol, Valsartan and Entresto) were 

all unsuccessful.  Collectively, the results presented in this thesis characterize murine TAC as a 

model of type II PH (Chapter 3), they highlight pulmonary flow as an improved way to estimate 

cardiac volumes in mouse models of HF (Chapter 4), and they identify lipophilic drugs as a 

potential standard-of-care option for the treatment of type II PH (Chapter 5).  The forthcoming 

sections will discuss additional information about TAC as a model of type II PH, propose 

possible mechanism(s) of drug action for the lipophilic drugs in the treatment of type II PH and 

outline some of the problems with animal models that contribute to the poor translation of 

treatments into humans. 
 

6.2 Standardizing TAC as a model of Type II PH 

6.2.1 The Problem 

There are a variety of reasons for the limited data on the pathophysiology of type II PH 

clinically.  One is the lack of a standardized animal model to investigate this condition.  While 

every rodent model of HF will, in theory, develop pulmonary congestion leading to type II PH at 

some point during the decline in LV function, few papers directly investigate pulmonary 
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pressures, RV structure and function or pulmonary remodeling.  For example while there are 

hundreds of papers published using the murine TAC model, only a handful report any data about 

the PH in this model82,161,214,215,315-317.  In contrast, the clinical interest in this condition has 

exploded over the past decade, highlighted by some 40 clinical publications on type II PH in the 

last decade alone(e.g.,8-46).  Most of these are review papers, which all similarly criticize our 

limited understanding of the precise pathophysiology and the lack of primary treatments options 

for this prevalent condition.  To address these knowledge gaps, animal models of HF need to be 

characterized from the perspective of the pulmonary pressures and RV function in addition to the 

characterization of the LV phenotype.  A starting point for novel drug discovery is to 

characterize the basic pathophysiology of a disease.  The following section accomplishes this, 

and establishes TAC as a model of type II PH. 

 

6.2.2 Characterizing the Model:  Type II PH in Murine TAC 

There are two ways to characterize a model of disease, by chronology (e.g., time post-surgery) 

and by symptomology (e.g., compensation versus failure, as defined by a particular parameter or 

grouping of parameters).   Chronological characterization is an important first step in 

understanding a model, as it identifies the timing of events in disease progression and can 

separate “early” from “late” stage characteristics.  For example, evaluating the LV over time 

following pressure-overload highlights the early concentric hypertrophy (increased posterior wall 

thickness) that precedes eccentric hypertrophy (static posterior wall thickness with increasing 

chamber size and cardiac hypertrophy)318.  This chronological approach was applied in Chapter 3 

to characterize biventricular remodeling and dysfunction in the murine TAC model, and it 

highlighted valuable information such as the biphasic hypertrophy in the RV, the lack of a 

relationship between fibrosis and diastolic function, and the presence of type II PH with 

progressive pulmonary vascular remodeling.  A second advantage of chronological information 

is for investigating disease mechanisms and/or intervention strategies.  For example, only 

changes occurring before the onset of pathology can be considered a possible incipient 

mechanism.  Applied to our model, the timeline of events suggests the incipient mechanism(s) 

driving type II PH in our TAC model might be best studied between weeks 2 and 4 (before and 

after PH onset), while the decompensation of the LV requires a time point during sustained LV 

EF (2-9 weeks) and a following the secondary decline in EF and cardiac output (18 weeks).  This 

temporal information was helpful in designing the study in Chapter 5; the intervention to treat 
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type II PH was started at 5 weeks of TAC, only after the development of type II PH.  At 2 weeks 

of TAC, the prevalence of type II PH prevalence was <10%.  By 4 weeks, PH was present in 

over 80% of the mice.  A second step towards characterizing a disease model is to group data 

sets by symptomology.  This approach can be used to and stratify data at a particular timepoint 

based on the presence or absence of a condition.  This is helpful because not all aspects of 

dysfunction occur the same rate between subjects; there is variability chronologically that is not 

captured by the “average” function at a particular timepoint.  For example, in Chapter 3, the 

prevalence of PH by 9 weeks was ~75%, meaning ~25% of the mice after 9 weeks of TAC still 

did not develop type II PH.  To better understand why this might be the case, it is helpful to 

separate the data between mice with and without PH.  This can start to uncover the features that 

are associated with the development of this secondary condition.  An example of the benefit of 

symptomatic stratification is found in previous studies, where separating mice based on 

preserved versus reduced cardiac function (using, for example, an LV EF above or below 50%) 

identified pulmonary remodeling and RV hypertrophy as primary features of the decompensated 

phenotype in pressure-overload HF161,215,244.  Separating by symptomology can also help group 

tissue samples for subsequent molecular analysis, an approach that can be used characterize the 

molecular pathways associated with a specific functional state245.  Applied to our model, this 

approach might be used to identify the pathways changing in the RV of TAC mice with PH 

versus without PH, a valuable starting point for the development of targeted therapies to 

prevent/regress RV dysfunction.  In summary, taking both a chronologic and symptomatic 

approach to a model significantly enhances our understanding of a disease.   

 

To further emphasize the value of a symptomatic approach to data stratification, lets re-examine 

the data from Chapter 3.  In this Chapter, murine TAC data was presented chronologically.  In 

Tables 6.1, 6.2 and 6.3, cardiac structure and function in TAC is separated based on 

symptomology; in this case, the severity of PH (as determined by binning RVP).  Table 6.1 

describes mice before PH is present (i.e., 2 weeks), Table 6.2 describes mice around the onset of 

PH (4-6 weeks) and Table 6.3 describes mice later into the development of PH (10-18 weeks).  

These tables improve our understanding of the relationship between PH and the rest of the 

cardiac phenotype in murine TAC, and highlight some significant aspects of murine TAC as a 

model of type II PH.  For example: 
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1) Both early (Table 6.2) and late (Table 6.3) into the development of type II PH, the 

severity of PH correlated strongly with the general severity of the HF (as determined by 

multiple indices of LV function, geometry and morphometrics).  This is captured by the 

change in colour gradient from left to right in the tables (as PH severity increased)  

2) Early during the onset of PH (Table 6.2) there was a leftward shift in n-values favouring 

a lower prevalence of type II PH, while by the later timepoints (10-18 weeks; Table 6.3), 

the n-values are greater in the high RVP groups, evidence of an increased prevalence of 

higher pulmonary pressures.  This is consistent with the increasing severity of PH in 

more end-stage HF patients104. 

3) An RVP over 40mmHg seems a critical threshold in the overall severity of murine TAC 

regardless of the time point (early or late).   

a. Dilation and elongation of the LV, the first evidence of RV hypertrophy, a 

secondary decline in LV systolic function, and even an increase in hematocrit and 

spleen weights all change around the 40mmHg threshold.   

b. Above 40mmHg, PVR spikes both in the 4-6 week mice and the 10-18 week 

mice.  This suggests vascular compensation fails around the 40mmHg threshold, 

and not based on TAC duration.  This may indicate the point where pulmonary 

arterial remodeling becomes pronounced, and may indicate a shift in the model 

from one of Isolated-PH to Combined-PH (Figure 1. 

The relationship between the severity of PH and the generalized severity of the rest of the cardiac 

phenotype emphasizes the importance of investigating and quantifying RVP in all HF models.   
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Table 6.1:  2 Week TAC Data Stratified by Pulmonary Hypertension Severity 

2 week TAC Age Matched 
Controls 

(RVP<33mmHg) (33£RVP<37) (37£RVP<40) (40£RVP<45) (RVP>45mmHg) 
N Value 10 17 0 0 0 0 

Right Ventricle Invasive 
Peak Systolic Pressure (mmHg) 29.1±0.7 31.4±0.5*     
End Diastolic Pressure (mmHg) 2.0±0.3 3.5±0.4*     
dP/dt Max (mmHg/s) 2177±109 2069±46     
Contractility Index (s-1) 178±9 159±11     
dP/dt Min (mmHg/s) -1892±110 -1907±61     
Relaxation Index (s-1) -113±7 -127±7     
Tau (Weiss) (ms) 6.6±0.4 6.4±0.3     
Tau (Glantz) (ms) 9.2±0.6 11.6±0.7*     
Respiratory Pressure (cmH2O) 12.1±1.1 12.8±0.7     
LV EDP - RVP (mmHg) 22.6±1.4 12.9±1.0*     
PVR (mmHg/µL/min) 0.78±0.07 0.56±0.08*     
Left Ventricle Invasive 
Peak Systolic Pressure (mmHg) 97±2 142±3*     
dP/dt Max (mmHg/s) 9917±280 7370±165*     
dP/dt @ LVP40 (mmHg/s) 9356±278 6821±111*     
Contractility Index (s-1) 175±9 138±5*     
End Diastolic Pressure (mmHg) 5.2±1.1 18.3±1.1*     
dP/dt Min (mmHg/s) -9777±416 -7279±257*     
Relaxation Index (s-1) -143±11 -92±5*     
Tau (Weiss) (ms) 6.3±0.2 8.0±0.2*     
Tau (Glantz) (ms) 7.74±0.5 12.8±0.4*     
Respiratory Pressure (cmH2O) 12.6±1.4 16.1±0.7*     
Respiratory Rate (bpm) 76±4 73±5     
Heart Rate (bpm) 545±10 559±8     
Echocardiography 9 15     
Diastolic Dimension (mm) 4.29±0.04 4.37±0.04     
Systolic Dimension (mm) 2.95±0.03 3.41±0.05*     
Stroke Volume (µL) 49.2±1.7 38.5±1.38*     
Cardiac Output (mL/min) 28.0±0.6 21.6±0.8*     
Ejection Fraction (%) 59±1 45±1*     
Posterior Wall Thickness (mm) 0.88±0.02 1.15±0.02*     
Chamber Length (mm) 7.92±0.10 8.35±0.11*     
EDD*PWT*CL (mm3) (all LV) 30.1±1.0 41.7±1.1*     
Heart Rate (bpm) 573±15 552±9     
Respiratory Rate (bpm) 89±5 91±5     
Morphometrics 9 11     
Body Weight (g)^ 39.7±3.4 39.8±3.0     
Tibial Length (mm)^ 1.85±0.05 1.85±0.03     
Atria Weight (mg)^ 10±2 15±4*     
LV Weight (mg)^ 78±11 95±8*     
RV Weight (mg)^ 35±5 36±5     
Septum Weight (mg)^ 38±7 49±7*     
Total Heart Weight (mg)^ 151±16 181±12*     
HW/TL (mg/mm)^ 82±9 98±7*     
HW/BW (mg/g)^ 3.8±0.5 4.7±0.3*     
RV/(LV+S)^ (weights in mg) 0.31±0.04 0.26±0.05*     
Spleen (mg)^ 96±11 139±28*     
Hematocrit (%RBC)^ 41.7±1.8 42.7±3.3     

