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ABSTRACT 

Remarkable advances have been made in the treatment of cardiovascular diseases 

(CVD), however, CVD still accounts for the most deaths in industrialized nations.  

Ischemic heart disease (IHD) can lead to acute coronary syndrome (ACS) (myocardial 

infarction [MI]).  The standard of care is reperfusion therapy followed by pharmacological 

intervention to attenuate clinical symptoms related to the MI.  While survival from MI has 

dramatically increased with the implementation of reperfusion therapy, these individuals 

will inevitably suffer progressive pathological remodeling leaving them predispose to 

develop heart failure (HF).  HF is a clinical syndrome defined as the impairment of the 

heart to maintain organ perfusion at rest and/or during times of exertion (i.e. exercise 

intolerance).  Clinically, this is accompanied by dyspnea, pulmonary or splanchnic 

congestion and peripheral edema.  Physiologically, there is neurohormal activation through 

the classical β–adrenergic and PKA–dependent signaling cascade to maintain cardiac 

output (CO) and mean arterial pressure (MAP).  Overtime, the heart becomes desensitized 

or increases negative feedback loops which alter β–adrenergic increases in contractility.  

Presently the only solution for HF is cardiac transplantation.  All other interventions either 

attenuate the symptoms, slow the progression of disease or offer a bridge to transplant.  

Novel strategies to improve cardiac pump function and inhibit pathological remodeling are 

necessary to reduce the number of patients who suffer from HF.  The overarching theme 

of this dissertation is to investigate novel therapeutic strategies to combat episodic/ acute 

decompensation (ADHF) or alter the pathological remodeling observed after ischemia–

reperfusion (I/R).  We performed studies which looked at two separate and distinct novel 

treatment strategies. 

First, we investigated the therapeutic potential of a novel positive inotrope, 

ruboxistaurin (RBX), which inhibits protein kinase C, a negative regulator of contractility 
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in models and patients with HF.  We wanted to establish structural and functional 

abnormalities that are consistent with patient who present with HF with reduced ejection 

fraction (HFrEF) secondary to MI; then compared RBX to a more well established positive 

inotrope, dobutamine (DOB), and looked at functional, cellular and molecular changes 

within the myocardium.  This allowed us to comprehend whether RBX was more 

efficacious when compared to a standard of care treatment strategy for those who present 

with ADHF.  We demonstrate that after MI there is progressive pathological remodeling 

observed through ventricular dilation, reduced contractility and less contractile reserve 

when administered DOB as compared to pre–MI.  When we administered RBX there were 

distinct advantages to utilizing this pharmacological agent in comparison to DOB.  RBX 

too increased contractility as observed through hemodynamic parameters but also reduced 

LV capacitance, through an observed shift in the EDPVR.  Furthermore, RBX altered 

PKCα activity, yet had no effect on phospholamban (PLN) phosphorylation, a major 

downstream target of classical PKA–dependent signaling.  These data confirmed that RBX 

is a PKA–independent strategy to increase contractility in a large animal model of early 

stage HF.  While safe and seemingly efficacious, if we could create novel therapeutics 

which would inhibit or reverse pathological remodeling which leads to HF we could 

revolutionize the way patients are treated when they present with an MI.  This is the 

strategy we used in our second treatment, utilizing a novel stem cell population from the 

cortical bone to alter pathological remodeling post MI in a preclinical large animal model. 

Our hypothesis consists of the idea that if we can alter the initial reperfusion injury, 

that it will change the trajectory of structural and functional abnormalities observed post 

MI.  We performed an MI in a large animal model, which we previously describe develops 

a HFrEF phenotype.  Immediately following MI, we deliver cortical bone stem cells 

(CBSCs) or vehicle, in a blinded, randomized fashion, through transendocardial injection 

using the NOGA MYOSTAR® catheter.  We then followed the animals for 3 days, looking 
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at alterations to initial injury and cell retention, and at 3 months, giving the model time to 

develop characteristics of HF.  Our results clearly demonstrate no change in initial injury 

with CBSC treatment and that the cells are retained for at least 72hrs.  At 3 months’ post 

MI, there was preserved EF, and increased cardiac systolic reserve with a DOB stress 

response.  A reduction in scar size and compensatory hypertrophic response, at the cellular 

level, was observed with CBSC treatment too.  While the mechanism of action needs to be 

studied further, we believe that the CBSCs modulate the inflammatory response which 

occurs upon reperfusion therapy. 

Collectively, the data presented in this dissertation provide comprehensive 

evidence that (1) PKCα activity is increased with disease burden, and thus is one 

mechanism for reduced contractility after MI; and that inhibition of PKCα, with RBX, 

increases contractility, reduces LV capacitance without alteration of classical β–adrenergic 

and PKA–dependent signaling. (2)  That cell–based therapy, immediately post MI, 

preserves cardiac structure and functional reserve after acute MI, potentially through 

immune–modulation, altering pathological remodeling and inducing proliferation of 

endogenous myocytes.  Elucidating and investigating novel targets and therapeutic 

strategies, such as these, in a large animal model, is important for translating these 

treatments to patients who suffer from IHD, leading to pathological remodeling and cardiac 

dysfunction associated with acute MI, which subsequently manifest itself as HFrEF.   
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CHAPTER 1 

INTRODUCTION 

The Inception of Cardiovascular Research and Cardiology  

“The blood current flows continuously in a circle and never stops…”, was the conclusion 

of Huang Ti Na – Ching Su Wen, in China’s Yellow Emperor’s Classic on Medicine, circa 

2600 BCE (1).  This was one of the first documentations of an awareness that the heart and 

circulation existed.  In 1628, long before Isaac Newton, William Harvey performed 

hypothesis driven experiments where he described the circulation and the function of the 

heart, published in De motu cordis (2).  A century later, in 1722, Heberden (3), describes, 

for the first time, angina pectoris.  The invention of one of the most common place tools 

among clinicians, the stethoscope, in 1819, by French Professor Rene Laennec, aided in 

diagnosing valvular heart disease (4).  While observational commentary of the heart and 

the beginning of classical biological experimentation had begun in the eighteenth century, 

it wasn’t until the turn of the nineteenth to twentieth century that modern cardiology was 

born from three major discoveries as described by Eugene Braunwald (4).  Braunwald 

describes how the X–ray, the sphygmomanometer, and the electrocardiography drove the 

development of a clinical specialty known as cardiology (Figure 1.0).  The X–ray 

developed by Wilhelm Röntgen in 1895 (5), the first Nobel Prize winner in physics in 1901, 

which led to the capability of showing  cardiac size and shape through its’ silhouette.  

Fluoroscopy then permitted an assessment of cardiac motion.  The ability to assess ones 

blood pressure non–invasively, with a cuff, was developed by Riva Rocci, in 1896, and the 

use of auscultatory measurements to determine blood pressure by Korotkoff in St. 
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Petersburg, Russia in 1905 (4).  The electrocardiogram, which measures delta change in 

the hearts’ electrical conductance system was first described by Einthoven, using a string 

galvanometer, in 1902 (6), he subsequently was awarded the Nobel Prize in 1924.  These 

technological advances are still used as standards in today clinical practice and have led to 

the advancement in basic cardiac physiology, diagnostics and treatment of cardiac 

pathophysiology conditions.  The clinicians, during this period in history, who utilized 

these three tools, were considered ‘heart specialists’ (i.e. cardiologist) as Braunwald 

describes (4).  These milestones were followed by the development of cardiac 

catheterization, bring upon the clinical practices of angiography and percutaneous coronary 

intervention (PCI).  

Two decades after the discovery of the electrocardiogram, in 1929 Werner 

Forssmann, performed the first cardiac catheterization, in Eberswalde, Germany, on 

himself (7).  It wasn’t until 1941 at Columbia University, New York City, were Andre 

Cournand and Dickinson Richards (8) began using cardiac catheterization for research and 

subsequently, as a diagnostic toll.  Emerging from cardiac catheterization were important 

therapeutic techniques (angioplasty/stenting), the clinical field of electrophysiology, and 

the ability for resynchronization therapy of patients suffering from arrhythmias, catheter–

based aortic valve replacement and arteriography for selection of patients needing coronary 

artery bypass graft surgery (CABG) or angioplasty, as pioneered by Gruntzig and 

colleagues in Zurich (9).  Animal experiments in 19th century describe how total ligation 

of a coronary artery in the dog leads to mortality, and that this may be the same for humans 

who suffer thrombotic coronary occlusion.  Contrary, in 1901, Krehl (10), describes one of 
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the first reports of coronary occlusion in a human, that presented with chest pain, causes 

acute  myocardial infarction (AMI).  Herrick, an American physician, was one of the first 

to describe AMI to the English speaking world, while also describing the electrocardiogram 

changes observed during this condition (11).  Shortly thereafter, in 1910, the first 

description of cholesterol being found in an aortic plague from human was observed by 

Adolf Windhaus (12), a German, Nobel prize–winning, organic chemist.  In 1913, two 

Russian scientist, Anitschkov and Chalatow, performed a basic science experiment 

demonstrating the causal action of increased cholesterol consumption and its’ 

incorporation into early aortic plague formation in rabbits (13).  Windhaus’s, Anitschkov 

and Chalatow’s observations gave rise to the lipid theory of atherogenesis.   

 With a clinical description of AMI and a theory for how coronary artery disease 

(CAD) develops, this gave physicians and scientist a potential etiology for individuals who 

suffered from ‘heart failure’ (HF).  However, the description of HF and recognition of the 

syndrome as a clinical entity was made in the eighteenth century.  In 1785, William 

Withering, describes the use of foxglove (i.e. digitalis), publishing its’ capabilities of 

strengthening and slowing the heart (14).  With these observations, inventions and early 

biological research, has led to modern cardiology and cardiovascular research.  Current 

clinical practices are more evidence–based with a global perspective.  In parallel, 

cardiovascular research is more collaborative and focused on prevention of diseases and 

further progression, along with enhanced comprehension of the molecular and genetic 

alterations in cardiovascular disease (CVD).        
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Figure 1.0 Major Discoveries Leading to the Birth of Cardiology and Cardiovascular Science 

in the Late 19
th

 and Early 20
th

 Century Portrait and image of Wilhelm Ronthen who developed 

the X–ray (top panel).  Portraits of Riva Rocci (left), who developed the blood pressure cuff, and 

Nikolai Korotkov (right) who developed the technique to measure blood pressure (middle panel). 

Willem Einthoven who recorded the first human ECG (lower panel).       
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Acute Coronary Syndrome and Heart Failure 

Epidemiology and Etiology 

Coronary heart disease (CHD) accounts for roughly 7 million deaths, annually 

worldwide and $16 trillion of the projected $47 trillion in economic losses due to 

noncommunicable diseases over the next 20 years (15).  In the U.S. alone, CHD is 

responsible for over 1 million hospital admissions annually (16); despite these staggering 

numbers, CHD mortality has decreased over the last decade (17), which may be in part due 

to the shift in acute coronary syndrome (ACS).  A steady decline in ST–segment elevated 

ACS (STEMI) and a rise in non–ST–segment elevated ACS (NSTEMI) may account for 

this reduction in mortality (18).  This shift is potentially due to change in diagnostic testing 

and treatment of patients who present with ACS and differences in patient profile over the 

last decade, consisting of a decrease in the prevalence of smoking, improved control of 

hypertension, with an increase in diabetes mellitus, obesity and renal disease (19).  

Regardless, CHD and ACS has a prevalence upwards of 50% in HF patients (usually 

classified with systolic dysfunction in most trials) (20,21) demonstrating the true unmet 

need for prevention and novel treatment strategies for ACS. 

 Worldwide, more than 23 million individuals suffer with HF, of that, ~ 6 million 

from the U.S. with a 2030 projection of 8.5 million (21).  As with CHD, HF has over a 

million hospitalization occurring each year, with 650,000 new cases annually in the U.S. 

(22).  Despite new treatments (pharmacological and mechanical) the 5 year and 10–year 

survival rates are 50% and 10%, respectively (23), costing $110,000/yr./person (24).  

Along with CHD, hypertension and diabetes mellitus are major factors for the development 
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of HF (21).  Genetic cardiomyopathies, severe valvular disease and congenital disease also 

lead to the manifestation of HF (21).  The stratification of HF has evolved over the last 

decade with the comprehension that ~50% of HF cases consist of patient with preserved 

LVEF (HFpEF), opposed to those with reduced LVEF (HFrEF) (21,25,26).  This 

observation may also be attributed to the same shifts observed in STEMI vs. NSTEMI 

cases; with improved diagnostic testing and treatment strategies, while also observing a 

shift in the patient profile (18).  The “HF paradox” is such that, we have made advances in 

the treatment and management of HF to a degree which has resulted in a decreased 

mortality (but patients are not “cured”), and yet we observe an inherent increase in the 

prevalence.  As such, there is an increase in the hospitalization and subsequent cost.  The 

readmissions are primarily due to acute decompensation/ episodic HF (ADHF) (21,26,27), 

which is defined as the onset of severe HF or abrupt intensification of symptoms in chronic 

HF.  ADHF is a major life–threatening condition, leading to one or more perceptive events, 

including but not limited to: dysrhythmia, ACS, pulmonary embolism or the need for 

increased inotrope (28).  Further work is necessary to identify, more readily, this patient 

population and treat their symptoms.  This will help patient have better outcomes and 

identify the true burden of HF within society.       

Pathophysiology 

CHD is the damage or disease of the major blood vessels of the heart.  This is primarily 

caused by the development of plaques or atherosclerosis within one or multiple coronary 

vessels.  When the plaque ruptures, erodes, or produces a calcification significant enough 

to alter blood flow and subsequently inhibit the proper amount of oxygen and removal of 
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metabolites from the heart, patient usually suffer from ACS (Illustration 1.0).  As discussed 

earlier, ACS or MI can be classified by observed changes in the electrocardiogram (STEMI 

or NSTEMI).  ACS is characterized by ischemia (lack of oxygen) to areas of cardiac tissue 

distal to the occlusion, leading to death of the effected myocardium via necrosis.  

Reperfusion of the effected vessel(s) has led to significant reduction in mortality following 

ACS (29).  Reperfusion therapy is a “double edge sword”, while reducing mortality, it 

becomes the inherent etiology of another pathology known as reperfusion injury.  This 

injury is characterized by an increased and highly localized inflammatory response to the 

necrotic area, which expands into viable tissue adjacent to the infarct, permitting infarct 

expansion.  The initial injury and inflammatory infiltrate create a cytokine storm promoting 

a positive feedback loop within the inflammatory response (30).  With reperfusion, there 

is also subsequent increase in mitochondrial transition pore permeability, which may 

promote death of affected cells and further loss of myocardium (31).  This promotes 

adverse remodeling and progress towards HF.   

 HF is a syndrome defined by ventricular dysfunction or impairment that alters the 

heart’s ability to fill and eject sufficient blood volume to allow for proper organ perfusion.  

While HFpEF may account for 50% of patients who present with HF (32), we will discuss 

the classical pathophysiology observed in patients who have suffered from ACS, had 

reperfusion therapy and is undergoing pathological remodeling which leads he/she to 

HFrEF (Illustration 2.0).  After reperfusion therapy and stabilization, over the course of 

potentially several decades, the heart goes through significant remodeling to compensate 

for the loss of myocardium.   
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Illustration 1.0 The Development and Progression of Atherosclerosis Leading to Plague 

Rupture  A longitudinal schematic (A) of the progressive development of plague within a coronary 

vessel.  The luminal diameter decreases over time (years).  (B & C) A representation cross–sections 

of this same vessel. (1) representing a health vessel, (2–5) show fatty streaks, which develop into 

small lesions and then full mature plagues, (6 & 7) illustrate two ways in which ACS can occur – 

[1] plague rupture or erosion and [2] substantial inhibition of blood flow. 

 

 

Within the infarct core, cellular debris is removed and replaced by a thick fibrous scar 

which acutely promotes wall stabilization.  In viable tissue, there is increase activation of 

the neruohormonal axis, which helps provide adequate contractile force for the ejection of 

blood, while myocytes undergo molecular and cellular changes due to the increase in load 

(33-35).  Acutely, patients can usually live symptom free, but over time (years to decades), 
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the neurohormonal axis is altered due to over activation, along with slow cardiac 

remodeling (33,36).  This creates dysregulation and inadequate responsiveness during 

period of exertion.  Structural remodeling has also occurred, with thinning of the scar and 

dilation of the left ventricle; at the cellular level, there is a hypertrophic response in viable 

tissue.  This dilation is clinically observed by an increase in ventricular capacitance and an 

inability to eject blood during systole leading to a reduction in LVEF, hence “reduced EF” 

in HFrEF.  Clinically, patients present with dyspnea and fatigue, fluid retention – leading 

to pulmonary and splanchnic congestion and peripheral edema (26).  While these 

symptoms can be managed, re–hospitalization for the onset, or intensification of chronic 

HF becomes more frequent and usually more intense over time.  The standard of care for 

ACS and HF is ever evolving with more information being collected from cohorts of 

patients within clinical trials and strides being made in biomedical research.   

Standards of Care 

 The ACCF/AHA Task Force guidelines state that a STEMI is characterized by an 

inexorable electrocardiogram ST–segment elevation with ensuing cardiac biomarker 

release (myoglobin, cardiac troponins [cTn], creatine kinase myocardial b [CK–MB]) into 

the circulation indicating myocardial necrosis (37).  Percutaneous coronary intervention 

(PCI) is the primary therapy for patients who present with a STEMI and are brought by 

emergency medical technicians (EMTs) to a PCI–compatible hospital.  The guidelines state 

that PCI should be performed within 90 – 120 min. from first medical contact (FMC)– to– 

device (29).  Adjunctive therapies, which are employed acutely, and sub–acutely, are 

anticoagulation and antiplatelet regiments (38), statins (39). Primary and secondary 
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prevention for a consecutive event consists of β–blockers, ACE inhibitors, aspirin and 

statins (26,39,40).  For a subset of the population who present with a STEMI, coronary 

artery bypass graft may be the primary intervention.  This population consists of those 

patients with STEMI who have coronary anatomy not well suited for PCI, and have 

ongoing or recurrent ischemia, cardiogenic shock, sever HF and other high risk factors 

(29).  Patients, who have access to the proper, timely, reperfusion therapy and adhere to 

the sub–acute and chronic pharmacotherapy, usually have a good prognosis.  However, if 

patient compliance and life–style changes are not made after ACS, the patient will 

eventually suffer from HF.   

 There is only one treatment thus far, which “cures” HF, and that is cardiac 

transplantation (41).  However, with ever growing number of individuals who suffer from 

HF and become candidates for transplantation, on top of, the already overwhelming 

shortage of organs for transplantation leaves the majority of patients finding alternative 

methods.  An alternative is to have the implantation of a left ventricular assist device 

(LVAD) as a bridge–to –transplant or a destination therapy (41).  Prior to these to option, 

pharmacological intervention is the only way to manage the HF syndrome as it progresses.  

The development and utilization of therapeutics such as β –blockers, ACE inhibitors, ARBs 

and (+) inotropes for hemodynamic support (during decompensation), along with advances 

in ACS treatment strategies have allowed for a significant drop in mortality due to this 

syndrome, however the prevalence of individuals who suffer from HF was acknowledged 

as an emerging epidemic 20 years ago (42).     
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Illustration 2.0 The Progression of Pathological Remodeling and Development of HFrEF A 

clockwise progression of the development of heart failure due to myocardial infarction, starting 

with the normal heart (left).  Myocardial Infarction, Reperfusion Therapy, Early Remodeling and 

Heart Failure (bottom).  Each stage has a description (limited) of classic signs and symptoms 

which are hallmark events during those time period. The rate of progression is determined on an 

individual basis.   
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Milestones in Cardiovascular Medicine and Research  

As previously described, the turn of the nineteenth to twentieth century gave rise to 

the birth of cardiology, and from its inception, cardiology has been a science–based clinical 

specialty.  Work from cardiac physiologists in the late 1800’s to early 1900’s gave rise to 

great understanding of the hearts’ electrical properties and how it functions as a pump.  

This work was led by individuals like Otto Frank (43)(Germany), Ernest Starling (44) 

(London) (Frank–Starling Mechanism), and Carl J. Wiggers (45) (Cleveland) (Wiggers 

Curve).  By the mid–20th century, cardiovascular disorders were observed more frequently 

as a disturbance to the normal physiology.  With that, novel treatments and clinical 

strategies were beginning to be implemented in 1960’s.  The idea of a coronary care unit 

(CCU) was a major implementation by Julian (46), a medical registrar in Edinburgh.  The 

concept was to place clinicians and medical trained staff in a single location to provide 

continuous monitoring, rapid response to adverse events.  This concept was well accepted 

in hospitals and decreased mortality in patients’ acute decompensation with secondary 

extensive myocardial damage (4).  A decade later the modern era of management for AMI 

was developed by the Soviet cardiologist Chazov and colleagues (47).  The idea of 

reperfusion therapy and the use of an anti–thrombotic (streptokinase) in the effected artery 

limited infarct size and mortality.  Subsequent angioplasty and primary stenting was 

introduced into practice for patients with AMI (48,49).  This too, helped with mortality 

from MI, and is part of the standard of care for a majority of patients who present with 

ACS.   
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 The development of cardiopulmonary bypass, really advanced cardiac surgery, 

allowing surgeon to stop the heart and repair congenital abnormalities and many developed 

cardiac disorders (50).  CABG was performed first by DeBakey (51), in 1964, in Houston.  

This allowed for the management of patients who presented with angina who were 

refractory to medical management and percutaneous interventions.  This also gave 

individuals with multiple vessel pathology that could not be rectified by angioplasty and 

opportunity for better survival.  Shortly thereafter, the first cardiac transplantation was 

performed in 1967 (52), and prolongs life for about ten years in patients with end–stage 

HF.  Due do a donor shortage, this option ‘cure’ is only available to a select few. 

Through the mid–twentieth century there was significant strides made in the 

pharmaceutical space.  The development of the first aldosterone inhibitors and ‘loop 

diuretics came about in the late 50’s early 60’s (53,54).  Vasodilator therapy for ADHF and 

long acting nitrates soon followed (55).  Angiotensin–converting enzyme (ACE) inhibitors 

(56), beta–blockers (57) were developed thereafter, and demonstrated improved prognosis 

in patients with HF who were administered these therapeutics.  Despite these milestones, 

HF is still incurable but can be well–managed given constant care with regular visitation 

to one’s cardiologist.  Basic and clinical research is unearthing novel treatment strategies 

with third and fourth generation pharmaceuticals and more targeted therapies that could 

alter the pathological structural and functional remodeling that occurs in post MI patients 

more effectively, potential halting their progression towards HF.  There also determining 

novel ways to improve function in those who are already suffering from HF, to help make 

what viable tissue remains, function more efficiently.        
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Novel Treatment Strategies and Therapeutics 

Pharmacological 

For ACS/ MI, clinicians are investigating the therapeutic efficacy of using already 

established pharmacological agents at different time points within the onset, diagnosis, and 

acute treatment setting, as adjunctive therapy to standard of care.  This is observed in a 

recent clinical trial, METOCARD–CNIC (58) which investigates the use of metoprolol (β–

blocker, IV) in patients who present to the emergency department, with STEMI, prior to 

reperfusion therapy.  Compared to placebo, patient in the treatment arm showed reduced 

infarct sizes and preserved ejection fraction at 7 days’ post MI.  Metoprolol in this study, 

when given preemptively, has a cardio–protective effect.  Furthermore, when given at 

FMC, prior to hospitalization, patients had a reduced long–term risk (6 month) of 

developing severe systolic dysfunction and a reduced hospitalization for HF (59,60).  

Clinicians are also investigating therapeutics that add additional beneficial effects to 

already used statins, before, during and after reperfusion therapy (61).   

 In the basic science arena, the inflammatory response due to atherogenesis and 

unstable plague formation, along with the initial ischemic event and the subsequent 

reperfusion, is drawing a lot of attention.  Those studying post–MI remodeling are 

recognizing the golden opportunity to modulate the immune response within plagues and 

during ischemia–reperfusion.  With respect to artherogenesis, the Cardiovascular 

Inflammation Reduction Trial (CIRT)(62) is investigating the therapeutic effects of an 

anti–inflammatory drug used in patients with rheumatoid arthritis and subsequent severe 

vascular outcomes post ACS.  Another clinical trial is investigating the inhibition of 
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interleukin–1, a pro–inflammatory cytokine, in a similar subset of patients (63).  With both 

trials ongoing, the field is eagerly awaiting for the results.   

With respect to post MI remodeling, matrix metalloproteases (MMPs) play a nodal 

role in the regulation of inflammation cytokines and extracellular matrix composition (64).  

In a large animal model of MI, MMP inhibition, with PD166793, attenuated the severity 

of LV dilation and infarct expansion late post MI and altered regional  expression of MMPs 

within the myocardium (65).  Manipulation of MMPs and other enzymatically active 

molecules are showing promising results in preclinical studies, however, translation into 

the clinic has occurred (66) but has yielded underwhelming success.        

With early diagnosis, and better therapeutics to attenuate symptoms of HF, the 

prevalence and population who suffer acute decompensation/ episodic HF is ever growing 

(28).  This presents, yet another unmet clinical need, in terms of efficacious therapeutics 

that do not have long–term consequences.  Classical positive inotropes work through 

signaling cascades that are inevitably altered in HF (67), and can exacerbate already 

deteriorating function by potential promoting further cell death (68), energetic and 

respiration imbalances within the myocardium (69).  Novel reagents that act through 

alternative pathways, or can enhance sensitivity to certain substrates (Ca2+) could have a 

positive impact on this population of patients.  Here within, will discuss the alternative use 

of ruboxistaurin (RBX), a PKCα/β inhibitor, which may be a pivotal negative regulator of 

sustained beta–adrenergic stimulation in the injured heart.  While first developed for 

macular edema (70), the compound was never fully developed for clinical use in the United 

States.  However, clinical trials demonstrated the safety of using RBX in patients.  Murine 
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models of cardiac disease (71,72) and large animal studies (73,74) discuss its’ therapeutic 

potential as a ‘refined’ positive inotrope, that does not directly act on the classical 

adrenergic signaling cascade (75).  With many preclinical studies performed, we eagerly 

await the approval of an early phase clinical trial utilizing RBX in ADHF patients.   

 Cardiac metabolism is also altered in patients with HF (76).  Therapeutic strategies 

to increase energy supply (77) and/or shift the substrate utilization (78) to increase cardiac 

efficiency are at the forefront of novel therapeutics both in clinical and basic cardiovascular 

research.  Clinical outcomes in patients who received trimetazidine, a partial fatty acid 

oxidation inhibitor, improved symptoms, function and clinical outcomes in HF patients 

(79).  Russell et al. (80) have investigated the role of peroxisome proliferator–activated 

receptor gamma (PPARγ) coactivator–1α promotion of biogenesis and reversibility of 

cardiomyopathy in a mouse model.  This field (cardiac metabolism) is ever evolving, and 

with the continued basic research, novel therapeutic targets will be identified and hopefully 

lead to the development of efficacious therapies.  With that, there is always the obstacle of 

targeting your therapy effectively to areas of dysregulation which will be the largest hurdle 

in translating novel molecular therapeutics to alter metabolism in the diseased heart.                     

Electromechanical Devices 

With an increased HF prevalence, a greater number of individuals who develop 

more chronic or severe symptoms are growing rapidly.  Roughly 50% of all patients, who 

have HF, die of sudden cardiac death due lethal arrhythmias or cardiac pump failure (4).  

Each of these events has been addressed by the collaborative work of bio–engineers, 

physiologist and clinicians, with the development of mechanical assist devices.  
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Implantable defibrillators (81) and pacemakers (82), for resynchronization and increased 

pump function, and ventricular assist devices (83), as a bridge to transplant have been 

utilized for several decades.  LVADs have rapidly developed into smaller, more efficient 

implantable devices that can now be used as a destination therapy (84,85).  The Impella® 

is an LVAD that can be placed percutaneously and provide effect pump function for those 

who are not suitable for transplantation, with respects to co–morbidities (obesity, age, 

etc.)(86).  This assist device, shows efficacy during resuscitation (87) and unloading of the 

heart during high risk PCI (88).    

Gene & Stem Cell Therapies 

Gene therapy is the transfer of specific genetic information into the host for 

therapeutic purposes.  This strategy was employed in the 1980’s with considerable 

excitement (89).  While animals studies were promising, initial clinical applications were 

halted upon the death a patients enrolled in clinical trials (90).  With this early turn of 

events, gene therapy went back to the bench, were greater expectation was placed on 

understanding the mechanism(s) and more diligent proof–of–concept work was performed.  

In spite of these set back, gene therapy has made a full recovery and is used clinically in 

Europe for monogenic disorders and lipoprotein lipase defects (91).  While HF is not 

monogenic by any means, genetic modifications are well established as contributors of, or 

the consequences of, pathology and are an attractive therapeutics target.  Recombinant 

adeno–associated viruses have shown great promise, having characteristics of low 

immunogenicity and prolonged cardiac expression (92).  The most interesting challenge is 

to determine the therapeutic target.  Genetic alterations are wide spread within 
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cardiovascular pathology, not surprisingly, altered Ca2+ regulation and cycling; along with 

beta–adrenergic receptor downregulation and/or desensitization are major targets.  

SERCA–2a is reduced in HF leading to reduce myocardial contractility.  Gene transfer was 

found to be efficacious in murine, pig and isolated cardiomyocytes from HFrEF patients 

(93).  While phase I and II clinical trials had positive outcomes (94,95), phase IIb trail was 

found to be neutral (96).  Other investigators have looked at Ca2+ cycling proteins, S100A1 

(97) and the beta–adrenergic receptor kinase carboxyl terminal (BARKct) peptide (98) in 

the hopes of improving β–adrenergic responsiveness in the viable myocardium of HF 

patients.  With major advances in technological algorithms, the ‘–omic’ sciences will give 

rise to novel therapeutic targets that may be well suited for gene therapy in the near future.  

A promising therapeutic, which has evolved rapidly since the turn of the century, 

has been stem cell therapy (99).  Adult stem cells are sub–populations of cells, found in 

multicellular organisms that carry three distinct features from other cells; [1] they have the 

potential to be self–renewing (giving rise to more stem cells), [2] clonogenic (the same 

exact cells) and [3] are multipotent (can differentiate into multiple other cell types).  An 

impressive number of adult stem cells have been used in basic and clinical research in the 

past 15 years.  Skeletal myoblast, unfractionated bone marrow mononuclear cells, 

mesenchymal stem cells and cardiac derived stem cells have all been used in clinical trials 

to date (100-103).  Stem cells are thought to have multiple therapeutic mechanisms as a 

clinical intervention for both MI and HF; the initial hypothesis was to implant stem cells 

for the sole purpose of trying to regenerate lost tissue after an ischemic event or over due 

to adverse remodeling over time, leading to HF.  Preliminary work, demonstrated the 
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ability of specific cell types to incorporate into the host myocardium after being 

transplanted (104).  However, this has given way, over the last several years, to the 

paracrine hypothesis; which states, that stem cells exert their therapeutic effects through 

the secretion of factors which promote survival, influence the immune response, promote 

revascularization of injured tissue, recruitment of endogenous stem cells, and promote 

proliferation of endogenous cell types (105).  Basic researches in both murine and large 

animal models of cardiovascular disease have had overwhelmingly positive results (106), 

yet, in contrast, clinical trials to date, have yielded more modest findings (107).  Several 

factor must be taken into account when translating stem cell therapy to the clinic, [1] each 

basic research model does not take into account the full scope of disease burden and co–

morbidities associated with disease in humans, [2] the variation in magnitude of disease 

burden in humans is much greater than that observed in our controlled research 

environment, [3] research and clinical end–points vary widely, with no real uniformity 

between disciplines (108).  Basic research in the field of cardiac regeneration and the use 

of stem cell therapy as a novel intervention must continue in order to better understand the 

mechanisms by which each cell type is beneficial in an attempt to harness those 

characteristics to yield the most effective therapeutic intervention possible.   
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CHAPTER 2 

STEM CELL THERAPY FOR THE HEART 

History 

Currently, one of the most impressive aspects of stem cell therapy for the heart is 

the wide variety of cell types that could be considered as potential candidates through 

preclinical (Table 1.) and clinical research (Table 2.).  This reflects the true unmet need for 

a therapeutic avenue to be developed in order to treat and prevent the progression and 

manifestation of heart failure in patients who suffer cardiac injuries, like myocardial 

infarction.  Here, we discuss endogenous cardiac regeneration and some of the more 

popular cell types that are being looked at as potential candidates for cell–based therapy.   

Cardiac Regeneration 

The heart has a limited capacity for repair itself after injury (109) and is the basis 

for cardiac dysfunction after ischemic insult. Why the heart has such a limited ability to 

repair itself, and how cell therapy might enhance repair is an important topic in need of 

further study. Most questions about cardiac regeneration are still not resolved. 

Interestingly, fish and other less developed species have an ability to regenerate lost 

portions of their hearts, primarily via proliferation of surviving myocytes that reenter the 

cell cycle (110,111) post insult. This characteristic is also present in the fetal and early 

neonatal mammalian heart (112), but is generally absent in adult mammalian human heart 

tissue.  Regardless of the robustness of endogenous cardiac repair it is clear that the adult 

human heart cannot repair itself after multiple forms of injury and this leads to heart failure.  
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Adult cardiac myocytes are largely withdrawn from the cell cycle.  Therefore, the 

loss of myocytes with disease requires new myocyte formation to prevent cardiac 

functional decline.  New myocytes could be derived from endogenous myocytes that 

reenter the cell cycle (113-115) or from a stem cell population with cardiogenic capacity 

(104,116-119).  Some laboratories have demonstrated there is a small rate of turnover in 

myocytes in the adult heart (120-122) but not at a sufficient rate to repair the heart back to 

basal functional levels post injury.  Other than cardiac transplantation, there is no therapy 

which ultimately addresses the structural abnormalities and cardiac dysfunction caused by 

myocardial injury.  The fundamental principle that the human heart does not have an 

adequate endogenous repair mechanism has led to the discovery of isolating adult stem 

cells for use as a therapeutic for treating and preventing heart failure which has exploded 

in the scientific research community and has given a new sense of hope to the idea of cell–

mediated repair of the heart.   