^ signifies standard deviation.  In all other cases, standard error is reported. ANOVA’s were run for all variables. 
LV; left ventricle, EDP; end diastolic pressure, RVP; right ventricle pressure, EDD; end diastolic dimension, PWT; posterior wall 
thickness, CL; chamber length, RV; right ventricle, HW; heart weight, TL; tibial length, BW; body weight, S; septum 
* = p<0.05 from control and † = p<0.05 from the preceding timepoint, all determined by Tukey’s multiple comparison test. 
Grey scale signifies a reduction, and orange scale an increase from control.  The subsequent gradients identify significant 
differences from the previous point of color change. 
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Table 6.2:  4-6 Week TAC Data Stratified by Pulmonary Hypertension Severity 

4-6 Week 
TAC 

Age Matched 
Controls 

(RVP<33mmHg) (33£RVP<37) (37£RVP<40) (40£RVP<45) (RVP>45mmHg) 

N Value 
(Average age in days) 

11 
(35) 

10 
(37) 

11 
(37) 

7 
(38) 

8 
(39) 

9 
(40) 

Right Ventricle Invasive 
Peak Systolic Pressure (mmHg) 28.5±0.7 30.9±0.6 34.7±0.4*,† 38.8±0.4*,† 43.2±0.4*,† 49.2±1.4*,† 
End Diastolic Pressure (mmHg) 1.9±0.3 1.8±0.3 4.5±0.7*,† 6.6±0.9*,† 8.1±0.7*,† 8.8±0.5* 
dP/dt Max (mmHg/s) 2477±90 1916±63* 1871±70* 1927±71* 2026±54* 2194±38 
Contractility Index (s-1) 216±13 221±33 178±23 136±14 120±11* 96±7*,† 
dP/dt Min (mmHg/s) -2139±124 -1836±43 -1915±86 -2025±94 -2019±84 -2481±160 
Relaxation Index (s-1) -128±7 -119±7 -103±7 -85±7* -79±4* -76±4* 
Tau (Weiss) (ms) 6.4±0.4 6.3±0.5 8.2±0.8* 10.1±1.1* 10.2±0.6* 10.4±0.6* 
Tau (Glantz) (ms) 9.8±0.5 10.6±0.8 11.3±1.0 14.1±1.9 18.6±1.3* 16.4±1.6* 
Respiratory Pressure (cmH2O) 14.9±1.2 16.4±1.7 14.8±1.3 16.3±1.2 16.5±2.7 14.8±1.0 
LV EDP - RVP (mmHg) 23.1±1.9 10.5±1.9* 8.8±0.5* 11.5±1.0* 13.4±1.1* 18.6±1.0*,† 
PVR (mmHg/µL/min) 0.82±0.05 0.55±0.10* 0.50±0.04* 0.57±0.04* 0.77±0.06† 1.06±0.06*,† 
Left Ventricle Invasive 
Peak Systolic Pressure (mmHg) 104±3.9 142±5* 139±4* 141±4* 138±7* 135±4* 
dP/dt Max (mmHg/s) 9424±416 7581±285* 6967±193* 7121±303* 6215±477* 6013±286* 
dP/dt @ LVP40 (mmHg/s) 9010±250 7104±299* 6287±170* 6215±251* 5247±373* 5044±315* 
Contractility Index (s-1) 161±12 142±8 137±4* 136±4* 121±5* 120±5* 
End Diastolic Pressure (mmHg) 5.7±1.4 18.5±2.3* 25.4±0.6*,† 27.3±1.2* 29.7±1.2* 30.9±1.0* 
dP/dt Min (mmHg/s) -9204±460 -7039±444* -6207±285* -6350±400* -5643±437* -6089±270* 
Relaxation Index (s-1) -132±12 -89±5* -86±3* -84±4* -75±3* -80±4* 
Tau (Weiss) (ms) 6.0±0.3 7.7±0.6* 8.8±0.3* 9.1±0.4* 10.4±0.6* 10.1±0.4* 
Tau (Glantz) (ms) 9.4±0.5 14.3±1.3* 16.2±0.7* 15.9±1.4* 17.2±1.1* 15.2±1.8* 
Respiratory Pressure (cmH2O) 11.4±0.9 19.3±1.2* 17.4±1.8* 17.5±1.4* 17.1±0.9* 15.4±0.6 
Respiratory Rate (bpm) 82±8 61±4* 65±6 68±6 77±9 95±13 
Heart Rate (bpm) 557±5 566±7 567±10 558±7 548±11 533±11 
Echocardiography 8 9 10 7 7 8 
Diastolic Dimension (mm) 4.41±0.06 4.32±0.06 4.52±0.05 4.66±0.15 4.70±0.12* 4.55±0.09 
Systolic Dimension (mm) 3.20±0.09 3.38±0.12 3.77±0.06* 3.87±0.19* 3.99±0.19* 3.95±0.12* 
Stroke Volume (µL) 52.3±0.7 36.7±2.4* 32.8±2.9* 35.0±1.7* 31.9±2.4* 26.8±1.3* 
Cardiac Output (mL/min) 29.6±0.8 20.6±1.2* 19.3±1.5* 20.2±1.0* 17.5±0.9* 16.7±0.6* 
Ejection Fraction (%) 59±2 44±3* 35±3*,† 36±3* 32±4* 28±2* 
Posterior Wall Thickness (mm) 0.95±0.02 1.14±0.01* 1.15±0.01* 1.21±0.03* 1.26±0.02* 1.23±0.02* 
Chamber Length (mm) 8.20±0.12 8.52±0.10 8.50±0.14 8.79±0.22 9.30±0.18* 9.12±0.09* 
EDD*PWT*CL (mm3) (all LV) 34.2±1.4 42.0±1.3* 43.8±1.0* 49.5±2.7* 55.1±2.6* 50.7±1.4* 
Heart Rate (bpm) 566±11 539±17 554±18 559±10 522±22 561±14 
Respiratory Rate (bpm) 92±10 92±11 99±7 116±16 118±11* 123±7* 
Morphometrics 9 7 9 6 7 7 
Body Weight (g)^ 42.9±6.4 38.7±3.5 39.2±2.7 43.4±2.8 42.4±4.8 38.2±5.1 
Tibial Length (mm)^ 1.90±0.04 1.91±0.04 1.88±0.05 1.88±0.04 1.93±0.05 1.89±0.04 
Atria Weight (mg)^ 11±1 15±3 17±4* 19±5* 26±8*,† 25±3* 
LV Weight (mg)^ 84±8 108±18* 112±16* 128±19* 138±15* 137±16* 
RV Weight (mg)^ 37±3 35±5 35±5 39±7 50±9*,† 51±6* 
Septum Weight (mg)^ 43±7 54±8 53±10 56±7* 64±11* 61±7* 
Total Heart Weight (mg)^ 164±10 196±28* 199±25* 223±29* 253±31* 245±23* 
HW/TL (mg/mm)^ 90±7 103±14 106±13 118±13* 131±13* 130±12* 
HW/BW (mg/g)^ 3.8±0.6 4.9±0.7* 5.1±0.6* 5.1±0.5* 6.0±0.8* 6.8±1.0* 
RV/(LV+S)^ (weights in mg) 0.32±0.03 0.22±0.03* 0.21±0.03* 0.21±0.04* 0.24±0.04* 0.26±0.03* 
Spleen (mg)^ 108±13 113±27 133±32 113±20 161±42*,† 149±55 
Hematocrit (%RBC)^ 41.9±1.3 44.4±2.3 45.1±4.0 45.1±2.0 48.0±2.4* 48.2±3.0* 

^ signifies standard deviation.  In all other cases, standard error is reported. ANOVA’s were run for all variables. 
LV; left ventricle, EDP; end diastolic pressure, RVP; right ventricle pressure, EDD; end diastolic dimension, PWT; posterior wall 
thickness, CL; chamber length, RV; right ventricle, HW; heart weight, TL; tibial length, BW; body weight, S; septum 
* = p<0.05 from control and † = p<0.05 from the preceding timepoint, all determined by Tukey’s multiple comparison test. 
Grey scale signifies a reduction, and orange scale an increase from control.  The subsequent gradients identify significant 
differences from the previous point of color change. 
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Table 6.3:  10-18 Week TAC Data Stratified by Pulmonary Hypertension Severity 

^ signifies standard deviation.  In all other cases, standard error is reported. ANOVA’s were run for all variables. 
LV; left ventricle, EDP; end diastolic pressure, RVP; right ventricle pressure, EDD; end diastolic dimension, PWT; posterior wall 
thickness, CL; chamber length, RV; right ventricle, HW; heart weight, TL; tibial length, BW; body weight, S; septum 
* = p<0.05 from control and † = p<0.05 from the preceding timepoint, all determined by Tukey’s multiple comparison test. 
Grey scale signifies a reduction, and orange scale an increase from control.  The subsequent gradients identify significant 
differences from the previous point of color change. 
 