Stem Cell Populations for Cardiac Regeneration – Basic and Clinical Research 

Bone Marrow–derived Stem Cells 

The bone marrow is a diverse tissue that houses many cell types, including a variety 

of stem cells (123-127).  Due to the ease of acquisition, with already approved clinical 

methods and their relatively high abundance, bone marrow–derived stem cells have been 

and continue to be investigated as a possible source of cells that can be applied towards 

cardiac regeneration.  This cell source is one of the most widely examined in pre–clinical 

experimentation and clinical trials to date.  Here, we outline the major populations and their 

potential as cell therapy. 
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Host
Route of 

Administration
Outcomes

↑ LV function

Mice IM Transdifferentiation

↑ LV function, ↓ Scar

↓ Brain Natriuretic 

Neovascularization

Sheep IM No Δ LVEF or 

↓ Scar

Transdifferentiation

Angiogenesis

Mice IM No transdifferentiation

↑ LV function, ↓ Scar

  Transdifferentiation

↑ LV function, ↓ Scar

Transdifferentiation

Homing of endogenous 

↑ LV function

↓ Remodeling

↑ LV function, ↓ Scar

Transdifferentiation

Angiogenesis

↑ LV function, ↓ Scar

Angiogenesis

↑ LV function

Transdifferentiation

Angiogenesis

↑ LV function

↓ Remodeling

Transdifferentiation

↑ LV function

↓ Scar

Transdifferentiation

Angiogenesis

↑ LV Function

↓ Remodeling

Transdifferentiation

Table 1. Overview of Animal Studies with Stem Cell Therapy 

Bone marrow mononuclear cells (BMMNCs)

Orlic et al.
131 Ligation of LAD

Mathieu et al.
132 Dog Ligation of LAD IM

Bel et al.
133 Ligation of CX

Waksman et al.
61 Pig Permanent Occlusion IM

Bone marrow-derived hematopoietic stem cells (HSCs)

I/R IM

Balsam et al.
142 Ligation of LAD

Kajstura et al.
143 Mice Ligation of LAD IM

IM

Quevedo et al.
162 Pig I/R IM

IM

Cardiac Stem Cells (CSCs)

Linke et al.
173 Dog Occlusion of LAD IM

IM

Fischer et al.
176 Mice Ligation of LAD IM

Etiology of 

Dysfunction
Study

Beltrami et al.
178 Rat Ligation of LAD

Schuleri et al.
163 Pig I/R

Cai et al.
161 Rat Ligation LAD

Mesenchymal stem cells (MSCs)

Hatzistergos 

et al.
158 Pig

↑ indicates increase; ↓ indicates decrease; No Δ indicates change; CX, circumflex coronary artery; LAD, 

left anterior descending coronary artery; I/R, ischemia-reperfusion; LV, left ventricle; IM, 

intramyocardial; IC, intracoronary

Li et al.
179 Mice I/R IC
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Unfractionated Bone Marrow Mononuclear Cells (BMMNCs) 

BMMNCs are a heterogeneous mixture of multiple cell types (hematopoietic stem 

cells [HSCs], mesenchymal stem cells [MSCs], endothelial progenitors, and other more 

committed cell population) (123,128-130).  Through a density gradient centrifugation, 

BMMNCs are isolated easily from whole bone marrow fraction.  With the easy of isolation 

and low maintenance in vitro, these cells have been utilized as a source of cell therapy in 

many animal models.  In the acute MI setting, BMMNCs have shown much promise 

(131,132).  In contrast under chronic conditions of heart failure, the jury is still out; 

conflicting results in large animal models (132-134) and smaller scale preliminary clinical 

trials (101,135,136) still leave many questions as to the true mechanism(s) of action and 

the efficacy of this cell population.  In a pig (134) model of heart failure,  transplantation 

of BMMNCs provided no therapeutic benefit in terms of left ventricular (LV)  function, 

but the study described an increase in angiogenesis and reduced infarct size.  In another 

large animal study post infarct (132),  BMMNC therapy showed an improvement in LV 

function, and reduced pro–brain natriuretic peptides (BNP) levels in the plasma, will also 

sparking angiogenesis.   

In the clinical arena, the results have been similar to the observations in the basic 

research community. The first clinical evaluation of BMMNCs as a therapeutic was 

performed by Perin et al (101); 21 patients were enrolled (14 cell–treated and 7 control). 

Functional improvements were observed at 2–4 months; in patients receiving cell therapy 

there was a 9% increase in LVEF as compared to baseline and a reduction in the end–

systolic volume (101). Subsequent other trials confirmed these observations of improved 
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cardiac function with intramyocardial injection of BMMNCs (135).  In contrast, when cell 

were injected directly in the core of the damage region in 20 patients all beneficial effects 

were negated, there was no significant difference in LVEF or wall thickness by MRI (137).  

These vastly different outcomes have many factors which may be playing a role in the 

results obtained, particularly the location of the injected cells.  The microenvironment plays 

a pivotal role in the efficacy and any potential benefit cell therapy may have, as observed 

in these contrasting clinical trials (one with injection into the border zone of the infarct and 

the other into the core). In studies, which investigated the role of BMMNC therapy for 

non–ischemic cardiomyopathies there were promising results (138).  BMMNCs therapy 

increase the regional LV function and improved microvascular function in Transplantation 

of Progenitor Cells and Recovery of Left Ventricular Function In Patients With Non–

ischemic Dilative Cardiomyopathy (TOPCARE–DCM), which enrolled 33 patients to 

receive intracoronary administration of BMMNCs (138).   

Studies of BMMNCs as a viable option for cell therapy have yielded inconsistent 

results both at the bench and in small scaled clinical trials; this is largely due to the 

heterogeneity of the cell population and the yield of actual progenitors from each isolation.  

Larger scale trial’s must be run in order truly understand what effect(s) this cell type may 

be having as an option for cardiac regenerative therapy.             

Hematopoietic Stem Cells (HSCs) 

Hematopoietic stem cells reside within the bone marrow and commit to two 

different cell lineages, myeloid and lymphoid.  The major cell surface marker which is used 

to distinguish this subpopulation of cells from other progenitors which reside is in the bone 
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marrow is cluster differentiation 34 (CD34) (139-141); a transmembrane cell adhesion 

protein that has implicated in the literature to denote stem cells which has a hematopoietic 

or vascular lineage.  HSCs are mobilized from the bone marrow into the peripheral blood 

during ischemic events to begin the process which leads to revascularization (124).  

Researchers and clinicians felt that by isolating this population of cells and reintroducing 

them in more concentrated numbers would promote greater revascularization than 

observed by endogenous mechanisms post cardiac injury (124,142,143). 

Numerous clinical trials have been performed evaluating CD34+ cells in patients 

with both ischemic (144) and non–ischemic (125,127) cardiomyopathy.  Vrtovec et al 

(127), looked to understand the beneficial effects of this cell population against non–

ischemic cardiomyopathy by delivering the cells intracoronary to 55 of the 110 patients 

enrolled; this led to a ~5% increase in LVEF, improvement in the 6–minute walk test and 

decreased pro–brain natriuretic peptide plasma levels.  A 5–year follow up study was able 

to demonstrate that the transplantation of these cells had an effect over a sustained period 

much longer than most trials (125).  The true mechanism by which this population of cells 

is having an effect is still not understood, but the major consensus amongst those in the 

field would be an increase in perfusion via revascularization.  Preliminary clinical work 

with CD34+ hematopoietic cells is promising for both ischemic and non–ischemic 

cardiomyopathy, as with most of the cell types discussed here, a major limitation is the 

small sample sizes in these trials and lack of understanding as to the mechanism of action, 

which is due to an inability to apply standard methods utilized in basic research, towards 
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human patients (i.e. immunohistochemistry, fluorescent microscopy and molecular 

analysis) post cell therapy delivery.    

An important issue concerning this cell population is the fact that only autologous 

transplantations have been performed.  For HF patients who has been enrolled in such 

clinical trials to date, this resident population of cells can be easily harvested and utilized 

for cell based therapy, however, in the context of MI and cell delivery immediately post 

reperfusion, an “off the shelf” cell therapy is more advantageous.  Other populations within 

the bone marrow do exist and do not have to be autologous in nature for transplantation. 

Mesenchymal Stem Cells (MSCs) 

Bone–marrow derived mesenchymal stem cells (MSCs) are a sub–population of 

cells characterized by their adherence in culture (145). They also have begun to 

characterize a host of cell surface marker which identifies this population within isolated 

bone marrow.  The majority of MSCs express CD29, CD73, CD90 and CD105 while being 

negative for hematopoietic lineage markers CD34 and CD45 (145,146).  Others have 

demonstrated subpopulations within the mesenchymal stem cells which express these 

markers and a plethora of others (147,148).  The multipotentiality of these cells to 

differentiate into osteoblast, chondrocytes, adipocytes in vitro (149-152) is well 

documented and cardiomyocytes in vivo (153-155), which is still controversial (156).  

Paracrine signaling is one of the major mechanisms thought to elicit improvement by MSC 

therapy (157,158) in the heart. This is due to release of numerous growth– (158), anti–

apoptotic– (105,159), and/or angiogenic– (160,161) factors helping protect the 

myocardium and augment some of the adverse remodeling. Furthermore, MSC 
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demonstrate a capacity to engraft in a large animal model of MI (162-164) and have shown 

an ability to evade immune rejection (165-168). In recent studies, results indicate MSC 

contributed directly to inhibition of inflammatory responses (169,170) which may be the 

mechanism behind the observed reduction in scar size in both animal models and clinical 

trials (163,171,172). While there is still skepticism, this characteristic could allow MSCs 

to be used as an allogeneic source of cells, overcoming the need for isolation and expansion 

of autologous cell sources. 

With many clinical trials looking to understand the beneficial effect of numerous 

different cell types in patient suffering from cardiac related dysfunction, MSCs in recent 

years has become more popular for translational applications in patients  (171,172). Hare 

et al (171), investigated MSC’s and their effect(s) on 15 of the 30 patient enrolled in the 

clinical trial Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis 

(POSEIDON).  This trial look to see if there was any dose dependent effect of MSC’s in 

patients who were suffering from ischemic cardiomyopathy (ICM).  The data 

demonstrated, at all three doses, that MSC administration was favorable when measuring 

end–points of quality of life, functional capacity and ventricular remodeling (171).  

Krantalis et al (172), in the Prospective Randomized Study of Mesenchymal Stem Cells 

Therapy in Patients Undergoing Cardiac Surgery (PROMETHEUS) trial, investigated the 

injection of MSC’s in six patients receiving coronary artery bypass graft surgery (CABG).  

Those regions of the myocardium which received cell therapy demonstrated a decrease in 

scar mass compared with baseline at 18-month follow–up (172).  An overwhelming 

number of clinical trials that are ‘recruiting’ encompass MSC’s therapy exclusively or as 
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part of their treatment strategy (99).  At this point, MSC’s are becoming more promising 

for clinical applications and widely investigated for the utility of cardiac regeneration in 

the clinical setting.          

Cardiac–derived Stem Cells  

Cardiac–derived stem cells (CDCs) have also been in the spot light of animal 

investigations and recently, clinical trials (103,173-178). The discovery that the heart is in 

fact an organ which has the ability to have cellular turnover and renewal (both of myocytes 

and non–myocytes) refutes the long withstanding dogma that the heart is a post–mitotic 

organ.  This renewal is thought to be derived from a population of stem cells which reside 

as niches within the myocardium (173).  New methodology has been developed over the 

last decade to isolate (178) and characterize these cells in vitro (174,178) and investigate 

their therapeutic potential.  The isolation of CSCs has given hope that these cells will be 

predisposed to an increased probability of neomyogenesis as compared to other cell types 

discussed previously. 

Ckit (+) / Hematopoietic lineage (–) CSCs 

This cell population was first described in 2003 by Beltrami et al, cells were isolated 

from a rodent heart (178).  The manuscript describes a cell population isolated from cardiac 

tissue that expressed a tyrosine kinase receptor c–kit, now a known marker of stemness 

(178).  This population not only fit the classical definition of a ‘stem cell’ (self–renewing, 

clonogenic and multipotent) but also differentiated into cardiomyocytes, smooth muscle 

cells and endothelial cells in vitro and in vivo (173,174,178).  Human cardiac c–kit+ cells 

were isolated some four years later (174).  Since then, injection of isolated c–kit+ CSCs 
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and studying the beneficial effects has been overwhelming; multiple laboratories and basic 

research studies have demonstrated that post injection an alleviation of LV dysfunction and 

adverse remodeling, while showing the elicit response of regeneration due to injection 

(116,176,179).  With such positive outcomes in rodent models (176,179,180), this cell type 

was soon moved to a preclinical large animal model. Bolli et al (181), investigate the role 

on intracoronary infusion of CSCs 3 months post–MI and found a significant difference in 

LVEF as compared to vehicle treated animals, while demonstrating increased wall 

thickness and beneficial changes in the maximal developed pressure, as well as, a lower 

diastolic pressure.  With that, this work in the large animal model laid the ground work for 

a human clinical trial investigating the efficacy and safety of CSC’s in patients.  The Stem 

Cell Infusion in Patients with CardiOmypathy (SCIPIO) clinical trial update discussed the 

infusion into the coronary circulation, 1 million c–kit+/ lineage – CSC’s into 16 patients 

with LV dysfunction (103).  The authors concluded that these cells produced better LV 

systolic function through reduction of scare size in patients with MI, and further clinical 

trials should be performed (103).  With promising results in the phase I trial, CSCs are 

bidding to become the superior choice in choosing a cell type for cardiac cell therapy.     

Cardiosphere–derived Stem Cells 

 Cardiosphere –derived cells are a heterogenous population of cells derived from 

cardiac tissue with a specific isolation and expansion protocol (182).  The exhibit the 

capacity to be multi–lineage (183) and work primarily through indirect mechanism(s) 

(paracrine effects) (184).  This cell–based therapy works in a similar fashion to MSCs.  The 

initial limitation was the use of autologous transplantation (182); now, allogenic  
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cardiosphere–derived cells have been used in rodent (185), swine (186) models of CVD 

and are currently in clinical trial (187) (http://clinicaltrials.gov/show/NCT01458405).  

While this cardiac derived cell–based therapy has shown promise, truly understanding is 

therapeutic potential will come from better designed preclinical translational experiments, 

and clinical trials.  The other limitation is that this therapeutic is essential a “mixed–bag”, 

which could both be advantageous and deleterious.          

Cortical Bone Stem Cells 

While most have either look at the blood, bone marrow or cardiac tissue for adult 

stem cell populations, we have taken a novel approach.  We began to investigate the 

therapeutic potential of a population of cells derived from the cortical bone, named – 

cortical bone stem cells (CBSCs).  These cells are isolated from mechanical and enzymatic 

digestion of the bone.  The initial population is intrinsically heterogenous, over time we 

begin to yield a highly proliferative, spindle–shaped cell population, which fulfill the 

definition of a “stem cell” (188).  We have shown in vitro, that our cells possess 

characteristics which make them superior for therapeutic use in the heart as compared to 

cardiac–derived cells and MSCs (188), which have both been tested in phase I and early 

phase II clinical trials.  In a murine MI model, we demonstrate the these cells increase 

survival, reduce scar size and pathological remodeling, while promoting angiogenesis and 

some regeneration of the myocardium (189).  The work discussed within, looks at the 

translational application of this cell type as a novel allogenic cell therapy in a preclinical 

large animal model.  While each cell is unique in its’ intrinsic characteristics and features 
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that may lend to it being a viable cell therapeutic, other factors such as technique and time 

of delivery are as important in harnessing cell therapy to its greatest potential.       

Stem Cells Delivery Techniques 

 Delivery method is as important as the cell type chosen for cell therapy after MI or 

for HF patients.  Intravenous, intracoronary and intramyocardial are the three major routes 

of delivery cell therapeutics to the heat.  Each technique has been used in preclinical large 

animal models (164,190-192) and in early phase I and II clinical trials 

(102,103,157,171,193).  Here, I discuss the advantages and disadvantages of these three 

delivery techniques.  

Intravenous 

Intravenous (IV) administration of stem cell would be the most rapid and minimally 

invasive technique for delivery.  This allows for potentially immediate delivery of cells 

upon diagnosing cardiac injury and could be performed in more remote settings, and at 

significantly lower cost; however, localization of the cells to the heart becomes a major 

concern.  Most cells after IV deliver are found in the liver, lungs or spleen (194).  Clinically 

relevant cell types (MSCs) have been infused IV before (193).   With that, there are several 

alternative techniques that can be implemented in parallel with other routinely performed 

interventions.   

Intracoronary  

Patients who present with ACS and fit the criteria for reperfusion therapy have a 

percutaneous catheter intervention (PCI).  This catheter–based intervention uses a 

minimally invasive technique to access the effected coronary vasculature and reperfusion 
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the occluded vessel.  This allows for direct access to the ischemic region of the heart and a 

prime delivery technique to better localize cell administration.  Investigators who have 

implemented this technique also suggest that the endogenous vasculature permits a more 

homogenous local distribution of the cells being delivered (179).  With that, numerous 

preclinical studies and clinical trials have been performed using intracoronary delivery 

(160,177,179,181,195-197).  Despite safety and relatively modest efficacy, cell which do 

not extravasate, will inevitably be flushed out of the heart.  The solution for this concern is 

to perform intramyocardial injection.   

Intramyocardial  

Intramyocardial injection is the most assured way to deliver stem cell therapy to 

the heart; either through catheter–based transendocardial injection, or through open chest 

epicardial delivery.  Each technique has been used in preclinical studies or clinical trials 

that recapitulate opportunities when clinicians could apply this technique (either during 

PCI or cardiac surgery (101,121,134,163,198).  Transepicardial injection is only performed 

in patients undergoing open chest cardiac surgery (199).  This allows for a direct sightline 

to the region of interest and verification that the stem cells were delivered accurately.   

For transendocardial injection, again, during the PCI, the clinician has a window of 

opportunity to localize cell–based therapy directly into the heart.  This can be done with a 

catheter–based injection system, NOGA ® (Johnson & Johnson, Biosense Webster), which 

is the primary delivery system for clinical application (135,200).  This electrophysiological 

based system, gives the user a 3–dimensional rendering of the LV chamber that can be used 

as a guide for the delivery of the cells with the NOGA MYOSTAR ® injection catheter.  
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With direct endocardial inject you can confirm localization of therapeutic to the region of 

interest and get relatively good distribution (201).  This technique, aside from 

intracoronary, is the most utilized delivery method (101,198,202-204).  I believe that this 

delivery technique (intramyocardial [transendocardial]) is the most efficacious way to 

deliver biological therapeutics. 

Mechanism(s) of Action 

With the plethora of basic science and clinical research performed on isolating and 

characterizing a number of adult stem cells to be utilized for cardiac cell therapy in the past 

two decades, we as a field still do not know which cell type, and/or combination of cells 

will be most beneficial.  The work has yielded some rewards despite most questions still 

not having answers; we now understand that multiple tissues have population of stem cells 

that have the capacity to be beneficial towards heart function post injury and inhibit adverse 

remodeling, while improving quality of life in patients suffering from many different 

cardiac disease states (103,105,121,127,131,140,160,162,163,171,181,205,206).  Despite 

not fully understanding the mechanism of action, the field has a general consensus on ways 

in which stem cell therapy is working to improve cardiac function; (Illustration 3.0) animal 

studies have shown beneficial effects of stem cell therapy through paracrine factor 

secretion (105,157,158), transdifferentiation into multiple cell types which help to improve 

cardiac function (207,208) and through homing of endogenous stem cells to the site of 

injury (126,158).  The cell types discussed above do not all work with the same mechanism 

of action; it has been demonstrated that MSCs most likely work through paracrine factor 

production and secretion (123,163,209-212), while BMMNCs and CSCs have the ability 
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to form new blood vessels for better perfusion 

(101,124,126,130,136,142,143,147,154,173,176,178,179,197,213) and create new 

myocyte from transplanted cells (103,104,116,175,179-181,214-216).   Below are the 

major mechanisms and how they may be beneficial towards inhibition or repair of cardiac 

damage.   

Transdifferentiation 

Myogenesis 

The logical explanation for using stem cell therapy to repair the heart is the idea in which 

transplanted cells will form new myocardium replacing lost or damage tissue.  As obvious 

as this may seem, data acquired thus far in the field of cardiac regeneration would suggest 

that little transdifferentiation is actually occurring, and that this is probably the least likely 

mechanism of action for the observed improvements post therapy.  Much of the debate still 

goes on as to the amount or proportion of beneficial effects that should be attributed 

towards transdifferentiation.  Still highly controversial is the notion that cell populations 

derived from the bone marrow (HSC’s, MSC’s and CD34+ SC’s) form new cardiac 

myocytes;  numerous laboratories have evidence supporting such notions (119,217), while  

others contest these conclusions (142,218).  Alternatively, some suggest that the 

mechanism of action is fusion of the injected cells with endogenous surviving myocytes 

(219,220).  Discussed in more detail below, most would agree that the major mechanism 

of action may be paracrine factor production and secretion (105,159).  While in the acute 

MI disease model, there is strong evidence for transdifferentiation (173,178,221-223); in 

the post–MI HF large animal model the data would suggest that the amount of  
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Illustration 3.0.  Proposed mechanisms of stem cell mediated repair.   Transplantation of stem 
cells into the heart initiates repair of damaged tissue.  The hypothesized repair mechanisms are 
both direct and indirect; transdifferentiation of stem cells into new cardiomyocytes and vascular 
cells, inhibition of apoptosis, mobilization of endogenous stem cell populations, alterations in 
ECM remodeling, and neovascularization.  Collectively, these processes reduce adverse cardiac 
remodeling, increase the possibility of perfusion, repair/regenerate damaged tissues and 
ultimately improve left ventricular cardiac pump function & patients clinical endpoints.  
Illustration Credit: Thomas E. Sharp III   

 



37 

 

transdifferentiation observed is insufficient to explain the significant increase in cardiac 

function post injury and after therapeutic intervention (181).  In recent years, the debate 

has turned more towards understanding the proportion of new myocyte formation in the 

different cell types (discussed above) and how the quantification of this transdifferentiation 

is proportionate or disproportionate to the improved cardiac function.   

Neovascularization 

The creation of new blood vessels, de novo, may be of great benefit to patients who 

suffer from chronic or persistent coronary occlusion which develops into ischemic 

cardiomyopathy.  Several stem cell populations have shown to differentiate and form new 

vasculature (104,181).  The general consensus, is that of the two (myogenesis and 

neovascularization) the latter is more probably upon transplantation of a variety of cell – 

based therapies (224,225).  Researchers are investigating the mechanism(s) behind 

transdifferentiation to promote this action and to see if it could occur with a higher 

probability, thereby making stem cell therapy more efficacious.  What may be the most 

important mechanism or alternative action, which has allowed for the most benefit, is 

paracrine factor production/secretion and signaling.      

Paracrine Hypothesis 

In reality, the inability (up to now) to solidify the mechanism of action by which 

stem cells act on the heart has led to great emphasis on the paracrine hypothesis (105).  This 

concept hypothesizes that transplanted cells modulate the myocardial milieu in the injury 

site by secreting factor that signal to the surrounding cells and tissue(s).  Paracrine signal 

may in fact promote a multitude of reparative and regenerative processes, like: promoting 
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cell survival, the inhibition of cell apoptosis, promotion a new blood vessel formation, 

favorable changes to the extracellular matrix (ECM), modulation of the inflammatory 

response which occurs upon injury and activation/homing of endogenous stem cell 

populations to the site of injury.  This signaling can also play a key role in the ability for 

transplanted stem cells to thrive in a harsh environment by autocrine signaling and positive 

feedback loops.  In concert, these actions promote better LV function and slower 

progression of remodeling and development of heart failure.  

Cell Survival and Inhibition of Apoptosis 

Numerous basic research studies have suggested the production and secretion of 

paracrine factors (like, insulin like growth factor–1 [IGF1) and secreted frizzled–related 

protein–2 [SFRP2]) inhibit cardiomyocyte apoptosis (159,226).  Another parameter which 

may assist in the pro–survival hypothesis is the modulatory effect of the stem cells towards 

the immune response (159,170,227).  In augmenting the immune response one could 

postulate less activation of the positive feedback loop within the innate and adaptive 

immune responses to cardiac injury.  This in turn, would limit cell death and deposition of 

ECM proteins, which could potential preserve the myocardium and LV function.                

Angiogenesis 

In a recent study of a rodent model of MI, Duran et al (189) was able to demonstrate 

the production of specific paracrine factors by stem cells which promote angiogenesis and 

incorporation of stem cells into newly formed vasculature in vivo.  Multiple cell 

populations have been described as producing angiogenic factor such as: fibroblast growth 

factor–2 & –7 (FGF) (106), platelet–derived growth factor (PDGF) (228) and vascular 
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endothelial growth factor (VEGF) (105,106).  Angiogenesis remains a main stay in terms 

of being one of the key components to cell–based therapeutics.  Individuals, who suffer 

from ACS, usually have progressive CAD in one or more coronary vessels.  Development 

of collateral circulation surpassing the areas of CAD could be a major advantage and limit 

the cases or recurrence of ACS.   

Extracellular Matrix Remodeling 

Under the paracrine hypothesis, stem cells have been ascribed the ability to 

augment deleterious alterations in the ECM (228-231).  Post stem cell therapy has shown 

in rodent models of MI to reduce scar size, reduce fibrosis and subsequently inhibition of 

LV remodeling (106,123,196,211,231-233).  In preclinical large animal models of ACS 

and HF similar findings have been observed (164,192,203).  Stem cell therapy may secrete 

or induce the inhibition of enzymatic activity of ECM remodeling cell types and proteins 

post MI (234,235).  While initial scar formation is necessary to protect the ischemic zone 

from rupture, and to promote wall stabilize, this scar expansion upon reperfusion may be 

deleterious under chronic conditions.  Stem cell therapy may be able to augment this scar 

expansion thereby protecting viable tissue that otherwise may be lost.  Diffuse fibrosis 

throughout the viable tissue is directly related to disease burden (236), and could potential 

be offset by cell–based therapeutics which modulate acute change, subsequently altering 

chronic effects.      

Homing of Endogenous Progenitor Cells  

With a wide variety of paracrine factors being produced by stem cells, specific 

factors have been implicated in mobilizing and homing endogenous stem cells pools to the 
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site of injury or sites of transplantation of exogenous cells (158,196).  Such factor include: 

stem cell–derived factor (SDF) (228), hepatocyte growth factor (HGF) and IGF (105,159).  

These factor collectively permit endogenous stem cell homing, proliferation and 

differentiation into myocardial cell types (myocytes and vascular cells), concurrently with 

some of the other beneficial effects observed with such factors as IGF (which has 

demonstrated to be pro–survival (159)).   

Autocrine Signaling 

While the paracrine signaling, hypothesis discusses the therapeutic nature of 

growth factor signaling on endogenous tissue(s), the hypothesis has also given rise to 

scientific investigation of this signaling on the cells which produces them.  Many 

laboratories have demonstrated that autocrine signaling of growth factors and factors of 

stemness are necessary for self–renewal, maintenance, survival and growth.  FGF (237-

239) has been shown to drive self–renewal, inhibit cellular senescence and inhibit 

apoptosis.  While others have demonstrated that SDF plays a critical role in survival and 

maintenance of the stem cell(s) (240).  This paracrine/autocrine signaling may help 

enhance the other effects that transplanted cells may have on endogenous tissue by 

allowing the transplanted cells to be retained and produce more of these factors, while also 

enhancing the possibility of trans–differentiation, due to longer retention.      

While these major mechanisms of action are being vetted in animal models, one 

thing has become certain; the therapeutic benefit of stem cells is not exclusively made up 

of a single mechanism but more likely multi–factorial and in different proportions 

depending on the stem cell population chosen for therapeutic intervention.   
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Immune Response Modulation 

 Most recently the field has moved towards trying to understand how stem cell 

therapy modulates the initial (innate) immune response that occurs upon reperfusion injury 

(241) and the subsequent chronic (adaptive) immune response which provides the basis for 

many of the major structural remodeling events observed post MI.  The innate immune 

response is conserved among mammalian species and initiates a quick response to 

pathogens or myocardial injury like myocyte death, whereas the adaptive immune response 

recognizes antigens and produces antibodies.  The activation and regulation of these two 

responses within the heart is dependent on the upregulation or downregulation of pro– and 

anti–inflammatory cytokines.  The innate immune response is activated post MI for 

maintaining homeostasis within the organ, however dysregulation or over activation 

promotes pathological remodeling which leads to HF (242).  The spatial and temporal 

regulation of this response within the heart is not well understood, but basic research 

suggests that stem cell therapy may play a beneficial role in augmenting or inhibiting this 

response.  Paracrine factors secreted by transplanted stem cells may modulate the 

recruitment, activation, proliferation and kinetics of the post MI immune responses.  MSCs 

have been reported to reduce the production of pro–inflammatory cytokines (TNF–α, IL1β, 

IL6) (243).  Further evidence, suggested that MSCs reduce LV remodeling through a 

reduction in the number of CD68+ inflammatory cells (244).  When discussing an adaptive 

or chronic immune response modulation, stem cells reduced the proliferation of T 

lymphocytes in vitro (245) , suggesting a role of stem cell therapy for the sustained chronic 

immune response observe in HF patients.  Suppression of this subset of cells may also limit 
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the amount of focal and diffuse fibrosis observed after MI and in HF patients.  Immuno–

modulation is a reasonable and plausible paracrine factor–based mechanism for the 

observed beneficial effects of stem cell therapy in the heart.         

Discussion 

Over the past two decades, many stem cell types have been explored as potential 

therapeutics for individuals who suffer an MI, which leads to progressive remodeling and 

subsequently HF.  Despite the number of cell types and the development of stem cells as a 

therapy in early phase I and II clinical trials, there are many questions which remain 

unanswered.  Further studies are necessary to understand the optimal time(s) and route of 

delivery, and the stem cell type(s) which will be most efficacious for a variety of diseases, 

and syndromes (i.e. CAD, IHD, HF, Non–ischemic –, dilated–, hypertrophic– 

cardiomyopathies, etc.).  For certain, the energy and enthusiasm of those who perform this 

research, will inevitably lead to profound changes in the way stem cells are understood as 

a therapeutic. 
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CHAPTER 3 

SWINE MODELS OF CARDIOVASCULAR DISEASE 

Introduction 

 Cardiovascular related diseases are a major health concern nationally and 

internationally.  Due to the prevalence and increased proportion of the population that are 

projected to suffer from some cardiovascular–related disease, this topic is of importance to 

biomedical research.  While small animal models allow for exploration in novel targets, 

mechanism and signaling, large animal models permit the assessment of the safety and 

efficacy of novel therapeutics and treatment strategies in a cardiovascular system which 

mimics the anatomy and physiology of humans (246).  Additionally, these large animal 

models allow for real–time training scenarios for those looking to refine their clinical skill 

set.  There are many large animal models, including but not limited to: rabbits (247), feline 

(116), dog (233)and swine (162).  Each presents a unique set of qualities that create 

advantages and limitations when developing and executing the model.  With rabbits and 

feline, it is hard to use clinically relevant tools because these models are smaller in size.  In 

contrast, farm pigs grow to a size that makes them too large to perform some clinical 

applicable functional assessments (i.e. MRI) (246).  Understanding the biomedical research 

question that is trying to answered plays a key role in choosing the proper animal model.  

Here, I discuss the pros and cons of performing cardiovascular–related biomedical research 

and training in swine models which allow for clinically relevant translation of novel 

therapies, devices and techniques. 
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 Swine models of cardiovascular disease are an important tool in biomedical 

research.  Swine are very similar to humans, with respect to cardiovascular anatomy, 

coronary artery distribution, cardiac metabolism and ventricular function, and 

compensatory mechanisms to combat cardiovascular insults (246).  There are several 

breeds which are available to researchers, again, depending on the question and type of 

research being proposed.  The domestic farm pig is usually suited for short–term studies, 

due to high availability, low cost and their substantial growth rate as they age.  While mini–

pig models are preferred for studies which look to follow–up and perform serial 

measurements over time after the model is created.  This comes at an increased cost, but 

with much slower growth rates they are more easily handled and compensatory growth 

does not need to be factored into changes observed post insult ± intervention.  In 

cardiovascular research, swine are primarily used for modeling acute myocardial 

infarction, which can subsequently, without intervention, lead to models of heart failure.  

In this chapter I will discuss these models and others in context of utilizing swine for 

cardiovascular research.          