10-18 Week 
TAC 

Age Matched 
Controls 

(RVP<33mmHg) (33£RVP<37) (37£RVP<40) (40£RVP<45) (RVP>45mmHg) 

N Value  
(Average Age in Days) 

12  
(105) 

8 
(119) 

9 
(114) 

9 
(95) 

13 
(98) 

14 
(104) 

Right Ventricle Invasive 
Peak Systolic Pressure (mmHg) 30.3±0.7 31.4±0.3 36.0±0.4*,† 39.1±0.3*,† 42.2±0.3*,† 50.2±1.0*,† 
End Diastolic Pressure (mmHg) 1.9±0.3 4.4±1.1 2.8±0.4 5.3±1.3* 7.1±0.7* 8.9±0.8* 
dP/dt Max (mmHg/s) 2816±151 2215±199* 2320±66* 2099±114* 2215±96* 2344±57* 
Contractility Index (s-1) 225±12 225±38 174±30 161±27 140±13* 115±4*,† 
dP/dt Min (mmHg/s) -2351±82 -2024±159 -2214±76 -2034±129 -2123±87 -2440±94 
Relaxation Index (s-1) -149±7 -134±15 -121±6 -95±9* -84±6* -80±3* 
Tau (Weiss) (ms) 6.4±0.3 7.1±1.6 6.1±0.4 8.6±1.2*,† 9.3±0.4* 9.4±0.5* 
Tau (Glantz) (ms) 9.23±0.5 12.1±1.9 11.8±1.4 14.3±1.9* 16.2±1.3* 18.3±0.9* 
Respiratory Pressure (cmH2O) 10.0±0.9 12.9±1.4 13.5±1.2 13.4±0.9 13.3±1.0 12.0±0.7 
LV EDP - RVP (mmHg) 23.2±1.4 14.7±2.9* 17.1±2.8* 14.8±2.0* 16.9±1.5* 20.9±0.7 
PVR (mmHg/µL/min) 0.81±0.07 0.71±0.17 0.76±0.13 0.76±0.10 1.04±0.08 1.30±0.06* 
Left Ventricle Invasive 
Peak Systolic Pressure (mmHg) 114±6 152±3* 141±10* 125±10 127±6 124±4 
dP/dt Max (mmHg/s) 9188±480 8632±555 7943±500* 6450±537* 6092±410* 5633±259* 
dP/dt @ LVP40 (mmHg/s) 8287±359 7511±689 6999±514* 5812±455* 5427±297* 4789±212* 
Contractility Index (s-1) 143±8 141±11 148±11 132±8 128±6 115±4* 
End Diastolic Pressure (mmHg) 9.1±2.0 18.1±3.5* 18.9±3.1* 24.2±2.0* 25.2±1.5* 30.4±0.7* 
dP/dt Min (mmHg/s) -8805±490 -8425±755 -7378±812 -5537±632* -5532±364* -5284±240* 
Relaxation Index (s-1) -118±10 -103±11 -92±8 -80±5* -84±3* -77±2* 
Tau (Weiss) (ms) 6.3±0.5 7.4±0.7 8.3±0.7* 10.0±0.9* 9.9±0.6* 10.8±0.5* 
Tau (Glantz) (ms) 11.8±1.9 12.3±1.1 13.5±1.0 15.6±1.1* 15.6±0.7* 15.7±0.7* 
Respiratory Pressure (cmH2O) 10.9±0.6 15.6±1.2* 16.1±1.1* 16.0±1.4* 15.0±0.9* 16.2±0.6* 
Respiratory Rate (bpm) 83±5 76±8 74±7 78±7 87±5 93±7 
Heart Rate (bpm) 547±10 553±19 561±13 558±14 553±8 537±10 
Echocardiography N=11 N=7 N=7 N=8 N=11 N=11 
Diastolic Dimension (mm) 4.59±0.04 4.54±0.11 4.67±0.11 4.60±0.11 4.98±0.10*,† 5.01±0.11* 
Systolic Dimension (mm) 3.20±0.06 3.69±0.13* 3.75±0.14* 3.82±0.16* 4.47±0.12*,† 4.44±0.12* 
Stroke Volume (µL) 57.2±0.8 36.5±2.1* 40.6±2.2* 35.7±2.5* 22.4±2.0*,† 24.7±1.7* 
Cardiac Output (mL/min) 30.7±0.3 21.0±1.5* 22.1±1.0* 18.5±1.3* 14.6±1.1*,† 15.6±1.0* 
Ejection Fraction (%) 58.3±1.3 39±2* 41±3* 36±3* 22±2*,† 25±2* 
Posterior Wall Thickness (mm) 0.98±0.01 1.22±0.03* 1.22±0.02* 1.22±0.02* 1.32±0.02*,† 1.30±0.01* 
Chamber Length (mm) 8.34±0.12 8.39±0.21 8.41±0.19 8.86±0.19* 9.43±0.17*,† 9.82±0.14* 
EDD*PWT*CL (mm3) (all LV) 37.7±0.6 46.1±1.8* 47.8±0.9* 49.8±2.4* 62.0±2.4*,† 64.3±1.7* 
Heart Rate (bpm) 538±8 572±18 557±8 548±10 556±7 531±16 
Respiratory Rate (bpm) 81±7 86±10 82±8 87±7 123±8*,† 122±7* 
Morphometrics N=10 N=7 N=6 N=6 N=12 N=11 
Body Weight (g)^ 51.8±7.7 48.6±5.4 48.6±5.6 47.9±7.0 45.2±8.5 39.7±5.5* 
Tibial Length (mm)^ 1.92±0.04 1.91±0.02 1.89±0.01 1.92±0.03 1.92±0.04 1.90±0.02 
Atria Weight (mg)^ 12±2 19±6 21±3* 22±4* 29±11* 40±13*,† 
LV Weight (mg)^ 89±7 127±13* 129±14* 138±20* 148±19* 146±18* 
RV Weight (mg)^ 43±4 43±5 42±4 45±7 55±9* 64±10* 
Septum Weight (mg)^ 50±7 63±9* 60±10* 66±6* 68±7* 68±10* 
Total Heart Weight (mg)^ 183±16 233±20* 230±19* 248±25* 271±29* 277±27* 
HW/TL (mg/mm)^ 95±7 121±10* 121±11* 129±14* 141±14* 146±13* 
HW/BW (mg/g)^ 3.3±0.5 4.8±0.6 4.8±0.7 5.3±1.0 6.2±1.6* 7.2±1.2* 
RV/(LV+S)^ (weights in mg) 0.31±0.03 0.23±0.02* 0.23±0.04* 0.22±0.02* 0.25±0.04* 0.30±0.05 
Spleen (mg)^ 121±14 116±16 129±15 134±28 147±41* 151±34* 
Hematocrit (%RBC)^ 42.1±1.3 43.1±2.2 42.4±2.2 44.7±2.7 46.9±4.4* 48.5±4.6* 
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6.2.3 Applying the Model: Relating TAC to Clinical Type II PH  

There are a few basic features of the TAC model that capture its similarities to clinical type II 

PH.  First, the onset of PH in TAC is not immediate following the surgical stenosis; it develops 

secondary to an increase in pulmonary venous pressures (as approximated by LV EDP; Figure 

6.1).   

 
This mirrors the clinical onset of type II PH, where pulmonary artery pressures increase 

secondary to increased pulmonary venous pressure23.  Second, the RV dysfunction that is a 

prominent end-stage feature of patients with type II PH104 is also present in end-stage murine 

TAC (18 weeks; Chapter 3).  Similar to HF patients319, the prevalence of severe RV dysfunction 

in murine TAC increases as LV function declines (Figure 6.2).   

Figure 6.1 | The development of pulmonary arterial hypertension (PH) following transverse aortic 
constriction (TAC) occurs secondary to the increase in pulmonary venous pressures.  PH is 
approximated by peak right ventricle pressure (RVP) while pulmonary congestion is approximated by left 
ventricle end diastolic pressure (LV EDP).  This pattern is similar to the etiology of type II PH clinically.  
“Early” represents the average RVP and LVEDP from TAC mice at 3, 7 and 14 days post surgery, while 
“Late” represents the average RVP and LVEDP from TAC mice at 35, 70 and 105 days post surgery.  Blue 
is used to represent the deoxygenated blood pressures before the pulmonary capillaries, while red is used 
to represent the oxygenated blood pressures after the pulmonary capillaries.  Coloured outlines 
emphasize the time points (early or late) when pressures were first elevated.  * = p<0.01 compared to age-
matched controls with a students t-test.  
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The relationship between LV and RV function is unique to patients with type II PH, as severe 

RV dysfunction in type I PH patients occurs independent of LV function320.  Finally, the 

progressive pulmonary vascular remodeling, that is a hallmark of end-stage type II PH 

patients172,301, also occurs in murine TAC (from Chapter 3; Figure 3.7).  Moreover, there are two 

correlations involving pulmonary pressures in TAC that resemble data from patients with type II 

PH.  The first is a correlation between RVP and vascular remodeling (Figure 6.3).  