Acute Myocardial Infarction Model 

IHD commonly results in MI (248).  MI causes the death of affected cardiac 

myocytes and supporting tissues, leading to pathological cardiac remodeling and depressed 

cardiac pump function, subsequently leading to HFrEF.  Current standard of care for MI is 

to reopen the occluded coronary vessel.  This clinical scenario is emulated in the swine 

model of MI, either through a closed–chest or open–chest procedure.  Our research utilized 

a percutaneous approach to the creation of an MI.  This model is preferred because it keeps 
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the anatomy intact, as seen in the human condition (249).  There is also an open chest 

procedure which is less favorable to the prior.   This technique lends itself to altering the 

basic physiology, due to anatomical changes, and a greater chance of infection with the 

invasiveness of the procedure.  The closed–chest procedure is performed with a 

percutaneous approach through the femoral artery.  This approach relies on a catheter–

based deployment of a transluminal angioplasty balloon catheter.  Other percutaneous 

techniques to create MI deploy coils (250) or microbeads (251) to create emboli, or the 

administration of ethanol to the specified coronary distribution (252).  In utilizing the 

PTCA approach, it allows us quicker and cleaner procedures, with less recovery time and 

greater survival.  When we perform this procedure, we utilize an angioplasty balloon with 

a diameter between 2–3mm and a length of 1–2 cm.  Once the left anterior descending 

coronary access is achieved, the balloon is placed distal to the first diagonal branch.  The 

balloon is inflated for 90 minutes, and then reperfusion is permitted.  The diameter, length 

of balloon in determined on a case–by–case basis for each animal.  We (249) and other 

(98) have attempted different locations and durations of balloon occlusion, dependent on 

breed and the vessel which is to be occluded. 

Upon reperfusion and with no other intervention, the 90 minutes of occlusion leads 

to the development of a transmural infarct that is between 15–20% of the ventricular 

volume.  This model lends itself to biomedical studies which try to answer questions about 

novel pharmacological agents, new device therapies, regenerative medicine and 

electrophysiological studies.  The MI model can also be utilized to allow for the 

manifestation of cardiac dysfunction which is observed in patients with heart failure.   
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Heart Failure Models 

With > 650,000 new cases of HF diagnosed each year (22) and a projection that some 8.5 

million patients with suffer from HF in the U.S. by 2030 (21), HF is a significant health 

and socioeconomic problem.  HF is a syndrome which may develop secondary to AMI or 

any other disease which alters diastolic and systolic function.  It is characterized by the 

hearts’ inability to maintain cardiac output (CO), mean arterial blood pressure (MAP) and 

subsequent organ perfusion, which leads to exercise intolerance and fluid retention.  The 

New York Heart Association is one of several classification scales that are used to 

determine the extent to which patients fit or express physiological symptoms of HF.  With 

swine having similar cardiac structure and function to humans, as well as compensatory 

mechanism that are parallel to those observed in patients, this large animal is very much 

suited to study HF.   

There are several different methods which can be used to develop cardiovascular 

symptoms of HF in swine.  The MI model (202), tachy–induced cardiomyopathy (253), 

transaortic constriction (TAC)(254)and hypertensive/hypernatremia (255) are all models 

performed in swine to develop HF symptomology.  As our basic and clinical research 

evolves over time, the definition and classification of patient suffering from HF must 

matured too.  Currently, “systolic” HF is classified by a reduction in the LVEF (HFrEF) 

and “diastolic” HF is classified by the preservation of the LVEF (HFpEF).  HFpEF is more 

common in women and patients who suffer from hypertension, diabetes mellitus, obesity 

and the elderly (32).  While the reduction in incidence of ST segment elevated myocardial 

infarction, a major cause of HFrEF, and the proportionate increase in diabetes mellitus and 
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obesity may be responsible for the observed shift in the two HF principles.   As 

cardiovascular research continues to progress, I’m certain that this language will also 

advance.  With that, there are still several distinctions which can be made under this 

stratification and how they are created in a swine model.   

 The AMI model, without intervention, leads to a substantial loss of myocytes and 

supporting tissue within the infarct zone, and progressive remodeling in the border zone 

and residual viable tissue (remote zone).  Within the infarct zone following MI, there is a 

large sterile immune response which clears away dead tissue and replaces it with scar.  

Initially this scar is beneficial, because it maintains basal wall stress.  Over time the 

composition of the scar breaks down and there is dilation.  Within the border zone, or the 

transition between scar and viable myocardium, there is tremendous wall stress during this 

dilation.  This mechanical stress leads to a compensatory hypertrophic response within the 

border zone and the remote zone, attempting to maintain wall stress and provide adequate 

contractile force to maintain CO.  With an inability to do so, further dilation occurs; 

contractile and energetic insufficiencies become more prominent.  This model, 

recapitulates a HFrEF phenotype.   

 The tachy–induced cardiomyopathy model is one that is much more invasive in 

terms of the procedures necessary to instrument the animal versus the AMI model (256).  

This induces HFrEF through pacing the heart at super–physiological rates, increasing the 

work load and energetic demand of the ventricle over time.  This sustained increase in work 

load and energetic leads to progressive structural and cellular remodeling within the 

ventricles.  The model presents with an increase in ventricular dimensions, a reduction in 
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fractional shortening and reduced maximal rate of contraction (256).   The diminished 

function occurs due to alterations in myocyte Ca2+ regulation, increased ventricular 

remodeling and fibrosis, and dysregulation of energy production.  This allows researchers 

to model non–ischemic dilated cardiomyopathy which is observed in a percentage of 

patient who suffer from HF (257).  Tachy–induced pacing and AMI allow researchers to 

observe disease progression which ultimately leads to a HF phenotype characterized by a 

reduction in EF; there are alternative models which present with “diastolic” abnormalities, 

while preserving EF.      

Transaortic constriction recapitulates the physiological symptoms observed in the 

patients who suffer from increases in afterload, like aortic stenosis.  This model is 

implemented by performing a thoracotomy and placing a band around the ascending aorta.  

While still invasive, performed by an experienced team, this procedure has little to no 

mortality associated with it (254).  This band limits the circumferential dimension to which 

the aorta can expand during ejection of blood in systole.  The LV afterload increases 

substantially and greater pressures are necessary to overcome the band.  While the animal 

can compensate acutely, during a chronic duration the LV begins to remodel in the 

following ways: (1) increased hypertrophic response, (2) increased diffuse fibrosis 

throughout the LV leading to a stiffer LV chamber.  This increased stiffness creates 

diastolic dysfunction with normal to subnormal systolic function.  This model presents 

some of the early physiological symptoms, in terms of structure and function, that are 

observed in patients with HFpEF (32).   
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Another swine model with implications of a HFpEF phenotype in one which 

produces chronic hypertension and hyperlipidemia.  Hypertension and obesity are two 

major co–morbidities observed in patients with HFpEF (255).  The model is produced in 

swine by performing a simple percutaneous procedure and feeding the swine high salt, fat, 

cholesterol and sugar “western” diet (WD).   The percutaneous procedure consists of the 

implantation of deoxycorticosteroneacetate (DOCA) pellets, which leads to the retention 

of water, which in term increases blood volume and subsequently volume–overloads the 

ventricle.  Obesity is developed by altering the contents of the animal’s diet and 

supplementing it with the “western diet”, which develops a state of hyperlipidemia in the 

animal.  Sustained DOCA release and consumption of the WD led to classical features 

observed in HFpEF patients.  One major hallmark of the model is the lack or absence of 

clinical symptoms of HF at rest (baseline).  In patients with HFpEF, HF clinical signs 

usually present themselves only during period of physical exertion rather than at rest (255).  

The LV chamber is also stiffer at rest, as described by a decrease in capacitance measured 

through invasive hemodynamics (258); Under stress (i.e. increased atrial pacing and 

dobutamine infusion) the LVEDP is increased consistent with patient clinical symptoms.  

The model also elicits morphometric and molecular alterations consistent with 

hypertension–induced renal abnormalities and ventricular stiffness (255).  This swine 

model of hypertension and hyperlipidemia will play a larger role in biomedical research 

over the coming decades since these two clinical diseases are on the rise in our global and 

especially in a national population.   
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Endovascular Models 

Despite AMI, and HF being the focus of my work, there are other cardiovascular 

models which are good representations of clinical relevant vascular disease, which can 

cause further cardiac damage, disease progression and worse, death.  Endovascular models 

of aneurysm and stenosis are well suited for the swine (246).  Isolation of vasculature can 

become routine in these animals, especially isolation of the carotid arteries (202).  This 

procedure allows for manipulation of the intact vessel to create aneurysms and stenosis.  

The aneurysm is created by performing an arteriotomy on the carotid, then suturing a pre–

made sterile pouch to the opening.  Blood flow is then restored and careful examination of 

the suture is needed to make sure there is no bleeding.  This model can also be generated 

by utilizing endogenous tissue from the jugular vein, whereby the surgeon creates a pocket 

with the isolated vein, and then they perform an arteriotomy and suture the vein graft to 

the opening in the artery.  Again, the restoration of blood flow must be confirmed with no 

bleeding occurring around the suture.  The aneurysmal model can allow researchers to test 

new clinical relevant devices, particularly those that are minimally invasive and give 

understanding to compensatory cellular and molecular alterations within the aneurysmal 

environment.   

Stenotic or calcified vessels are another peripheral vascular disease, which can be 

model within the peripheral vasculature of swine.  Contralateral catheterization can be 

performed in the femoral vasculature.  Researchers can identify a bifurcation within the 

vessel and place a self–expanding stent at the branch entrance.  Then for training, utilizing 

an already FDA approved devices, the trainees can perform a rotational atherectomy and/or 
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researchers can use this model to develop and test novel devices.  The stent’s mesh creates 

a barrier of similar resistance to that encountered within a stenotic or calcified vessel of 

patients who have this pathology (246). 

Conclusion 

Swine play a role in several biomedical research fields (i.e. toxicology, 

immunology, dermatology) and they are a substantial part of the translational animal 

models develop and created in cardiovascular research.  Anatomical and physiological, 

swine are like patients; their size also makes them advantageous for utilizing medical 

device for imaging and treatments that are designed for human use (202).  Swine also have 

the same physiological compensatory mechanisms that are observed in patients with these 

clinical diseases.  Here, I have discussed several swine models of cardiovascular disease 

that I find to be impactful.  With that, one must keep in mind that all models have 

limitations; for instance, the AMI model only creates the acute ischemia that one would 

present to the emergency department with, but there is usually underlying vascular disease 

associated with AMI and several other co–morbidities, such as, but not limited to: obesity, 

hypercholesterolemia, hypertension, and diabetes mellitus.  Having a keen grasp on the 

question(s) you’re asking and the model which will help answer said question is very 

important. Even more imperative, is understanding the inherent limitations of the model 

you’ve chosen and to keep that into perspective when analyzing and interrupting the data 

which you have collected. 
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CHAPTER 4 

METHODOLOGY AND MATERIALS 

Cortical Bone Stem Cell Isolation, Expansion and Characterization 

A male Gottingen minipig was sedated, intubated and anesthetized as described 

above.  A bone biopsy procedure was initiated.  Under sterile conditions, a small incision 

is made in the right hind–limb to access the tibia.  Blunt dissection of the skeletal muscle 

is performed to observe the diaphysis entry point.  An Osteo–Site® bone biopsy needle 

(11G/10 cm) (Cook Medical, IN, USA) is used to collect a transmural bone biopsy from 

the periosteum to medullary cavity (Figure 4).  Once collected, the biopsy is placed in 

sterile phosphate buffered saline (PBS) supplemented with 10% fetal bovine serum (FBS).  

The biopsy is washed several times in PBS/FBS to rinse off any remaining bone marrow 

or blood.  An enzymatic and gentle mechanical digestion was performed using a 0.25% 

Collagenase Type I (StemCell Technologies, VN, Canada) and a conical rocker for 30 

minutes at 370C.  The digested bone biopsy and solution were collected; cell medium was 

added 1:1 with the total volume of the digested tissue, and then filtered through a 100μm 

and 40μm filter.  Filtrate was centrifuged at 300xg for 5 min; pellet was resuspended in 

CBSC media and plated.  Cells were passage and characterized as previously described 

(188,189).  Once fully characterized the cell were transfected with a green fluorescent 

protein (GFP) lentivirus for constitutively active GFP expression (Online Figure 1).  The 

cells were then put through FACS to create a 100% GFP+ population.  On the day of CBSC 

cell injection, the cells were resuspended in sterile 0.9% saline, counted, and total cell 

viability experiments were performed.  The cells total  
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Figure 2.0 CBSC Isolation and Expansion in vitro Tibia bone biopsy was acquired on Day 0 and 

had an approximate length between 8–10mm (Top panels).  After isolation and 7 days in culture, 

colonies began to form (middle–single panel).  After several passages a more homogenous 

population of highly proliferative cells was acquired and characterized by flow cytometry; the cells 

were then infected with the GFP–lenti virus for lineage–tracing methods (middle two panels).   
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volume was 6ml prior to injection.  The VEH–treated animals received a total of 6ml of 

0.9% sterile saline.  

Lentivirus Transduction and Sex–mismatch 

 A GFP lenti–virus was used to constitutively express the GFP protein as a method 

for cell retention and lineage tracing the CBSC that were transplanted.  In parallel, the 

CBSCs that were isolated originated from a male Gottingen mini pig bone biopsy and were 

transplanted in a female recipient.  This allogenic approach, utilizing sex–mismatch 

allowed us to track the cell by identify the Y–chromosome, which is inherently male 

specific.  The techniques have been used previous and are well published (143,181,259).   

5–ethynyl–2’–deoxyuridine (EdU) Administration 

EdU was administered to all animals in the CBSC study to identify new synthesized 

or repaired DNA.  All animals in the study received (3) (Invitrogen, CA, USA) 2mL 

osmotic mini pumps (Alzet, CA, USA) filled with EdU, which were implanted 

subcutaneously for either 72hrs or 7 days (for the 3Mo study), immediately following the 

MI ± CBSCs.  EdU was dissolved in a 1:1 ratio of ddH2O and DMSO at a concentration of 

50mg/mL.  The animal was to receive a dose of 12mg/day at a rate of 0.5mg/hr. EdU.  

Animals in the 3–Mo cohort had pumps removed on day 7 and no later than day 10 post 

implantation.   

Ischemia–reperfusion Induced Myocardial Infarction – Percutaneous Transluminal 

Catheter Angioplasty (PTCA) 

Induction of ischemia–reperfusion myocardial infarction was performed, with 

modification, following previously published methods (202,260).  Briefly, sheaths were 
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introduced into the femoral artery and vein (8F and 11F, respectively).  Animals were 

anticoagulated with heparin throughout the procedure using a loading dose of 100U/kg and 

a maintenance dose of 40U/kg every hour.  The left anterior descending coronary artery 

(LAD) was accessed via the right femoral artery using a 6F 3DRC guide catheter (Cordis, 

Johnson & Johnson, FL, USA).  All animals were administered amiodarone (1.0 mg/kg, 

IV) prior to MI induction.  The 2.5–3.0 X 12mm Maverick angioplasty balloon (Boston 

Scientific, MA, USA) was then inflated to 8.0 atmospheres for a period of 90 minutes.  

During the MI, we observed classical electrocardiogram abnormalities (i.e. ST– segment 

elevation) confirming the induction of an MI (Figure5A & B).  Interpolated pre–ventricular 

contractions, ventricular tachycardia, and ventricular fibrillation were observed in the 

majority of animals during the MI (Figure 5C.).  Defibrillation (200J) and pharmacological 

intervention (amiodarone 1.0 mg/kg, IV or sodium bicarbonate) were used for 

resuscitation.  Next, the balloon was deflated and guide catheter removed to allow 15 

minutes of reperfusion prior to further interventions, this permitted time for any advanced 

medical intervention that was necessary to treat acute arrhythmias.  Circulating cardiac 

troponin I (cTnI) levels were measured via peripheral blood serum samples at baseline, 

1hr, 2hr and 72hr or 3Mo post MI in the CBSC study.  All animals in the Sham group 

received the same treatment without inflation of the angioplasty balloon in the LAD.  

Balloon occlusion and flow restoration were confirmed with angiography (Figure 6).      
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Figure 3.0 Electrocardiogram (ECG) Characteristics Before, During and Post MI ECG 

recordings were taken throughout the induction of IR/MI and subsequently at each ECHO time 

point.  (A.) Is a “waterfall” of the ECG waveform prior to MI.  This view stacks each consecutive 

cardiac cycle in front on one another from a selection.  A colorimetric scale in given to change in 

voltage. Red – positive, Dark blue – negative.  (B.)  Demonstrates the waterfall view during the 

initiation of balloon occlusion of the LAD (dashed line).  There is depression in basal conductance, 

decreased P–wave amplitude, ST–segment elevation, and T–wave inversion.  (C.) Are 

representative ECG cycles from baseline, through balloon occlusion to reperfusion.  (clockwise).  

Early occlusion indicates a mild ST–segment elevation, after ~45min of occlusion was begin to 

observe interpolated pre–ventricular contractions (PVC) (which may or may not be sustained 

throughout the ischemic time frame).  Ventricular tachycardia is also observed in the majority of 

animals with fibrillation occurring in 60% of animals placed on study.  A sinus rhythm is achieved 

through defibrillation and pharmacological intervention and reperfusion allows for a more normal 

sinus rhythm.   