 

Figure 6.2 | The similarity of the relationship between declining left ventricle (LV) function and the 
increasing prevalence of severe right ventricle (RV) dysfunction in both murine TAC (left) and HF 
patients (right).  While there is no universally accepted definition for severe RV dysfunction, the RV 
contractility index (CI) and RV ejection fraction (EF) are both accepted measures of RV systolic function.  
The average RV CI in healthy mice is between 150 and 300s-1, and a value below 100 represents greater 
than 3 standard deviations below the mean.  No healthy mouse had a RV CI below 100s-1, similar to the 
finding that no healthy human has a RV EF below 20% (Pfisterer et al., 1985).  In both populations, as LV 
EF declines, the prevalence of severe RV dysfunction increases exponentially, highlighting the similarity of 
this relationship between our experimental model of HF (TAC) and the human population.  Human data is 
adapted from Desai et al., 2014.
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Figure 6.3 | The similarity of the correlations between pulmonary vascular remodeling and 
pulmonary hypertension in murine transverse aortic constriction (TAC; left) and patients with 
pulmonary hypertension (PH; right).  Left Panel: Correlations between pulmonary pressures 
(approximated from right ventricle pressures; RVP) and A, arterial medial thickness (MT Artery), B, arterial 
intimal thickness (IT Artery), and C, vein intimal thickness (IT Vein) in murine TAC.  Data points represent 
healthy mice (light grey), mice 5 weeks post-TAC (dark grey), and mice 15 weeks post-TAC that were 
either untreated (black), or treated with propranolol (red) or nadolol (blue) from week 5 to 15 post-TAC.  
These mice are the same used for the pulmonary vascular analysis in Chapter 5.  Right Panel: 
Correlations between pulmonary artery systolic pressures (PASP) and A, arterial medial thickness (MT 
Artery), B, arterial intimal thickness (IT Artery) and C, vein intimal thickness (IT Vein) in patients with PH.  
These patients either had heart failure with preserved ejection fraction (HFpEF; green), heart failure with 
reserved ejection fraction (HFrEF; blue) or pulmonary veno-occlusive disease (PVOD; red).  Human data 
is adapted from Fayyaz et al., 2018.  The strongest correlation in both human patients and TAC mice was 
between pulmonary pressures and vein intimal thickness (red boxes). Thicknesses in both human and 
TAC samples were normalized to the vessel diameters. *=p<0.001
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Here, as in type II patients301, pulmonary pressures correlated stronger with vein intimal 

thickness than it did with other aspects of pulmonary vascular remodeling (medial thickness or 

arterial intimal thickness).  The second correlation was between RVP and sympathetic activity 

(as measured by circulating norepinephrine; Figure 6.4).  Again, this was similar to correlations 

in type II patients321-324.  While we do not know the precise explanation for the similarity of these 

correlations, the shared presentation with type II patients is encouraging for the significance of 

any findings in the murine TAC model.  In summary, the similarity of these relationships helps 

strengthen murine TAC as a relevant model of type II PH. 

 

 
 

Murine TAC is most similar to the patient population with HFrEF and Combined-PH.  First, 

TAC is a model of HFrEF (Figure 6.5).  TAC presented with a chronic decline in LV EF that 

was associated with reduced cardiac output and a declining peak LVP, all signs of HF.  Murine 

TAC also presented with early concentric hypertrophy that preceded late-stage eccentric 

hypertrophy and dilation, the common clinical progression of non-ischemic HFrEF68.   

Figure 6.4 | The similarity of the correlation between pulmonary hypertension (PH) and 
sympathetic activity in both humans and murine TAC. A, The correlation between cardiac 
norepinephrine (NE) spillover and mean pulmonary artery (PA) pressure in patients with heart 
failure (adapted from Kaye et al., 1994).  Cardiac NE spillover is an indirect measure of 
sympathetic hyperactivity as it relates directly to the cardiovascular system, and is approximated 
by sampling NE levels in the blood before and after the heart.  B, The correlation between muscle 
sympathetic nerve activity (MSNA) and pulmonary artery mean pressure (PAMP) in both healthy 
subjects (triangles) and patients with HF (circles)(adapted from Ferguson et al., 1990).  MSNA is 
obtained from microneurography of limb muscles, and indicates the burst frequency of efferent 
sympathetic nerves.  C, The correlation between serum NE levels and right ventricle pressure 
(RVP) in murine TAC.  Serum NE represents is an indirect measure of generalized sympathetic 
activity.
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The “Combined-PH” portion of the model is captured by the secondary increase in RVP in the 

absence of further congestion (Figure 6.6A and B) and pre-capillary (pulmonary arterial) 

remodeling (Figure 6.6C).  This pulmonary arterial remodeling is not observed in patients with 

Isolated-PH144.  This is an important distinction to make because the HF population with type II 

PH is broadly heterogeneous, and a single rodent model (i.e., TAC in male CD1 mice) is unlikely 

to epitomize the characteristics of all patients.  For example, patients with HFpEF and PH 

present with different cardiac chamber sizes and function325, and have different rates of 

mortality22 than patients with HFrEF and PH.  What is not known is whether precise details 

about the pathophysiology and/or treatment of type II PH in one model will apply in the alternate 

group.  This underscores the importance of characterizing the cardiac and pulmonary phenotypes 

in a particular HF model to understand the clinical phenotypes it best recapitulates.  

 

6.2.4 Understanding the Model:  Comparing Rodent Models of Type II PH in Pressure 

Overload-HF  

Type II PH is observed in multiple rodent models of pressure-overload induced HF (e.g., in 

SHR206, murine TAC161, murine MI207 and murine dilated cardiomyopathy208), with the timing of 

onset and magnitude of PH dependant on the severity of the surgically induced stenosis.  For 

example, in rats with ascending aortic banding, a 19-gauge (0.69mm internal diameter) 

constriction resulted in a 2-fold increase in pulmonary artery pressures by 4 weeks326, in contrast 

Figure 6.6 | Features of murine TAC that highlight it as a model of combined pre- and post-capillary 
pulmonary hypertension (Combined-PH). A, Chronologic changes in right ventricle pressure (RVP; 
blue) and left ventricle end diastolic pressure (LV EDP; red) following TAC as surrogates for the clinically 
used pulmonary artery pressure and post capillary wedge pressure respectively.  The first 14 days of TAC 
presents with isolated pulmonary venous congestion (PVC), as LV EDP increased while RVP was 
unchanged. RVP first increased by day 35.  This was accompanied by a secondary increase in LV EDP.  
This is referred to as proportionate PH.  Between day 35 and 105, there was a secondary increase in RVP 
that wasn’t accompanied by any further change in LV EDP.  This is referred to as disproportionate PH, and 
in combination with the observed pulmonary arterial remodeling, is termed Combined-PH.  N-values for 
each timepoint are located in the white boxes and represent mice where both RVP and LV EDP were 
obtained.  B, Percent changes in both RVP (left; blue) and LV EDP (right; red) over time highlight the 
proportionate (early) and disproportionate (late) changes in pressures as they relate to the development of 
type II PH in TAC.  N-values and significance are identical to those in panel A.  C, LEFT: Representative 
images of whole (top) and zoomed (bottom) pulmonary arteries stained with Verhoeff-van Gieson at 14, 
35, 70 and 105 days post TAC.  For the zoomed vessel walls, from the outside to the inside of the vessel 
wall are the pink adventitia (exterior extracellular matrix), the golden media (smooth muscle), the 
purple/black elastin layer (interior extracellular matrix), and then the brownish intima (endothelial cells).  
These images highlight the pre-capillary remodeling that is a hallmark of Combined-PH (Figure 1.10).  
RIGHT: Following early vascular compensation in TAC, the chronic increase in pulmonary vascular 
resistance (PVR) provides evidence of a functional impact of the vascular remodeling in our model of 
Combined-PH. * = p<0.01 compared to age-matched controls.  † = p<0.01 compared to previous timepoint. 
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to the 9 weeks it took to develop similar pulmonary artery pressures using a less severe 16-gauge 

(1.19mm internal diameter) constriction316.  The relationship between the severity of the 

surgically induced stenosis and PH severity is also observed in murine TAC.  RVP is increased 

~33% following a 24-gauge (0.29mm internal diameter) constriction82, ~100% following a 25-

gauge (0.24mm internal diameter) constriction315, ~150% following a 26-gauge (0.21mm 

internal diameter) constriction161, and ~200% following a 27-gauge (0.19mm internal diameter) 

constriction317 all by 8 weeks of TAC.  In our model, we report a 50% increase in average RVP 

of by 8 weeks.  This was accomplished with a 26-gauge (0.21mm internal diameter) in CD1 male 

mice.  These findings support type II PH as an expected outcome in pressure-overload HF, with 

the relative severity related to degree of constriction applied.     

 

RV hypertrophy is not a linear response to the severity of RVP.  In both early (Table 6.2) and 

late-stage (Table 6.3) TAC, RV hypertrophy was only evident above 40mmHg.  In two other 

TAC studies (using male C57 mice), a similar 40mmHg threshold for RV hypertrophy is 

observed.  In one, an average RVP of 38mmHg (an increase in RVP of ~25%) resulted in a 10% 

increase in RV weight82, while an average RVP of 42mmHg (~10% higher RVP) resulted in a 

100% increase in RV weight317.  Further, in the same study, TAC mice in the ‘moderate HF’ 

group (LV EF>50%) develop RVP’s of ~38mmHg by 8 weeks without an increase in RV 

cardiomyocyte CSA, evidence of no RV concentric hypertrophy161.  Mice at the same timepoint 

with LV EF<50% had RVP’s of ~55mmHg and a 100% increase in RV CSA161.  Together, these 

data suggest RV hypertrophy does not develop in lock-step with gradually increasing pulmonary 

pressures, but instead develops rapidly after the passing of a yet undetermined threshold.  This 

may also suggest that the RV possess a buffer period of increased afterload before undergoing 

hypertrophic remodeling.  This contrasts hypertrophy in the LV, which develops rapidly (days-

to-weeks) in response to pressure-overload214,225,327-329.  Going forward, this potential ‘threshold’ 

for RV hypertrophy is an important feature to investigate further, particularly with respect to 

understanding the molecular mechanisms driving RV hypertrophy compare to LV hypertrophy.   

 

A universal response to aortic banding, regardless of the animal model or degree of constriction, 

is the presence of lung remodeling.  This remodeling is captured either as increases in total/dry 

lung weight214,316,328, an increase in pulmonary vessel wall thickness171,326,330, or an increase in 

the proportion of muscularized pulmonary vessels82,161,315.  In our model, we report mild 
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pulmonary vascular remodeling by 2 weeks of TAC that progressively worsened out to 18 

weeks.  Of note was the lack of RV hypertrophy and overt PH until 4 weeks of TAC, and the 

absence of RV dysfunction until 18 weeks of TAC (Chapter 3).  The presence of pulmonary 

vascular remodeling before the onset of RV hypertrophy and dysfunction is also reported in two 

other studies using murine TAC.  In the first study, 9 week TAC mice with an LV EF>50% 

(mild TAC) presented with pulmonary vascular remodeling in the absence of RV hypertrophy or 

dysfunction161.  The second study found murine TAC at 4 weeks presents with a complete loss of 

non-muscularized vessels and a 2-fold increase in PVR, yet only minimal RV hypertrophy 

(increase in total RV weight by 10%)82.  These data suggest pulmonary vascular remodeling 

precedes RV hypertrophy and dysfunction in murine TAC.  This chronological information is 

valuable in the search for novel treatment options.  Making pulmonary vascular remodeling a 

primary target early into its development may prevent the onset and/or decrease the severity of 

RV hypertrophy and dysfunction in patients with type II PH.  Although there are currently no 

approved therapies that target pulmonary vascular remodeling in HF, in Chapter 5, lipophilic β-

blockers were found to be better than hydrophilic β-blockers in the treatment of adverse 

pulmonary vascular remodeling in murine TAC.  This was associated with regressed pulmonary 

pressures, improved PVR, reduced RV hypertrophy and improved RV function.  Going forward, 

identifying a therapeutic strategy to target adverse lung remodeling in type II PH patients is a 

worthy goal.   

 

While the presence of pulmonary vascular remodeling in pressure-overload HF models is widely 

documented, its precise relationship to cardiac function remains unclear.  There are three layers 

in pulmonary vasculature (Section 1.4.3), yet the majority of studies that quantify pulmonary 

remodeling in pressure-overload HF only describe the thickness of the medial layer, leaving the 

adventitia and intima layers infrequently quantified.  This may be the result of an inability to 

discern between intimal and medial layers without using stains like Verhoeff-van Gieson’s (used 

in Chapter 3/5 and elsewhere301) that separate media and intima by staining the elastic lamina 

between these layers a dark purple.  Other commonly used stains such as Masons Trichrome161 

or Hematoxylin & Eosin316 do not separate each layer clearly.  This might be problematic given 

of the strong relationship we report between intimal thickness and cardiac function compared to 

that between medial thickness and cardiac function (Figure 6.7).  This improved correlation 

between cardiac function and the pulmonary vascular intimal thickness is also reported in 
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patients with type II PH301.  There may be a stronger relationship between vascular endothelial 

cells (intima) and cardiac function than between vascular smooth muscle cells (media) and 

cardiac function.  For example, in an experimental model of Noonans syndrome, a targeted gene 

mutation in vascular endothelial cells was sufficient to drive hypertrophy of cardiomyocytes, 

while the same mutation in cardiomyocytes or fibroblasts had minimal impact on cardiac 

hypertrophy331.  This represents a link between a vascular endothelial cell pathology and the 

modification of cardiomyocytes size.  These data suggest pulmonary vascular assessments are 

incomplete unless both medial and intimal thicknesses are quantified separately. 
 

6.2.5 Conclusions 

In summary, investigations into the pathophysiology and treatment of type II PH have been 

hindered by the lack of validated pre-clinical models for this condition.  In the above sections, 

murine TAC is established as a model of HFrEF and type II PH with the pulmonary vascular  

remodeling characteristic of patients with Combined-PH.  Similar to clinical type II PH, 

pulmonary pressures in TAC correlated with sympathetic hyperactivity (Figure 6.2), and 

pulmonary vascular intimal thickness (Figure 6.3).  Moreover, the expanded tables (Table 6.1, 

6.2 and 6.3) highlight the connection between PH severity and the general severity of the LV  

phenotype both in the early and late stages of the murine TAC model.  This confirms that PH is a 

significant component of the failing cardiac phenotype.  In conclusion, murine TAC is a valuable 

model of type II PH to investigate both the pathophysiological development as well as treatment 

options for this unmanaged clinical condition.   
 

6.3 The Brain, the Heart and PH: Possible Mechanisms and The Future of Type II 

PH Research 
In Chapter 5, two lipophilic drugs of different classes (Propranolol and Candesartan) were 

successful in the treatment of PH in two different rodent models of HF.  One possible 

explanation for this shared outcome is their capacity as lipophilic drugs to cross the blood-brain-

barrier118,332 and reduce the elevated central sympathetic outflow that is present in HF333.  To 

better understand this possible mechanism of action, the following section will highlight the 

evidence that connects sympathetic hyperactivity with the development of type II PH, as well as 

data supporting a regression of PH and related remodeling with treatment of sympathetic 

hyperactivity.   
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6.3.1 Connecting Sympathetic Hyperactivity and PH 

First, the pulmonary arteries are predominantly innervated by sympathetic nerves156,334,335.  

These sympathetic nerves regulate pulmonary arterial vascular tone336.  Ablating the sympathetic 

nerves to the lungs decreases the tonic constriction of the smooth muscles around the pulmonary 

arteries, increasing the luminal diameter and thus dropping both PVR337 and pulmonary 

pressures338,339.  Activating these sympathetic nerves with electrical stimulation does the 

opposite, increasing the constriction of the smooth muscles which decreases the luminal diameter 

and effectively increases PVR340,341 by decreasing compliance342,343.  The increase in PVR is the 

result of direct changes to vascular tone, given that PVR still increases even when flow is held 

constant344,345.  These data highlight the basal regulation of pulmonary vascular tone by 

sympathetic activity, and suggest that heightened sympathetic stimulation would drive 

pulmonary arterial constriction and an increase in pulmonary pressures.  

Second, sympathetic activity is a prominent feature in the progression of HFrEF15,346,347, and is a 

strong predictor of mortality in these patients324,348-350.  Microneurography in HF patients 

confirms sympathetic outflow from the brain is elevated333, as are total circulating plasma NE 

levels and NE spillover from cardiac sympathetic nerve fibers351.  This sympathetic hyperactivity 

correlates strongly with both PH and RV dysfunction, but not with indices of LV pressure or 

dysfunction321-324.  This suggests sympathetic activity in HF is more strongly related to the RV 

phenotype than it is to the LV phenotype.  In our murine TAC model, we also report a 

relationship between sympathetic activity and pulmonary pressures, both by circulating NE 

levels and respiratory rate (Figure 6.8A).  (NOTE: one of the drivers of respiratory rate is 

sympathetic activity352, and so respiratory rate it is used here as an indirect secondary method of 

approximating relative sympathetic activity).  Notably, the correlation between circulating NE 

and RVP in murine TAC was stronger than the relationship between circulating NE and any 

index of LV function (LV EF, LVP, LVEDP, LV contractility index, LV relaxation index) 

(Figure 6.8B).  This data strengthens the possibility of a direct relationship between sympathetic 

activity and type II PH. 
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Third, the capacity to treat type II PH by targeting sympathetic activity is already promising.  A 

1998 case study found sympathetic blockade with the lipophilic drug Metoprolol regressed 

elevated pressure and PVR196, while a 2016 case study reported similar success using pulmonary 

artery sympathetic denervation353.  In both case studies, there was an immediate (days-weeks) 

and a secondary (months-years) decrease in pulmonary pressures.  This suggests that treating the 

sympathetic activity has both an acute effect on vascular tone (as would be predicted from the 

information above regarding the innervation of the pulmonary vasculature) and a chronic effect 

on pulmonary vascular remodeling.  Adding to the success of targeting sympathetic activity to 

treat type II PH is the exciting and groundbreaking 2018 clinical trial, which firmly identifies 

Figure 6.8 | Elevated sympathetic activity correlates with the development of type II PH in TAC.  A, Two 
methods are used to approximate sympathetic activity in TAC, circulating norepinephrine (NE) levels and 
respiration rate in breathes per minute (BPM).  Both variables increased as right ventricle pressures increased.  
* indicates significance compared to the “<35mmHg” bin as determined by ANOVA (Tukeys multiple 
comparisons test).  B, From top left to bottom right, correlation plots between serum NE and right ventricle 
pressure (RVP), left ventricle ejection fraction (LV EF), left ventricle pressure (LVP), LV end diastolic pressure 
(EDP), LV contractility index, LV relaxation index, RV contractility index and RV relaxation index.  Grey boxes 
with bold values and a “*” indicate a significant R2 values (p<0.001).  Only RVP and LV EF correlated 
significantly with serum NE, with the strength of correlation between NE and RVP ~ 2-fold higher than that 
between NE and LV EF. 
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surgical ablation of the pulmonary artery sympathetic nerve as the superior treatment for type II 

Combined-PH compared to sildenafil354.  The authors followed 98 HF patients split into two 

treatment groups, and they report a significant increase in the 6-minute walk distance (a gold-

standard clinical test for overall cardiovascular health) and a reduction in PVR (evidence of 

improved remodeling and/or improved cardiac output) in the patients treated with pulmonary 

artery denervation.  The patients on sildenafil had no improvements in either variable.  This is an 

especially exciting finding given that until this publication, sildenafil represented the only 

therapy with mildly positive clinical trial data in patients with type II PH170.  Taken together, the 

preliminary studies targeting sympathetic activity to treat type II PH are safe, successful, and 

worthy of further investigation.  