 

Transthoracic Echocardiography 

Transthoracic echocardiography was performed at baseline, 1 month (1Mo), 2 

months (2Mo) and 3 months (Mo) post MI ± RBX with the Zonare z. one ultra–Ultrasound 

system (Zonare Medical Systems, CA, USA). Images were acquired in the 2D–mode long– 

and shot– axis; while m–mode images were taken in the short axis.  All analysis was 

performed in a blinded manner.  End–diastolic dimensions (not shown), end–systolic 

dimensions (not shown), end–diastolic volume (EDV), end–systolic volume (ESV), 

ejection fraction (LVEF) were calculated following the American Society of 

Echocardiography guidelines (261). 

In the CBSC studies, acutely (72hr study), transthoracic echocardiography was 

performed at baseline and 72hrs post MI ± CBSCs with the Zonare z. one ultra–Ultrasound 

system (Zonare Medical Systems, CA, USA). Speckle–tracking based longitudinal and 

radial strain analysis was performed on 2D parasternal long axis images in the 72hr cohort 

at baseline and during terminal procedure.  The global longitudinal and radial strain was 

assessed as previously described (262).  In the chronic study Transthoracic 
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echocardiography was performed at baseline, 1 month (1Mo), 2 months (2Mo) and 3Mo 

post MI ± CBSCs with the GE Vivid q Ultrasound system (GE Healthcare, IL, USA) on 

all animals. Images were acquired in the 2D–mode long– and shot– axis; while m–mode 

images were taken in the short axis.  All analysis was performed in a blinded manner 

including end–diastolic dimensions (not shown), end–systolic dimensions (not shown), 

end–diastolic volume (EDV), end–systolic volume (ESV), stroke volume (SV), ejection 

fraction (EF) and cardiac output (CO) were calculated. 

 
 

 

Figure 4.0 Coronary Angiography and Electrocardiogram during MI Procedure   

Angiography was performed in the left anterior oblique (LAO) position.  White arrow head 

indicates the LAD coronary artery and angioplasty balloon placement. (A)  Pre–MI 

coronary angiogram displays the LAD and the circumflex distribution of the left coronary 

artery, also showing a sinus rhythm in the electrocardiogram (ECG).  (B)  Angiogram 

demonstrating angioplasty balloon occlusion of the LAD distribution with cessation of 

flow just distal the white arrow head.  ST–segment elevation observed in the ECG, 

consistent with an LAD occlusion and MI of the anterior/apical LV wall. (C) Coronary 

angiogram demonstrating reperfusion of the occluded vessel after removal of the 

angioplasty balloon with resolution to the ST–segment elevation in the ECG.        
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Invasive Hemodynamics 

Detailed methods pertaining to hemodynamic acquisition and analysis have been 

previously described (255,263,264).  End diastole (ED) was defined using an end–diastolic 

pressure (EDP) algorithm that considers the maximum pressure, the preceding minimum 

pressure and the maximal change in pressure/change in time (dP/dT max.).  End systole 

(ES) was defined as the point of maximum pressure–volume ratio.  The end–diastolic 

pressure–volume relationship (EDPVR) was derived from a curve fit (exponential) of the 

raw data collected during an inferior vena cava (IVC) occlusion, where Ped = α x eβxLVVed.  

The end–systolic pressure–volume relationship (ESPVR) is derived from the calculated 

end–systolic elastance (Ees) “slope” of the ES points acquired during IVC occlusion and 

the calculated volume axis intercept (V0).  It is imperative to compare changes in both the 

Ees and V0, as Ees is a load dependent measurement of contractility (265,266).  The 

isovolumic relaxation constant τ (ms) was calculated as described by Weiss (267).  

Invasive hemodynamics were performed to assess intrinsic cardiac function during 

systole (i.e. pressure end–systole [Pes], volume [Ves], LV maximum rate of contraction 

[dP/dT], LV VPes100, elastance [Ees] and volume intercept [Vo]) and diastole (i.e. Ped, Ved, 

LV minimum dP/dT, LV isovolumic relaxation constant [τ], LV VPed10 and EDPVR) at 

different time points (pre-MI and 3Mo post MI) and under various condition (± CBSC or 

± DOB).  Under fluoroscopic guidance, an LV pressure–conductance catheter (5F, 12 

electrodes, 7mm spacing, MPVS Ultra, Millar Instruments, TX, USA) was positioned in 

the apex.  To calibrate the catheter, the blood conductivity (ρ) and the parallel conductance 

(Vc) (15% hypertonic saline infusion) were performed prior to each study.  Steady–state 
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data was acquired under spontaneous heart rate (HR) for approximately 15 beats prior to 

inferior vena cava (IVC) occlusion.  A maximum of three IVC occlusions was performed 

to collect stable data (≤ 20 beats).  Ventilator tidal volume was set to zero during this time 

to eliminate respiratory artifact.  This procedure was replicated under the administration of 

2.5ug/kg/min DOB infusion at all time points (baseline, 3Mo post MI ± CBSC). 

Hemodynamic analysis was performed offline using LabChart software (ADInstruments, 

CO, USA).   

NOGA Electromechanical Mapping 

NOGA® is an intra–cardiac catheter based electro–mechanical LV mapping system 

(Biologics Deliver Systems, Johnson & Johnson, CA, USA.).  All animals received a pre– 

and post–MI electromechanical assessment, which consist of the acquisition of 80–100 

discrete points which measure the electrical conductance of the endocardial surface in the 

LV chamber (Figure 7).  The software than collects these points and renders a 3D 

reconstruction of the internal dimensions of the LV and provides an electrical conductance 

and a separate mechanical assessment (Figure 7A & B).    The post–MI map was then used 

as a guide for delivering therapy.  In a blinded manner, ten transendocardial injections were 

performed of either VEH (10 injections, of 0.6ml of sterile PBS, 60 seconds per injection, 

1:1000 fluorescent microspheres) or CBSC’s (10 injections, of 2x106 cells [20 million 

total] in 0.6ml of sterile PBS, 60 seconds per injection, 1:1000 fluorescent microspheres) 

to the “border zone” (B.Z.) using 
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Figure 5.0 NOGA Electromechanical Assessment and Therapeutic Delivery Validation 
NOGA–based assessments were performed at baseline, immediately post MI and during terminal 

procedure. (A.) The unipolar voltage map and the colorimetric scale given to define viable and 

non–viable tissue with representative 3D maps before and after MI.  (B.) The linear local shortening 

map and the colorimetric scale given to define viable and non–viable tissue with representative 3D 

maps before and after MI.  (C.) Regional assessment of LV conductance before, after MI ± CBSCs 

and during terminal procedure.  CBSC treatment preserves LV conductance.  (D.) Representative 

images of intact heart after explant, and the visualization of injection sites along the LAD 

distribution. Circled is the red fluorescent microspheres from an intramyocardial injection.  Scale 

bar = 1cm 

 

the MYOSTAR® transendocardial injection catheter.  The BZ is defined as the transition 

area between low and high voltage (electrical assessment), and kinetic and akinetic/ 

dyskinetic tissue (mechanical assessment), as measured by the post–MI NOGA® mapping 

(Figure 7 A–C).  A final electromechanical assessment was performed during the terminal 

procedure. 

Tissue Processing and Gross Morphometry 

In the RBX study, cardiectomy was performed under general anesthesia and gross 

morphometry was performed as previously described (249).  Briefly, the heart was weighed 

and the basal two–thirds fixed via perfusion with 2–liters of 10% formalin.  The bottom 

third was taken for molecular analysis.  The fixed portion was sectioned into short–axis 

slices.  Each slice was measured for mean thickness prior to further processing.  The basal 

surface of each slice was photographed using a Nikon DS–F11 camera.  Sections from 

infarct zone, border zone and remote zone were processed for histological analysis and 

stained for Masson’s trichrome (Sigma–Aldrich Cat#: HT15).  Wheat germ agglutinin 

([WGA] Life Technologies Cat#: W11262) staining was performed to observed myocyte 

cross–sectional area (CSA).   
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The scar area was identified by the extracellular matrix deposition, while the viable 

area was healthy tissue; both were measured using NIH Image J software.  The scar volume 

was calculated by multiplying the scar area of each slice by the average thickness, this 

calculation was also performed for the viable area.  The percent scar volume of each heart 

was determined by adding the volumes of all slices and dividing by the total scar volume.  

Tissue samples were also collected for molecular analysis.  Transmural slices from the 

mid–myocardial anterior (infarct), lateral (border) and posterior (remote) walls of the left 

ventricle were flash frozen in liquid nitrogen and stored at –80oC for further analysis.    

In the CBSC studies, all organs were weighed immediately post explant and then 

processed for gross, histological or molecular analysis (Figure 8). In all animals, after 

explanting the heart, we identified injection sites by observing fluorescent microspheres 

under UV light or by gross observation (Figure 7D).  In the 72hr study the heart was sliced 

in cross–section from apex to base.  The apex (slice #1) was emersion fixed in 10% 

formalin.  Apical mid–myocardium (slice #2) and basal mid–myocardium (slice #4) were 

stained for tetrazolium chloride (TTC) as previously described (268).  For each section that 

was stained with TTC, the apical and basal surface of each slice was photographed using a 

Nikon DS–Fi1 camera with NIS–Elements.  We quantified the percentage of the total area 

using image J in a blinded manner.  The mid–myocardium (slice #3) was cut into small (~1 

g) pieces from endocardium to epicardium.  These sections were allocated for molecular 

and blood flow analysis.  In the 3Mo study, the apex (slice #1), mid–myocardium (slice 

#3), and the base of the heart (slice # 4) were fixed via emersion in  
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Online Figure 6.0 Tissue Processing and Confocal Image Acquisition At 72hrs or 3 

Mons, hearts were explanted and processed for gross, histological and molecular analysis.  

(A.) Description of how the heart was cross–sectioned from apex to base and how each 

slice was allocated for analysis at each time point. Scale bar = 10mm (B.)  A representative 

cross–section and how each region of the LV chamber was divided for molecular and 

histological processing.  Each region was section into three transmural slices a processed 

accordingly.  (C.)  Schematic of how each slide was imaged using confocal microscopy.  

3x3 large images (10) were acquired, yielding 9 images per scan, 45 images per each tissue 

section and 90 images total per slide, per section.   
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10% formalin.  The apical mid–myocardium (slice #2) was cut into small (~1 g) pieces 

from endocardium to epicardium.  These sections were allocated for molecular and blood 

flow analysis.  Other organs (lung, liver and kidneys) were frozen and fixed in 10% 

formalin for molecular and histological analysis, respectively.     

Immunofluorescence 

For the CBSC studies, transmural sections, from the anterior wall/infarct zone 

(AW/IZ), lateral wall/ border zone I (LW/BZD), posterior wall/remote zone (PW/RZ) and 

the septal wall/border zone II (SW/BZDII), spanning from epi– to endocardium were 

processed and embedded in paraffin wax.  The blocks were marked for the presences or 

absence of a transendocardial injection site.  The wax blocks were sectioned (5μm slices) 

and mounted on glass slides (PLUS slides) by AML Laboratories, FL, USA.  Slides from 

all four regions, with or without inject site, were deparaffinized, and citrate anhydrous 

antigen retrieval was performed at boiling temperatures.  The slides were then allowed to 

cool for 30 minutes at room temperature.  Blocking was performed with TNB buffer for 45 

minutes at room temperature.  The primary antibodies were diluted and incubated on the 

slides overnight at 40C.    The slides were then washed three times in PBS and secondary 

antibodies were incubated at a dilution of 1:100 for an hour at room temperature.  Slides 

were washed three times in PBS.  The EdU click–it reaction was performed as per the 

manufacturers protocol (Thermo Fisher Scientific, MA, USA) if needed as a 

complimentary stain.  Next, slides were washed three times in PBS and incubated with 

DAPI, ten minutes at room temperature, followed by another set of PBS washes.  GFP, our 

first CBSC retention marker, staining utilized a tyramide signal amplification (TSA) kit 
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(PerkinElmer, MA, USA).  To quantify myocyte cross–sectional area, another set of slides 

were stained with wheat germ agglutinin (WGA). The primary and secondary antibodies, 

manufacturers, host species and dilutions can be found in the Table 3.0. 

 

 

 

Confocal Imaging and Analysis 

The Nikon C2+ confocal microscope and NIS–Elements V4.30 (Nikon, NY, USA) 

were used to image all immunofluorescent stained slides in the CBSC study.  Ten large 

scan image (each consisting of nine serial stitched images) were acquired with a 20X 

objective with a zoom of 2X of each tissue section (giving us 40X images).  These large–

scale images were divided into nine single images.  There were forty–five (40X) images 

taken per tissue section and ninety per slide for each anatomical location (AW, LW, PW, 

SW) and each animal (± CBSCs) (Figure 8C).  Quantification of histological analysis was 

performed on various software programs, Naquantus, which we developed and previously 

described (269) for myocyte/ non–myocyte proliferation and NIH accessible Image J.  We 

validated the imaging of EdU+ myocytes through software features in both NIS Elements 

and Image J (Figure 9).         

Table 3.0 Antibodies for Histological Analysis

Name 1
o

2
o Manufacturer Cat. # Host Dilution

Green Fluorescent Protein (GFP)(IgY) X Life Technologies A10262 Chicken 1:100

Anti-Chicken (Biotin) X Jackson ImmunoReasearch Laboratories 703-065-155 Donkey 1:3000

Tyramide Signal Amplification (TSA) Kit X PerkinElmer 701001KT N/A

SA-HRP X N/A 1:100

Tyramide X 1:50

EdU Kit (A647) Thermo Fisher Scientific C10337 N/A

α-Sarcomeric Actin X Sigma A2172 Mouse 1:500

Anti-Mouse (IgM) (Rhodamine Red) X Jackson ImmunoReasearch Laboratories 715-005-140 Donkey 1:100

DAPI X Millipore 268298 N/A 1:1000

Wheat Germ Agglutinin (WGA) (FITC) X Life Technologies W11261 N/A 1:100

List of antibodies used to perform immunohistochemical analysis of cardiac tissue at 72hrs and 3 months' post MI ± CBSCs
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Figure 7.0.  Independent Image Analysis Validating EdU+ Myocytes A representative 

EdU+ myocyte was imaged using the z–stack approach.  The localization of the individual 

channels (A.) in the X and Y visual plan are observed, using NIS elements.  The channel 

breakdown is also shown. Scale bar = 50μm.  (B.) WGA was also used to demonstrate that 

the EdU+ nucleus was surrounded by the intact membrane of the myocytes.  Within Image 

J software analysis of the z–stacked image can be performed.  (C.) Shows the z–stack in 

an X, Y axis orientation, while (D.) illustrates the X, Y & Z plans.  Image J allows the user 

to alter the Z axis scale, allowing for the user to observe each image (in the z–stack) in 

separate distinct plans (D1.) while still oriented with one another.  (D2.) Demonstrates that 

the EdU [*], the DAPI [↑] and Actin [Δ] are localized within the same plan in multiple 

stacked images.  EdU (green), Actin (red), WGA (white) and DAPI (blue).            

 

Genomic DNA Isolation and PCR 

Molecular samples were acquired from all animals ± CBSCs.  Injection and non–

injection sites were flash frozen in liquid N2 and stored at –80 0C.  Injection site samples 

were identified, and a genomic DNA extraction was performed using NucleoSpin® tissue 

extraction kit (Macherey–Nagel, PA, USA).  While Y–chromosome primers have been 

established in rodent models, for the identification of transplanted cells (270), there are no 

published primers for swine models; here we tested several primer sets to identify the Y–

chromosome of male transplanted CBSCs in female heart tissue (Figure 10).  We have 

identified that the testis specific protein, Y–linked 4 (TSPY4) region within the Y–

chromosome give us reliable and reproducible identification of both transplanted cells and 

male heart tissue (FWD– GCGTAATGTTTCACGCTCCT & REV– CCACCAA– 

CTACCGACTGAGG).  The other targets within the Y–chromosome showed some non–

specific binding after PCR and running the products on an agarose gel. 
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Figure 8.0 PCR Primer Optimization for the Y–chromosome Six primer set, targeting 

three distinct regions within the Y–chromosome, were tested by standard PCR.  RNA was 

isolated from male and female cardiac tissue and PCR was performed.  The products were 

then run on a 1.5% agarose gel to identify any non–specific product formation that could 

lead to a false positive.  TSPY4 – primer set 1 was the only set which cleanly identified the 

male tissue vs. the female tissue.  A list of forward and reserve primers are listed above.  

 

Protein Isolation 

RBX tissue samples were placed in 1ml of pre–chilled ‘cytoplasmic extraction 

buffer’ and homogenized for 10–20 strokes.  Homogenate was incubated on ice for 10 

minutes, then transferred to a 1.5ml Eppendorf tube and centrifuged at 4oC for five minutes 

at 500xg.  We then immediately transferred supernatant into another 1.5ml Eppendorf tube 

(cytoplasmic fraction).  The pellet was then resuspended in 650µl of ‘membrane extraction 
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buffer’ and incubated at 4oC for ten minutes with continuous gentle mixing.  Next, the 

samples were centrifuged at 4oC for 5minutes at 3000xg.  The supernatant was collected 

and placed in another 1.5ml Eppendorf tube.  The pellet was then discarded and the 

cytoplasmic and membrane fractions were stored for western blot analysis.  