 

Finally, there are indications that lipophilic cardiovascular drugs are capable of treating central 

sympathetic outflow.  Compared to hydrophilic cardiovascular drugs, lipophilic drugs have 

increased blood-brain-barrier permeability118,332 and can thus accumulate in central locations.  

Lipophilic cardiovascular drugs are also better at treating conditions in HF that are related to 

sympathetic hyperactivity, such as improving the vasodilatory response119, improving vagal 

tone120,121, and reducing the incidence of ventricular fibrillation122,123.  Moreover, in Chapter 5, 

the additional pulmonary vascular improvements with the lipophilic drug (Propranolol) were 

localized to the sympathetically innervated pulmonary arteries (Figure 5.5).  (Note: Although no 

difference was observed in pulmonary veins between Propranolol and Nadolol, the pulmonary 

veins are sparsely if at all sympathetically innervated in mammals355).  Connecting lipophilic 

drugs with the treatment of “right-sided” condition is a study that found only centrally-

accumulating lipophilic drugs prevent ventilatory overdrive and the respiratory muscle weakness 

in experimental HF212.  Establishing the location of action as the brain is a study where only 

centrally administered micro-doses of the lipophilic β-blocker Metoprolol treated RV 

hypertrophy in model of type II PH (rat MI)356.  Equivalent micro-doses, when administered 

systemically, had no effect on RV hypertrophy.  (NOTE: the dose of β-blocker used for the 

systemic and central experiments was titrated as to have no impact on HR when administered 

systemically.  This micro-dose was considered low enough to rule out any systemic action of the 

centrally administered dose.  This data thus suggests the central location of the β-blocker 

Metoprolol explains the treatment of RV hypertrophy.)  These data, taken together, suggest 

lipophilic drugs have the capacity to treat “right-sided” conditions that relate to central 
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sympathetic hyperactivity in HF.  Whether the systemically administered lipophilic drugs in 

Chapter 5 treated type II PH by crossing the blood-brain-barrier and acting centrally to decrease 

sympathetic outflow to the pulmonary vasculature, remains to be confirmed.   

 

Further supporting a connection between sympathetic hyperactivity and the development of PH 

is the relationship between sympathetic hyperactivity and pulmonary pressures in type I PH 

pateints357.  Although type I and type II PH differ in the origin of the pressure stresses (Figure 

1.8), they have similar end stage pulmonary vascular remodeling172,301,358, evidence of a shared 

end stage phenotypes.  In type I PH patients, the correlation between pulmonary pressures and 

sympathetic activity is confirmed by microneurography359,360, heart rate variability361 

norepinephrine uptake362, and circulating catecholamine’s363.  Similar to the preliminary data 

targeting sympathetic activity in the treatment of type II PH, treating sympathetic hyperactivity 

in models of type I PH with pulmonary artery denervation364,365, renal denervation366-368, 

sympathetic ganglion block369, and pharmacological β-blockade191-193 are all successful in 

regressing PH and associated pulmonary vascular remodeling.  Although there are etiological 

and therapeutic differences between type I and type II PH patients, the shared correlation 

between sympathetic activity and pulmonary pressures in addition to the regression of both 

conditions via sympathetic dampening is encouraging for a similar underlying mechanism 

driving vascular remodeling and the end-stage phenotype. These data suggest that the 

management of sympathetic hyperactivity represents a promising therapeutic approach for a 

wide range of PH patients. 
 

6.3.2 Potential Central Locations of Action  

A region in the brain that could explain the shared benefit of both an ARB (Candesartan) and a 

β-blocker (Propranolol) in the treatment of sympathetic outflow is the nucleus tractus solitarii 

(NTS)370.  The NTS is located in the medulla of the brain stem behind the blood-brain-barrier371, 

and it is the primary mediator of efferent sympathetic outflow to the cardiorespiratory system297.  

Notably, sympathetic outflow from the NTS is modulated by both β-adrenergic372 and AT1 

receptor stimulation373.  Moreover, β-adrenergic and AT1 receptors are capable of 

heterodimerization374, suggesting trans-inhibition may account for the shared benefit of both 

Propranolol and Candesartan.  Evidence that signaling from the NTS directly impacts pulmonary 

pressures comes from a 1985 study, where lesions in the NTS of sheep stimulated increased 
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sympathetic outflow and caused a reflexive increase in pulmonary artery pressures375.  This was 

observed in the presence of static aortic pressures.  Given the primary role of the NTS in 

integrating lung and airway reflexes376, a role for the NTS in pulmonary homeostasis seems 

plausible.  In HF, ANG II concentration and AT1 receptor expression are both elevated in the 

NTS377-380, and paracrine sympatho-inhibitory signaling is impaired381, which both contribute to 

increase sympathetic outflow to the cardiorespiratory systems from this region.  These data 

suggest blockade of sympathetic signaling from the NTS by an ARB or a β-blocker could 

explain the reduction of pulmonary pressures observed in Chapter 5. 

 

Although the NTS has a primary role in the regulation of sympathetic outflow to the 

cardiorespiratory system, there are two additional brain regions–the rostral ventrolateral medulla 

(RVLM)382,383 and paraventricular nucleus (PVN)384–that also contribute to AT1-driven 

sympathetic outflow to the cardiorespiratory system.  However, although sympathetic signaling 

is also increased in these two regions in HF385,386, cardiopulmonary reflex afferents first 

terminate in the NTS387 before signaling to downstream to the RVLM and PVN388.  This 

suggests the increase in sympathetic outflow from the RVLM and PVN in HF could be a 

downstream effect of the increased NTS signaling.  Indeed, the brain has millions of neuronal 

projections extending into many different locations for the integration of afferent and efferent 

signaling.  It is difficult without direct evidence (e.g., serial localized micro-injections) to 

determine what brain region(s) are primarily responsible for regulating pulmonary pressures.  

Given the increased AT1 expression and ANGII sensitivity in HF in both the RVLM389,390 and 

the PVN390,391 in addition to the NTS377-380, blockade of sympathetic outflow from any of these 

regions may also play a role in the treatment of type II PH by lipophilic drugs.    
 

6.3.3 Ruling out Unlikely Peripheral Mechanisms 

In support of the theory that lipophilicity and subsequent central sympathetic dampening are 

defining features of the successful treatment of type II PH, the following section discusses other 

pharmacological features that suggest the benefit of Propranolol or Candesartan was not 

peripheral.  With respect to ARBs, both Candesartan and Valsartan bind AT1 receptors 

peripherally with similar affinities114.  Insurmountable binding–a feature of some ARB’s where 

they remain bound to AT1 receptors regardless of ANG II concentration–could explain the 

treatment of type II PH given the prevention of pulmonary vascular remodeling in the presence 
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of reduced local ANG II signaling392.  However, this property is exhibited at equivalent doses of 

Candesartan393 and Valsartan394, and is thus unlikely the reason Candesartan treated type II PH 

while Valsartan did not.  Candesartan and Valsartan also induce near identical signaling patterns 

in cultured aortic endothelial cells395, and both are capable of activating the protective 

ACE2/AT2R/Mas axis396,397 (a system that has shown the capacity–when activated–to treat other 

forms of PH398), suggesting these peripheral features are also insufficient to explain the 

preferential treatment of type II PH by Candesartan.  With respect to the β-blockers, the β-

receptor most abundant on the pulmonary vasculature is the β2-receptor336.  Given that Atenolol 

(β1 specific) did not treat pulmonary pressures (p=0.945 compared to untreated), it is unlikely the 

benefit of the non-selective lipophilic β1/β2 blocker Propranolol was due to peripheral β1 

blockade.  Given the abundance of β2 receptors in the lungs, the non-selective hydrophilic β1/β2 

blocker Nadolol was a better comparable to Propranolol to rule out the possibility of a peripheral 

mechanism for treating type II PH.  (NOTE: Propranolol and Nadolol demonstrate similar 

binding affinities for both β1 and β2 receptors399.)  Unlike the similarities between Candesartan 

and Valsartan explained above, it is the pharmacological differences between Propranolol and 

Nadolol that decrease the likelihood the benefit observed in Propranolol was based on peripheral 

binding.  For one, while Propranolol has limited impact on renal filtration rates400, Nadolol 

increases renal filtration rate401.  Since renal filtration rate is proportional to the body’s ability to 

excrete fluids, Nadolol might be expected to reduce blood volume (and subsequently blood 

pressure) more effectively than Propranolol.  Propranolol also potentiates the venoconstriction 

response to noradrenaline402, while Nadolol has no effect403.  This suggests Propranolol is more 

likely than Nadolol to potentiate vascular constriction in the presence of elevated circulating NE 

(as is the case in our [Figure 6.4C] and other404 murine TAC models).  Nadolol also has mild 

paradoxical β2 agonistic activities while Propranolol does not405.  β2 agonists are vasodilators of 

the pulmonary circulation406,407 that are used to treat PH in patients with lung disease408, again 

suggesting Nadolol might be expected to have a more significant impact on type II PH if the 

treatment was working through the binding of peripheral β2 receptors.  Finally, Nadolol has twice 

the half-life in circulation compared to Propranolol409, suggesting any peripheral effects would 

be longer lasting with Nadolol treatment.  Although this is an incomplete assessment of every 

pharmacological similarity/difference between ARB’s and β-blockers, the features discussed are 

all insufficient to explain the success of Candesartan or Propranolol in the treatment of type II 
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PH.  This furthers the narrative that lipophilicity (and subsequent central activity) remain the best 

explanation for the treatment of type II PH in Chapter 5. 
 

6.4 Improving HF Models to Improve Translation 

6.4.1 Understanding Poor Translation 

Animal experiments have contributed substantially to our understanding of disease 

pathophysiology, mechanism and possible treatment, but the translation of successful therapies 

into patients remains poor.  In a 2006 review of only the highest cited pre-clinical animal studies 

(median cite count of 889), the authors found that just one third of successful therapies translated 

into successful clinical results, and only 1/10th were eventually approved for use in patients410.  

This poor rate of translation represents the best-case situation, given the number of ‘positive-

result’ pre-clinical trials that never reach the top citation bracket (For example: of the ~500 

neuroprotective therapies deemed ‘successful’ in the treatment of acute ischemic stroke in 

animal models, only two have been effective in patients411,412).  There are many reasons for the 

issues with translation, but they fall into two primary categories; problems with clinical trials, 

and problems with animal trials.  With respect to clinical trials, they are often under-powered to 

find a benefit, or they have a flawed expectation of translation (e.g., administering a therapy in 

an elderly population after disease onset when the pre-clinical trials were in a young animal 

administered before disease onset).  With respect to animal trials, studies often only investigate 

ideal conditions that do not mimic the clinical reality, the studies are infrequently blinded to 

reduce bias and the conclusions are often generalized to apply to a broad clinical population 

(e.g., findings in one model are used to project a benefit for the entire HF population).  (NOTE: 

These stances often feel necessary to get findings published in larger impact journals to give a 

researcher a shot at the hard-to-obtain grant money, and this comment should not be taken to 

say researchers have poor standards).  Given the focus of this thesis on the murine TAC model, 

the following section will highlight problems with pre-clinical trials and how this thesis either 

addressed these problems, or how they might be addressed in the future.   
 

6.4.2 Problems with the HF models  

6.4.2.1 Age and comorbidities  

The effect of age and comorbidities on the development and treatment of HF is significant; HF 

patients are predominately elderly with variable related medical conditions that each may 
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uniquely impact the response to a particular treatment200.  This presents a limitation in presuming 

the successful translation of therapies that are tested in young healthy animals; they often do not 

represent the clinical population.  While valuable as ‘proof of concept’ experiments, there is a 

need to use aged and comorbid models to establish the impact these clinical features may have 

on a particular therapy.  The current therapeutic approaches for HF patients are already 

complicated by comorbidities and age.  For example, most approved HF medications (Table 1.2) 

are less effective (if not modestly detrimental) in patients with concurrent renal disease413.  

Moreover, as people age, there are quantifiable differences in the pharmacokinetics and 

pharmacodynamics of drug therapies; drug metabolism, clearance and potency all change 

significantly414.  An improved pre-clinical standard would be to address these issues directly.  

This thesis tackles this issue–in small part–by utilizing the geriatric SHR as a second model to 

test the benefit of lipophilic drugs to treat type II PH.  These rats were 72 weeks old at the start 

of treatment, which is near the end of their lifespan415 and thus these rats more appropriately 

represent the age of HF patients.  The sustained success of lipophilic treatment for type II PH we 

found in geriatric SHR’s may increase the likelihood this treatment will successfully translate 

into the aged clinical population.   
 

6.4.2.2 Sex differences 

The female sex is underrepresented in pre-clinical HF studies.  Contrary to the amount of 

published data in male models of cardiac disease, both men and women get HF1.  The clinical 

presentation of HF in men and women is, importantly, quite different.  There are sex differences 

in HF mortality rates (women have a better prognosis than men regardless of HF etiology or 

EF416), the type of cardiac injury (men are more likely to get HFrEF via a heart attack, while 

women are more likely to get HFpEF from hypertension/diabetes417) the patterns of remodeling 

(pressure-overload tends to cause eccentric hypertrophy in men, and more concentric 

hypertrophy in women418,419), and the circulating biomarkers (most are lower in women despite 

similar HF class420).  These findings all highlight a cardiovascular truth; men and women are 

different.  Yet, diagnostic tools, procedures and therapies used to treat HF are developed from 

research primarily conducted in men.  The same techniques and treatments, when applied in 

women with HF, are less effective and associated with higher morbidity and mortality421.  

Without including females in pre-clinical comparison to males, this significant patient population 

with HF will continue to be inadequately managed.  Although sex differences were not addressed 
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in this thesis, a future direction would be to update chapter 3 and 5 using female subjects to a) 

increase our understanding of the female response to pressure-overload (e.g., the relative 

prevalence/severity of type II PH), and b) to investigate if lipophilic compounds provide similar 

benefits in female models of type II PH.   
 

6.4.2.3 Assessing the broader cardiac phenotype 

Another aspect of animal models that may contribute to poor translation is the narrow standard 

for assessing cardiac function.  Most publications only present LV data, without a broader range 

of variables such as RV function included.  A primary function of HF models is to simplify an 

extremely complex syndrome into manageable discrete research questions.  However, this should 

not come at the expense of ignoring important indices of cardiac structure and function.  With 

respect to the often overlooked RV phenotype, the strong relationship between RV function and 

mortality in HF patients8,26,102 is similar to the relationship between PH severity and the decline 

in cardiac function TAC (Tables 6.2 and 6.3).  Given the PH reported in various models of HF 

(SHR206, murine TAC161, MI207 and dilated cardiomyopathy 208) and the fragility of the RV under 

a pressure load14, it seems likely that RV dysfunction is relevant in the majority of HF models.  

Only once a broader standard is enforced in pre-clinical experimentation–including things like 

RV catheterization–can an improved understanding of the overall cardiac phenotype be expected.  

This thesis addresses this issue by characterizing the TAC model over time from the perspective 

of both the LV and the RV as well as the lungs; a broader picture of HF that helped standardize 

murine TAC as a model of type II PH.  Furthermore, the drug treatments in Chapter 5 were only 

successful from the perspective of the PH and RV remodeling, highlighting the potential value 

added to any pre-clinical trial that assesses the ‘right-sided’ phenotype.      

 

6.4.3 Problems with Trial Design 

The failure to translate promising animal data into the clinic can also be impacted by inadequate 

study design.  For one, the threat of bias is stronger in trials that do not implicitly take bias into 

account.  Two predominant forms of bias are selection bias (the allocation of subjects to 

treated/untreated groups) and detection bias (the unblinded acquisition of data)422.  In pre-clinical 

trials, the failure to randomize groups before an intervention and/or to blind data collectors after 

an intervention can increase the likelihood that a positive finding was influenced by bias.  This 

threatens the internal validity of a trial, which increases the risk of a type I error.  An example of 
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acknowledging selection bias is to randomize groups pre-treatment.  This was accomplished in 

Chapter 5, where mice were randomized by equally distributing pre-treated body weights, an 

attempt to equally distribute subjects prior to the intervention.  The act of blinding a researcher to 

the study groups during data acquisition and analysis is another method to mitigate bias.  This 

helps reduces the risk of data skewing in the anticipation of positive findings (e.g., more intently 

looking for positive results in the treatment group).  Using randomization and blinding in pre-

clinical trials can help minimize the influence of bias on study outcomes and subsequent 

translation.   

 

6.4.4 Problems with Overgeneralizing 

Another issue that impacts the translation of successful therapies in animal models is the 

sweeping generalization of otherwise specific findings.  For example, in Chapter 5, treating TAC 

with Propranolol regressed type II PH and RV hypertrophy and prevented further pulmonary 

vascular remodeling.  From these findings, the conclusion that Propranolol might treat type II PH 

seems reasonable.  However, this conclusion might subtly over-generalize our findings.  It does 

not consider the clinical population the murine TAC model best represents.  As described 

previously in section 6.3.2, our data suggests murine TAC is most similar to HFrEF patients with 

Combined-PH (i.e., chronic pulmonary arterial remodeling).  Importantly, only ~10% of HF 

patients present with HFrEF and Combined-PH143,144.  In the most conservative setting, it is 

possible that only those patients with this particular presentation will benefit from this sort of 

therapy.  (NOTE: ~85% of type II PH patients present with normal PVR and only mild evidence 

of pulmonary arterial remodeling143,144)  To suggest all patients with type II PH might benefit 

from a therapy tested in one rodent model might over-estimate the population this therapy is 

truly best suited for.  The consequence of this might be an inadequately designed clinical trial 

that targets a broad population with type II PH, reports inconclusive findings on a small study 

size, and ultimately impacts the perceived potential of what might otherwise be a successful 

therapy.  Indeed, the population with HF is vastly heterogeneous, and therapies in one patient 

population (HFrEF) do not always work in another (HFpEF)423.  Identifying the sub-

population(s) that an experimental HF model might best represents may help to identify targeted 

patient populations for subsequent clinical trials to increase the chance of successful translation. 
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6.4.5 Summary  

There are many areas in which improvements to pre-clinical HF trials can be made.  Simple 

modifications in the experimental design have the potential to increase the capacity for 

translational success.  Together with greater rigor in the experimental conduct and reporting of 

animal data, there is every reason that an updated approach will improve the bench-to-bedside 

translation of HF therapies.  
 
 

6.5 Limitations and Future Directions 
While we report a strong relationship between intimal thickness and cardiac function compared 

to medial thickness and cardiac function, there was no further work done to identify the cell 

types or molecular signature of the pathological intima.  Undoubtedly, this relationship with 

pulmonary intimal thickness (which is also observed in type II patients301) suggests a relevance 

of the pulmonary vascular intimal layer to cardiac health.  Future work characterizing the intimal 

cells types and their secreted proteins both in health and disease may be a key to unlocking novel 

therapeutic approach to adverse pulmonary vascular remodeling in HF.   