Western Blot 

Western blots were performed using the LICOR Systems general protocol for the 

RBX study.  Samples were run on a 12% SDS–page gel and transferred overnight to 

0.45µm nitrocellulose. Blocking was performed and primary antibody for was incubated 

for 1hr at room temperature.  The blots were then washed three times and incubate in 

LICOR IRDye® 800CW anti–rabbit secondary (LICOR, Cat#: 926–32213) for 30 minutes.  

Membranes were washed then imaged using the LICOR System and analyzed.  

Quantification of band intensity was performed using LICOR Image Studio software.  

PKCα activation involves its translocation from the cytoplasm to the membrane (271).  

Total PKCα activation was presented as a percentage of membrane/cytoplasmic fraction. 

Activation was determined by measuring the ratio of membrane bound PKCα to cytosolic 

abundance.  Primary antibodies were as follows: PKCα (Sigma–Aldrich Cat#: P4334), 

PKCα pT638 (GeneTex, Cat#: GTX61075), GAPDH (AbD Serotec Cat#: MCA4739), 

PLN (Millipore, Cat#: 05–205), PLN pSer16 & pThr17 (Badrilla, Cat#: A010–12 & A010–

13 respectively). 

 

 

 



71 

 

CHAPTER 5 

LARGE ANIMAL MODEL OF HEART FAILURE WITH REDUCED EJECTION 

FRACTION SECONDARY TO ISCHEMIC HEART DISEASE AND THE USE OF 

RUBOXISTAURIN AS A NOVEL POSITIVE INOTROPE 

Abstract 

Heart failure (HF) secondary to myocardial infarction (MI) is characterized by 

ventricular dilation, reduced systolic function and a lack of contractile reserve, with 

diminished responsiveness to catecholamine’s.  Inotropic support is often required to 

stabilize the hemodynamics of patients with acute decompensated HF.  Currently utilized 

inotropic therapy, while efficacious, has a history of leading to lethal arrhythmias and/or 

exacerbation of contractile and energetic insufficiencies.  Novel therapeutics that can 

improve contractility independent of classical beta–adrenergic signaling and downstream 

PKA–regulated events should be therapeutically beneficial.  PKCα activity increases in HF 

models and in patients with HF, where it dampens cardiac contractility.  In the present 

study, we tested the inotropic effects of ruboxistaurin (RBX), a PKCα/β antagonist, in a 

swine model of heart failure with reduced ejection fraction secondary to ischemic heart 

disease.   

Female Göttingen minipigs underwent either ischemia–reperfusion induced MI or 

sham surgery.  MI animals were subject to serial echocardiography and invasive 

hemodynamics with a dobutamine stress response.  At 3 months’ post MI, the animals were 

treated with RBX (20mg/kg) and cardiac function was assessed by echocardiography and 

invasive hemodynamics.  The data illustrates that MI caused progressive pathological 
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remodeling, LV dilation and reduced contractility as evidenced by the rightward shift in 

the pressure–volume relationships. PKCα activity was increased, as evidenced by an 

increased membrane bound fraction post MI.  There was a smaller than normal inotropic 

response to dobutamine 3 months after MI, consistent with disruption of β–adrenergic and 

PKA–dependent signaling. However, RBX increased contractility, as evidenced by a 

leftward shift in the ESPVR and a significant decrease in left ventricular end–systolic 

volume at a pressure of 100 mmHg (LVVPes100). RBX also induced reductions in end–

diastolic and –systolic volumes in MI but not sham animals.  In conclusion, we feel that 

the PKCα/β inhibitor RBX acutely increases cardiac contractility and reduces heart size in 

a mini–pig MI model.  These results suggest RBX would be an interesting new therapeutic 

strategy to attempt in heart failure patients who are refractory to catecholamine’s.   

Introduction 

Cardiac pump function is reduced in heart failure (HF) secondary to acute myocardial 

infarction (MI), and other diseases that cause ventricular dilation.  In addition to reductions 

in basal function there is a lack in contractile reserve (21). This syndrome is termed heart 

failure with reduced ejection fraction (HFrEF).  Inotropic therapy is often required to 

improve pump function and support central hemodynamics in acute decompensated HF 

(ADHF) (272).  However, most inotropic agents currently in clinical practice activate 

protein kinase A (PKA) or alter key mediators (273). PKA signaling is the principle 

mechanism to regulate cardiac contractility in the normal heart. Persistent activation of 

PKA signaling is required in the failing heart to maintain central hemodynamics, and this 

leads to disruption of the signaling cascade and blunted adrenergic responsiveness. Drugs 
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such as milrinone increase cyclic adenylate monophosphate (cAMP) by inhibiting the 

phosphodiesterase (PDE III in this case) that catalyze cAMP inactivation and thereby 

increase PKA activation.  These drugs have reduced efficacy as compared to normal heart, 

but are still potent inotropes that can improve cardiac function in patients who present with 

ADHF (274). However, these drugs can induce lethal arrhythmias (275), and because they 

can also cause Ca2+ overload in the sarcoplasmic reticulum (SR), they can induce myocyte 

death (276) and thereby exacerbate heart failure progression. Therefore, patients that 

survive episodes of ADHF, that required the use of PKA– activating inotropic support, 

have a worse prognosis (277).  Novel inotropic therapies that increase cardiac contractility 

and have positive effects on ventricular remodeling but avoiding PKA signaling could help 

patients with HF.   

Over the last decade, we (71,75,278-280) and others (72,281-284) have investigated 

the role of protein kinase C (PKC) in the alterations of basal inotropy and inotropic reserve 

in small animal HF models.  PKC is a family of serine/threonine protein kinases, which are 

activated through Ca2+– and/or lipid–mediated signaling mechanisms, and are enhanced in 

HF. The major PKC isoform expressed in cardiac tissue of small (mouse) (285) and large 

(rabbit) (286) animals, as well as in humans, is PKCα (75).  PKCα abundance and activity 

increases in the diseased heart and has been linked to reduced cardiac myocyte 

contractility, while PKCα inhibition increases cardiac contractility (71).  PKCα target 

proteins are distinct from those activated by PKA (274,287) and include classical Ca2+ 

handling and regulator proteins within the membrane, cytosol and at the level of sarcomeric 

proteins (71,282-284,288).  Studies performed largely in mouse models suggest that 
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inhibition of PKCα could be a PKA–independent approach to increase contractility in the 

failing human heart (71,279). However, regulation of cardiac contractility is fundamentally 

different in rodents and large mammals, including humans, and this may explain why so 

many Ca2+ – dependent therapeutic strategies that have worked in rodent models have not 

translated to effective therapeutics in humans (289,290).   Previously we tested the chronic 

administration of RBX in a farm pig model of MI (73).  Ladage et al. reported that RBX 

had beneficial effects on cardiac contractility (dP/dTmax) and remodeling (LVEF) at 3 

months’ post MI.  Although RBX was administered throughout the study (10mg/kg/day), 

beneficial effects were only observed at the 3–month time point.  This could be due to the 

normal hypertrophic growth observed in farm pigs over the study timeline or that sufficient 

cardiac pathology developed at 3 months’ post MI permitting observation of RBX’s 

beneficial effects.  This study did not define the mechanism by which RBX treatment 

improved function but demonstrated the safety and efficacy of chronic RBX administration 

post MI.  Therefore, the present study examined the idea that acute PKCα inhibition will 

increase cardiac contractility in a mini–pig MI model which has developed significant 

structural and pathophysiology characteristics consistent with the clinical defined 

syndrome HFrEF.    

 The present study explored the effects of a PKCα/β inhibitor, ruboxistaurin (RBX), 

which has positive inotropic effects in small animal models of cardiac disease (71,280).  

RBX is a PKCα/β inhibitor of the bisindolylmaleimide class.  It has been tested in clinical 

trials for patients with diabetic retinopathy (70,291,292).  In these trials RBX was well 

tolerated without major side effects, making it an attractive pharmacological agent that 
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could be repurposed for the treatment of patients with HF.  The experiments in this study 

show that acute RBX treatment increased cardiac contractility and reduced heart size in a 

swine MI model with ventricular dilation and reduced ejection fraction. These results 

support the idea that RBX could be a PKA–independent inotropic treatment for patients 

with HF. 

 

         
 

Figure 9.0 RBX Study Timeline Protocol used to induce acute myocardial infarction and 

functionally assess the progression of pathological remodeling.  Timeline for delivery of 

dobutamine (DOB) and ruboxistaurin (RBX) at 3 months’ post MI.   

 

 



76 

 

Methods and Materials 

Twenty–six female Göttingen minipigs were used (Marshall BioResources, North 

Rose, N.Y.).  All animals were ages 7–8 months, with a mean weight of 30 kilograms.  

Three groups were derived from this cohort of animals: Sham (n = 6) for gross 

morphometry, MI + RBX (n = 17) and Control + RBX (n = 3) (Figure 11).  Anesthesia was 

induced by intramuscular injection of 6.0 mg/kg tiletamine/zolazepam (Telazol; Fort 

Dodge Animal Health, Fort Dodge, IA, USA).  Gottingen minipigs were intubated with an 

endotracheal tube of 5.5 internal diameter, and general anesthesia was maintained with 1% 

to 2% isoflurane (Iso Flo; Abbott Laboratories, Animal Health Division, Abbott Park, Il, 

USA) supplemented with 100 % oxygen with volume limited ventilation.  Blood 

oxygenation was monitored using continuous pulse oximetry.  Electrocardiogram (ECG) 

was monitored throughout the entire procedure.   

Induction of ischemia–reperfusion myocardial infarction was performed as 

previously describe in chapter 4.  All animals in the Sham group received the same 

treatment without inflation of the angioplasty balloon in the LAD. Balloon occlusion and 

flow restoration were confirmed with angiography as previously described.  Transthoracic 

echocardiography was performed at baseline, 1 month (1Mo), 2 months (2Mo) and 3 

months (Mo) post MI ± RBX with the Zonare z. one ultra–Ultrasound system (Zonare 

Medical Systems, CA, USA).  Invasive hemodynamics were performed to assess intrinsic 

cardiac function during systole (i.e. pressure end–systole [Pes], volume [Ves], LV maximum 

rate of pressure development [dP/dT], LV VPes100, elastance [Ees] and volume intercept 

[V0]) and diastole (i.e. Ped, Ved, LV minimum dP/dT, LV isovolumic relaxation constant 
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[τ], LV VPed10 and EDPVR) at different time points (pre–MI and 3Mo post MI) and under 

various condition (± DOB and/or ± RBX).    

At 3Mo post MI, a single oral dose of ruboxistaurin (20mg/kg) (Eli Lilly and 

Company, IN, USA) (292) was administered to each animal mixed with normal feed. 

Animals were then given 2 hours (293) prior to any procedure to evaluate function or fulfill 

any other end–points (Figure 11).  After all functional end–points were collected a 

cardiectomy was performed and tissue was harvested for gross morphometry, histological 

and molecular analysis as previously described in chapter 4.   

Analysis and statistics was performed in a blinded manner.  All data analyses were 

performed using SAS version 9.3 (SAS Institute, NC, USA). Data were presented as mean 

± SEM and analyzed mainly within each treatment group over time (MI or CON= Control), 

except for when the comparisons between the treatment groups were made for variables 

such as heart to body weight ratio. Heart to body weight ratio was analyzed using a two–

sample t–test to show the balance between the two treatment groups.  Statistical 

significance of myocyte cross–sectional area was performed using a two–way ANOVA 

(analysis of variance) with a Bonferroni multiple comparison adjustment for the p–value. 

Changes post MI in echocardiographic and electrocardiogram parameters  

measured at baseline, 1Mo, 2Mo, and 3Mo post MI were analyzed using the non–

parametric sign rank test with a Bonferroni multiple comparison adjustment for the p–value 

since there were three pairwise comparisons made between the baseline and each of the 

three post MI time points.  These variables were also analyzed using the mixed–effects 

model approach for the overtime repeated measurements and the comparisons  
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Figure 10.0 Gross, Cellular and Molecular Remodeling 3 Month Post MI 

(A.)  Gross images of sham heart, whole organ (left panel) and cross–section (right panel) 

of mid–myocardium. (B.) Gross images of 12 week post–MI heart, whole organ (left panel) 

and cross–section of mid–myocardium (right panel).  (C.) Scar size analysis showing 

viable (white) and scar tissue (black) as a percentage of total myocardial volume at 12 

weeks post–MI. (D.) Bright–field images were taken of Masson’s trichrome stained mid–

myocardial cross–sections of the anterior (AW), lateral (LW) and posterior wall (PW) of a 

3Mo PMI animal.  10X (outside images) and 40X (interior images) were acquired to 

demonstrate fibrosis and the deposition of collagen in the AW and LW of the post–MI 

animal.    (E.) Heart weight–to– body weight ratio. (F.) Myocyte cross–sectional area 

calculated from the two viable zones (border zone [B.Z.] and remote zone [R.Z.]) in sham 

animals versus 3Mo PMI animals.  The images represent the border zone in the sham group 

(F1.) and the 3Mo PMI group (F2.) Large image is 20X and small image (top right corner) 
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is 40X.  Data is shown as the mean by anatomical region in the graphs below. (G.) Animals 

underwent sham (n=6) or MI (n=6) procedure and terminal studies were performed at 3Mo 

± PMI. Tissue was collected for molecular analysis.  Protein was isolated and fractionated 

into cytosolic (C) and membrane (M) fractions.  Percentage of membrane bound fraction 

over the cytosolic fraction is shown.  Sham animals are represented by open bars, while 3 

months’ post MI is solid (red) bars.  Mann–Whitney–Wilcoxon test was performed ([*] p 

≤ 0.05; [***] p ≤0.005 vs. sham) Large scale bar = 100µm. Small scale bar = 50µm. 

 

within the treatment group between each of the three post MI time points and the baseline 

were made simultaneously via the Dunnett–Hsu adjustment. This modeling approach took 

into account the within–animal correlation among repeated measurements overtime via a 

flexible structure for variance components, affording different magnitude of variability 

across the different time points within the treatment group. The results, however, were 

similar (data not shown).  Changes in endpoints of interest between 3Mo post MI ± RBX 

were also analyzed using the non–parametric sign rank test.  Western blot analysis was 

performed using Mann–Whitney–Wilcoxon test.  For all analyses, a p–value of < 0.05 was 

considered statistically significant. 

Results 

Left Ventricular Remodeling after Myocardial Infarction 

Ischemia reperfusion (IR) of the LAD distribution caused a large myocardial 

infarction. The total scar volume of IR/MI hearts was 17% of total ventricular volume 

(Figure 12A–C).  Three months after MI the infarct area was largely scar tissue and the 

border zone (BZ) also had significant scarring. The remote zone (RZ) of the heart also had 

increases in diffuse fibrosis (Figure 12D). MI hearts had significant increases in HW/BW 

ratio documenting a reactive hypertrophic response (Figure 12). WGA staining was used 

to quantify myocyte cross–sectional area (CSA) in the BZ and RZ tissue. Myocyte size was 
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significantly increased, versus shams, in both zones (Figure 12F).  With the structural 

remodeling, we also observed alteration in molecular activation of PKCα. This analysis 

showed a significant increase in the membrane bound PKCα fractions at 3Mo post MI 

(Figure 12G).      

 

 
 

Figure 11.0 Left Ventricular Remodeling ECHO was performed before, 1 month (Mo), 

2Mo and 3Mo after MI.  (A.) End–diastolic Volume (LVEDV) (B.) End–systolic volume 

(LVESV) (C.) Ejection Fraction (LVEF) Images were acquired using the 2D parasternal 

long axis view.  Calculation was performed using the Simpson method. Open bars represent 

before MI, red bars represent post MI.   ([*] p ≤ 0.05; [**] p ≤ 0.005; [***] p ≤0.005; [****] 

p ≤0.005 vs. sham) 

 

Temporal changes in cardiac structural and functional remodeling after MI were 

defined with serial ECHO analysis.  Cardiac structural and functional remodeling after MI 

were also assessed with invasive hemodynamic measurements, including pressure volume 

determinations and DOB stress responses that were performed before and 3 months after 

MI (Figures 14, 15 & Table 4.0).  Progressive cardiac chamber dilation (increased 

LVEDVs and LVESVs) was associated with progressive decreases in ventricular 

performance (LVEF) over the 3 months following MI (Figure 13A–C).  Invasive 

hemodynamic measurements made before MI and then repeated during terminal         
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Figure 12.0 Hemodynamic Deterioration due to Acute Myocardial Infarction Invasive 

hemodynamics were performed at baseline and 3Mo PMI.  (A.) Representative pressure–

volume loops from before and 3Mo after MI.  (B.) Both end–systolic pressure–volume 

relationship (ESPVR) and end–diastolic pressure volume relationship (EDPVR) are 

shown. ESPVR & EDPVR are shifted rightward at 3Mo PMI vs. baseline. (C.) The preload 

recruitable stroke work PRSW, a load independent measure. is significantly reduced after 

MI. (D.) LV volume at pressure of 10mmHg (LVVPed10) was significantly increased post 

MI, indicating an increase in capacitance.  (E.)  LVVPes100 was also significantly 

increased, indicating a reduction in contractility as it pertains to the fore of contraction.  