 

Another limitation of this thesis (and in most pre-clinical HF research) is that cardiac structure 

and function are only assessed in the mice that survived to the predetermined timepoints.  This 

limitation has two components.  The first is that the mortality rate at each timepoint is not the 

same.  Mortality in TAC steadily increases from ~10% by 2 weeks to ~50% by 18 weeks.  This 

means that mice assessed at early timepoints represent a broader range of long-term outcomes 

compared to the mice that remained at the later timepoints.  The result of this is that the decline 

in function between the early and late stage murine TAC is likely more severe than we report, 

given the absence of any data from the mice that did not survive to end-stage timepoints.  The 

second component is the lack of information surrounding the cause of mortality.  A primary goal 

of clinical trials in HF is to prevent all-cause mortality24, yet there is little information about 

mortality published pre-clinically.  This highlights a disconnect between clinicians and 

researchers; while clinicians aim to reduce mortality, researchers generally publish on 

improvements in cardiac remodeling and/or function.  It is undetermined if these improvements 

always translate into reduced mortality.  A future direction would be to collect more information 

about mortality in experimental HF models, from the time of day of death, to body and organ 
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weights, to the saving of tissues for histology and the recording of qualitative autopsy data (e.g., 

a visual assessment of the heart and lungs).  These data should help characterize the aspects of a 

model that are related to mortality, and may help future studies better target this mortality.    

 

The speculation that dampening central sympathetic hyperactivity is the mechanism behind 

Propranolol and Candesartan’s successful treatment of type II PH inspires future directions to 

confirm this finding.  First, it would be advantageous to investigate other currently prescribed 

standard-of-care HF drugs (ARB’s, β-blockers and statins) in various models of type II PH 

(SHR206, TAC299 and MI307) to identify which currently prescribed drugs preferentially treat 

pulmonary pressures.  From the range of pharmacological characteristics in successful drugs 

(e.g., receptor specificity, relative lipophilicity and central accumulation), these studies would 

help identify the most relevant pharmacological properties for treating type II PH.  In addition, 

studies could use serial micro-injections in central locations while monitoring both pulmonary 

pressures and central sympathetic outflow (e.g., MSNA, RSNA, circulating NE, etc.) to identify 

the precise regions that regulate pulmonary pressures.  Concurrently, clinicians could initiative 

pro- and retrospective studies in HF patients on lipophilic versus hydrophilic drugs, comparing 

the prevalence and severity of type II PH.  The end goal would be to properly identify and 

subclassify drugs for their treatment of pulmonary pressures and associated pulmonary/RV 

remodeling.  This work would help establish promising treatment options for this unmanaged 

condition.   
 

6.6 Concluding Statement 
The results presented as part of this thesis contribute to our understanding of right and left 

ventricular remodeling in pressure-overload HF, as well as the prevalent yet understudied 

condition of type II PH.  Notably, we establish TAC as a model of HFrEF with Combined-PH, a 

condition without a standardized pre-clinical model.  In the most conservative setting, this 

suggests murine TAC directly models ~10% of all type II PH cases, representing approximately 

500,000 patients in North American alone155.  We also reported treatment of type II PH and the 

associated pulmonary vascular/RV remodeling with lipophilic β-blockers and ARB’s.  This 

information is valuable because of the clinical reality that HF patients with PH are only 

prescribed β-blockers about half of the time (43% for Combined-PH and 51% in Isolated-PH), 

and only prescribed ARB’s 15% of the time314.  Moreover, that the current standard for drug 



	
 

131	

selection does not reference drug lipophilicity as a relevant feature.  Our data suggests lipophilic 

drugs in both drug classes may represent front-line options for treating pulmonary pressure and 

the associated remodeling in type II patients.  Finally, the strong relationship between pulmonary 

pressures and the severity of LV phenotype in murine TAC highlights the potential value added 

of assessing pulmonary pressures in all models of HF.  The RV and the lungs are not 

inconsequential in HF, they are relevant organs of significant change that directly relate to 

overall outcome.  Indeed, characterizing this “right-sided” phenotype (pulmonary remodeling as 

well as RV structure and function) in addition to the LV phenotype should become the standard 

for pre-clinical HF studies. 
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APPENDIX A 

Figure A1 |  Visualization and Doppler flow profile through the ascending aorta (Asc Ao) of a healthy 
mouse.  (A) Diameter (white line) at the point where flow was measured.  (B) Labelled image of the Asc Ao. 
The red arrow depicts blood flow direction.  (C) Color Doppler visualization through the ascending aorta.  (D)
Representative pulsed wave tracing of the velocity time integral (VTI) obtained over four consecutive heart 
beats.  Note: In this instance (C), beam steering (a function of the Vevo2100 machine) was used to maintain 
the angle of acquisition below 45 degrees.
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Table A1 |  Reductions in cardiac output by echo following ventilation and pneumothorax as compared 
to the reductions in cardiac output between echo and flow probe preparations.  
 

Healthy mouse CO before and after ventilation and pneumothorax  
Biological (n=4) and Technical (n=3) replicates 

 M-Mode 2D Pulmonary Flow 
Starting CO (mL/min) 30.7 28.9 29.6 

Final CO (mL/min) 20.3 16.4 18.9 
% Change ¯~35% ¯~43% ¯~37% 

Healthy mouse CO averages at time of echo (top row) and flow probe (bottom row) 

 M-Mode 2D Pulmonary Flow 
Echo CO (mL/min) 30.0 29.4 30.2 
Flow Probe CO (mL/min) 20.6 20.6 20.6 

% Change ¯~32% ¯~30% ¯~31% 
 

Table A2 |  Chemical properties of beta blockers used in Chapter 5 
 

 
 
 

 Atenolol Nadolol Propranolol 
PubChem ID 2249 39147 4946 

Molecular Weight 266.341 g/mol 309.406 g/mol 259.349 g/mol 

Receptor 

Specificity 

Specific  

(B1) 

Non-specific  

(B1/B2) 

Non-specific  

(B1/B2) 

Half life 6-7 Hours 14-24 Hours 4 Hours 

Metabolization Minimal (Hepatic) Not Metabolized Extensive (Hepatic) 

Lipophilicity  

(LogP Value) 

Experimental 

0.16 

(Hannsch 1995) 

0.81 

(Sangster 1994) 

3.48 

(Avdeef 1997) 

Lipophilicity  

(LogP Value) 

Calculated 

0.4-0.57 0.87-1.23 2.6-3.0 

Central 

Accumulation 
Negligible  Negligible  Yes 

Volume of 

Distribution 
Not Available Not Available 4L/kg 

Water Solubility 13300 mg/L @ 25°C 8330 mg/L @ 25°C 60-80 mg/L @ 25°C 

Sympathomimetic 

Activity 
No No No 
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Note from Chapter 1.3.1: 

β-Adrenergic signaling is a primary method by which the sympathetic nervous system can 

modulate cardiac function.  In HF, β-Adrenergic signaling is a compensatory mechanism for 

reduced cardiac output1.  An increase in output is caused by an increase in the force of 

contraction (stroke volume) as well as the rate of contraction (heart rate).  In the 

cardiomyocyte, this effect is mediated by the β1 receptor2.  Activation of these receptors by the 

Table A3 |  Chemical properties of angiotensin receptor blockers used in Chapter 5 
 
 

 
Entresto 
(Valsartan 

+Saccubitrol) 
Sacubitril Valsartan Candesartan 

PubChem ID 71449007 9811834 60846 2541 

Molecular Weight 1916.018 g/mol 411.498 g/mol 435.528 g/mol 440.463 g/mol 

Receptor 
Specificity 

AT1 Blocker + 
Neprilysin 
Inhibitor 

Neprilysin 
Inhibitor AT1 Specific AT1 Specific 

Half life See Sacubitril 
and Valsartan 

~2 Hours for 
Sacubitril,  

~10 Hours for 
LBQ657 

6 Hours 9 Hours 

Metabolization See Sacubitril 
and Valsartan 

In blood to 
active form 
(LBQ657) by 

Esterase  

Minimal 
(Hepatic) 

Minimal  
(Hepatic) 

Lipophilicity  
(LogP Value) 
Experimental 

See Sacubitril 
and Valsartan Not Available 1.50 

(Siddiqui 2011) 
6.1 

(No Source) 

Lipophilicity  
(LogP Value) 
Calculated 

See Sacubitril 
and Valsartan 3.9 3.7-5.6 5.1-7.5  

Blood-Brain-
Barrier Permeable No No No Yes 

Volume of 
Distribution Not Available 103L/kg 17L/kg 0.13L/kg 

Water Solubility Not Available 0.94 mg/L @ 
25°C 

1.41 mg/L @ 
25°C 

0.14 mg/L @ 
25°C 
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binding of either epinephrine or norepinephrine leads to the activation of G-protein coupled 

pathways to increase both heart rate and stroke force3.  This starts with the activation of the 

associated adenylyl cyclase – cAMP – protein kinase A (PKA) pathway.  The increased force is 

elicited by the phosphorylation of L-type calcium channels on the cell membrane (leading to an 

increased amount of calcium entering the cardiomyocyte) and the ryanodine receptors on the 

sarcoplasmic reticulum (leading to an increase in the amount of calcium released 

intracellularly)1,3.  This excess calcium per contraction increases the binding of troponin-C, 

decreasing the binding of troponin I and increasing the number of myosin heads exposed for 

actin binding.  The increased rate of contraction is elicited by the phosphorylation of 

phospholamban, the ‘break’ on the sarcoplasmic reticulum calcium ATPase (SERCA)1,3.  This 

decreases the inhibition of SERCA, which leads to an increase in the rate of calcium re-uptake 

following a contraction.  PKA can also phosphorylate potassium rectifier channels to further 

increase the rate of relaxation4.  Together, these changes in cardiomyocytes highlight how β-

Adrenergic signaling through the binding of β1 receptors facilities an increase in both the force 

and rate of contraction to sustain cardiac output in HF.    
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