(F.)  Left ventricular ejection fraction was reduced, indicating dilation at 3Mo after MI. P–

value ≤ 0.05 [*] vs. Baseline.    

 

studies confirmed the longitudinal ECHO findings (Table 4.0).  Left ventricular pressure 

and volume measurements showed that the EDPVR was shifted to larger volumes at 

spontaneous heart rates (Figure 14A–B). The left ventricular volume at an end–diastolic 

pressure of 10mmHg (LVVPed10) was also increased confirming dilation (Figure 14D).  

EF was found to be significantly reduced versus baseline (71.61 ± 4.16% to 35.55 ± 2.52%) 

at 3 months’ post MI (Figure 14F).  The rightward shift in the ESPVR (Figure 14B) and 

increased LVVPes100 (Figure 14E) indicates reduced ventricular contractility 3Mo post 

MI.  The preload recruitable stroke work (PRSW), which is a load independent 
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measurement of systolic function, was significantly shifted towards the right at 3Mo post 

MI (Figure 14C), showing a decreased amount of work being performed for a given 

volume.  There was also widening of the QRS complex at 3Mo post MI suggesting 

electrical remodeling, likely due to scar formation and diffuse fibrosis within the remote 

zone (Table 4.0).  These functional data confirmed the development of a HFrEF phenotype 

in these animals at 3Mo Post MI.  

Reduced Contractile Reserve  

Cardiac responses to DOB were measured before and 3 months after MI (Figure 

15, Table 4.0).  DOB infusion caused significant changes in ESPVR (specifically the Ees), 

LVVPes100 and dP/dTmax. in the normal heart (Figure 15, Table 4.0). Identical DOB 

infusions in the same animals, 3 months after MI only caused a significant change in the 

dP/dTmax. (Table 4.0), while changes in ESPVR and LVVPes100 were insignificant. These 

experiments demonstrate that the effects of DOB on cardiac contractility are reduced in 

this IR/MI HFrEF model.  

Ruboxistaurin Treatment Reduces Filling Volumes and Increases Contractility 

Transthoracic ECHO and invasive hemodynamics were performed after RBX 

administration in 3Mo post MI and control animals.  The most significant effect of RBX 

in MI hearts was a significant reduction in the LV volumes, consequentially leading to an 

increased LVEF as measured by ECHO (Figure 16A–C).  ECHO measurements also 

showed that RBX had no significant effect on cardiac filling volumes or LVEF in aged–

matched controls (CON) (Figure 16D–F).  The significant reduction in end–diastolic and  
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Figure 13.0 Altered Hemodynamic Response to Dobutamine (DOB) 3Mo after MI 

Invasive hemodynamics were performed at baseline ± DOB and 3Mo PMI ± DOB.  (A.) 

Representative pressure–volume loops in the presence and absence of DOB at baseline and 

3Mo after MI.  (B.) EDPVR was not altered at either time point ± DOB. (C.)  ESPVR was 

significantly increased at baseline ± DOB but not at 3Mo PMI.  (D.)  PRSW was increased 

at both time points.  (E.) LVVPed10 was not significantly reduced in the presences of DOB 

at 3Mo PMI.  (F.)  The LVVPes100 was significantly reduced at baseline ± DOB but not 

3Mo PMI ± DOB.  (G.)  EF was increased significantly by DOB at 3Mo PMI but only due 

to modest reduction in ESV.  (H.)  The elastance, one of two determinants of the ESPVR, 

was significantly increased at baseline + DOB but not at 3Mo PMI.  (I.)  The volume 

intercept, second determinant of the ESPVR, was not significantly changed at 3Mo PMI ± 

DOB.  “B” (open bars) = baseline, “+” (grey) = dobutamine and “3Mo PMI” (Red) = 3 

months’ post MI. P–value ≤ 0.05 [*] vs. baseline, [#] vs. baseline + DOB, & [†] vs. 3Mo 

PMI. 

 

 

        

–systolic volumes in MI + RBX were confirmed with invasive hemodynamics (Table 4.0).  

These studies showed a significant leftward shift in the PV loop, EDPVR, and LVVPed10 

(Figure 17B & E).  In the presence of RBX treatment the ESPVR and the load independent 

measure, PRSW, shifted significantly leftward back towards baseline while the 

LVVPes100 was substantial reduced (Figure 17F), demonstrating an increase in force of 

contraction.  While the marginal increase in Ees was not significant vs. 3Mo PMI + DOB, 

the V0 was significantly reduced (Figure 17I).  ECG measurements were made in RBX–

treated animals.  RBX increased HR but there were no other significant alterations in ECG 

intervals (Table 5.0).  In control swine RBX had no significant effects on cardiac function 

(Figure 16) or on rate, rhythm or conduction (Table 5.0).  No arrhythmias were observed 

in any RBX–treated control or MI animals.   
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Figure 14.0 Assessment of LV Volumes with RBX Treatment after MI and in Control 

Animals ECHO was performed before and after RBX treatment at 3Mo PMI.  (A.) End–

diastolic Volume (LVEDV) was reduced + RBX.  (B.) End–systolic volume (LVESV) was 

reduced + RBX.  (C.) Ejection Fraction (LVEF) was increased + RBX. In age–matched 

control, ± RBX had no effect on (D.) LVEDV (E.) LVESV (F.) LVEF.  Images were 

acquired using the 2D parasternal long axis view.  Calculation was performed using the 

Simpson method. [†] p–value ≤ 0.05 vs. 3Mo PMI 

 

Ruboxistaurin alters PKCα Phosphorylation without alterations of key PKA Downstream 

Target 

Tissue samples were collected from (remote zone) explanted hearts at 3 months’ 

post MI ± RBX to determine if RBX caused changes in PKCα activity or phosphorylation  

of the PKA target protein phospholamban (PLN) (Figure 18).  Many phosphorylation sites 

are thought to induce changes in PKCα activity, including threonine 638 (T638).  In the 

presence of RBX, PKCα phosphorylation at T638 was decreased as compared to MI 

animals without treatment (Figure 18A).  The reduction of PKCα T638 phosphorylation 

was associated with RBX effects on cardiac structure and function.  PLN is a critical 
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regulator of sarcoplasmic reticulum Ca2+–ATPase (SERCA) activity and is directly 

phosphorylated by PKA at serine–16.  We found that RBX had no effect on PLN–S16 

phosphorylation (Figure 18B).  

Discussion 

Myocardial infarction (MI), which causes death of the affected tissue, is followed 

by cardiac remodeling, which involves scar formation, ventricular dilation and poor pump 

function.  Ultimately, this remodeling can lead to HFrEF. A critical feature of this 

syndrome is persistent neuroendocrine responses that are required to maintain basal 

hemodynamics but eventually lead to reduced inotropic reserve, (21,290). Myocyte  

remodeling, including reduced effects of β–adrenergic signaling on downstream inotropic 

target proteins, are critical components of reduced inotropic reserve in HF (33).  

Activation of PKCα is known to reduce cardiac contractility in rodents (71,75). 

PKCα activity is modest in the normal heart, but is increased in cardiac hypertrophy and 

failure, and contributes to the reduced inotropic reserve of the failing heart by altering 

contractile Ca2+ regulation (75) and properties of myofibrillar proteins (294-297).  Patients 

with acute decompensated or severe HF often require inotropic therapies to maintain 

systemic blood pressure.  These patients have reduced contractility reserve because those 

signaling cascades that increase contractility are blunted (PKA) and because those that 

decrease inotropy (PKCα) are enhanced.  Classical (+) inotropic agents, including cardiac 

glycosides and –adrenergic agonists,  have been employed to enhance contractility in HF 

(298).  These agents increase cardiac function but, unfortunately, they can have side effects 

that limit their usefulness (299,300). The most significant side effect is ventricular  
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Figure 15.0 RBX Reduces End–diastolic PVR and Improves Contractility Serial 

invasive hemodynamics were performed at baseline, 3Mo PMI ± DOB and ± RBX.  (A.) 

Representative pressure–volume loops at 3Mo after MI +DOB or +RBX.  (B.) EDPVR 

was not altered ± DOB but shifted leftward with RBX. (C.)  ESPVR was not significantly 

increased 3Mo PMI +DOB but was too shifted leftward with RBX.  (D.)  PRSW was 

increased at both time points but to a greater extend with RBX.  (E.) LVVPed10 was 

significantly reduced in the presences of RBX at 3Mo PMI vs 3Mo PMI +DOB.  (F.)  The 

LVVPes100 was significantly reduced at 3Mo PMI +RBX but not ± DOB.  (G.)  EF was 

increased significantly by DOB and RBX at 3Mo PMI but due to profound reductions in 

the EDV with RBX.  (H.)  The elastance, one of two determinants of the ESPVR, was 

significantly increased at +RBX vs. 3Mo PMI.  (I.)  The volume intercept, second 

determinant of the ESPVR, was significantly changed at 3Mo PMI +RBX vs. ± DOB.  “B” 

(open bars) = baseline, “3Mo PMI” (Red) = 3 months’ post MI, “+” (grey) = dobutamine 

and “+RBX” (yellow) = 2.5ug/kg/min. ruboxistaurin. 

 

arrhythmias that can cause sudden death (275). Other negative effects result from the 

induced Ca2+ overload, which can promote myocyte death and this contributes to HF 

progression.  There is a need for the development of novel inotropic therapies that can 

produce either acute or chronic increases in cardiac contraction without inducing 

arrhythmias or cell death. The rationale for PKCα antagonist therapy is that it would relieve 

the negative influences of PKCα activity on contractility without enhancing stimulation of 

the dysfunctional –adrenergic signaling cascade. 

Dobutamine (DOB) Effects on Ventricular Contractility are Reduced in the Swine 

Myocardial Infarction Model 

IR/MI in the swine causes profound cardiac remodeling, with scar formation, 

ventricular dilation and reduction cardiac contractility. Reduced effects of sympathetic 

agonists in the failing heart are well described (301) and results from persistent sympathetic 

input to the heart as HF develops and progresses. The molecular bases of reduced –

adrenergic responsiveness include receptor desensitization (302) and internalization, as  
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well as changes in PKA target protein phosphorylation. Our swine model has early features 

of blunted adrenergic responsiveness as evidenced by reduced DOB effects on contractility 

as compared to baseline β–adrenergic responses. 

Ruboxistaurin Increases Cardiac Contractility in a HFrEF Model 

The effects of RBX on cardiac function were measured in normal age matched 

controls and in animals 3 months after MI.  RBX had no significant effects on cardiac 

function in normal animals suggesting that PKCα activity in the normal swine heart is low, 

consistent with results in rodent models and patients  (271,303).  In the presence of early 

structural and functional abnormalities observed in HF (i.e. ventricular dilation, dampened 

β–adrenergic responsiveness), RBX was effective at producing increases in cardiac 

contractility by a leftward shift in the ESPVR and reduced LVVPes100 in our pig model 

of HFrEF. These results are consistent with the idea that PKCα activity increases in MI 
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heart and this contributes to the depressed contractility, which can be reversed with PKCα 

antagonism, consistent with related studies in rodents and large animals (71,73,75,278-

280).   

Ruboxistaurin Causes Reductions in Filling Volumes 

Left ventricular end–diastolic volume increased with time after MI, as determined 

with both ECHO (LVEDV) and invasive hemodynamic (Ved) measurements and consistent 

with other models of dilated cardiomyopathy secondary to ischemia (304).  DOB did not 

significantly reduce end–diastolic volume at three months’ post MI, while RBX cause a 

significant reduction in LV filling volume and caused a leftward shift of the EDPVR in the 

same MI animals in which DOB had little effect on these parameters. The reduction in 

EDV and the increased contractility caused by RBX would be expected to reduce the 

energetic demands of the HFrEF heart.   

RBX effects are similar to those caused by cardiac glycosides, like digitalis (DIG), 

in HFrEF patients (305).  DIG has been studied for its + inotropic effects for over two 

centuries (306).  DIG causes a reduction in heart size as evident by improved EF (307) and 

increased contractility via inhibition in the sodium–potassium ATPase and subsequent 

increase in cytosolic Ca2+; and in spite of some limitations it is still in clinical use (308).  

The bases of the RBX–induced reduction in EDV are not clear and need to be studied 

further. We did not observe any arrhythmogenic effects of RBX, suggesting it may be a + 

inotrope without significant pro–arrhythmogenic characteristics.  These data are 

corroborated with some 17 clinical trials previously performed by Eli Lilly (292,309,310), 

in patients who were diabetic and more likely to have underlying cardiovascular disease 
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but did not suffer an adverse cardiac event like arrhythmias, although arrhythmia or sudden 

death was not reported in any of these trials.   

 

 
    

         

Figure 16.0 RBX Reduces PKCα Phosphorylation at T638 and Does Not Directly 

Alter PKA Dependent Signaling (A.) Western blot for total PKCα and phosphorylation 

at threonine 638 (T638) after MI ± RBX.  T638 phosphorylation was reduced in the 

presences of RBX (B.)  Western blot for total phospholamban (PLN) and phosphorylation 

sites, serine 16 (S16) and threonine 17 (T17). RBX had no effect on the S16 or T17 

phosphorylation.  (†) = p ≤ 0.05; (ns) = not significant.  
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Ruboxistaurin Inhibits PKCα Inhibition of Contractility Without PKA Mediated β–

adrenergic Agonism 

PKCα is activated through diacylglycerol (DAG), multiple phosphorylation sites 

and Ca2+ binding (311-313).  Phosphorylation site (T638) influences PKCα’s sensitivity to 

phosphatases and   reduced T638 phosphorylation leads to subsequent inhibition of PKCα 

(314).  In the presence of RBX we observed a reduction in T638 phosphorylation, 

consistent with our idea that PKCα inhibition led to observed increases in contractility in 

MI hearts.  We also determined that RBX effects were not related to changes in the 

phosphorylation of PLN, a nodal regulator of SERCA activity, and a direct downstream 

target of PKA.  Therefore, RBX appears to have inotropic effects that are independent of 

PKA signaling cascades.  

Limitations 

This study investigated the use of a novel positive inotropic agent in the acute 

setting 3 months after MI.  The model, at the time of therapeutic intervention, has 

developed structural and functional deficits that are observed in patients who suffer from 

HF.  However, the symptoms are just beginning to manifest themselves at such an early 

time point post MI.  It is possible that if we had prolonged the study time, that in fact, the 

animals would have had further disease development and burden.  Also, this model does 

not take into account the comorbidities that are associated with HF (i.e. hypertension, 

metabolic syndromes, renal dysfunction, etc.).  Future studies that have the addition of 

cofactors which drive disease progression and disease burden may be more translational. 

Mechanistic insights are always more limited in large animal studies, but we have done 
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enough here to conclude that PKC may indeed to a negative regulator of contractility 

during disease progression and that inhibition leads to improve cardiac structure and 

functional reserve as compared to a classical inotrope (dobutamine).    

Summary and Conclusions  

Our results demonstrate that RBX increases cardiac function in an IR/MI model of 

HFrEF.  RBX had no inotropic or EDV–modifying effects in normal swine, consistent with 

our finding that PKCα activity is lower in the normal heart and increases with disease 

progression. Others have found that PKCα activity increases in proportion to disease 

burden (271,315). Therefore, + inotropic effects of RBX should increase with disease 

severity.  This stands in contrast with inotropic agents that rely on activation of PKA 

signaling.  The disruption in PKA signaling increases with disease severity so that inotropic 

responsiveness to agents like DOB are reduced in proportion to disease (301,302). Our new 

results suggest that RBX might be an effective inotropic therapeutic in severe HF, when 

PKA signaling is significantly depressed and PKCα activity is expected to be high. 
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CHAPTER 6 

CORTICAL BONE STEM CELL THERAPY PRESERVES CARDIAC 

STRUCTURE AND FUNCTION AFTER MYOCARDIAL INFARCTION: A 

BLINDED, RANDOMIZED, PLACEBO–CONTROLLED PRECLINICAL STUDY 

Abstract 

Cortical bone stem cells (CBSCs) have shown the ability to be cardio–protective in 

a murine model of ischemic heart disease.  Furthermore, we have established the 

similarities and differences of CBSCs to more well investigated cell therapies.  To more 

accurately model clinical applications for ACS, this study tested whether transendocardial 

injection of allogeneic CBSCs was safe, efficacious, and could augment pathology 

remodeling and improve cardiac function in a swine model.   Göttingen swine were subject 

to 90 minutes of ischemia, followed by reperfusion.  Immediately post myocardial 

infarction (MI), animals were randomized, in a blinded fashion, 1:1 to receive CBSCs (n = 

9) (2x107 cells total) or placebo (vehicle, n = 9) through 10 transendocardial injections.  

Cohorts were studied for up to 72hrs (n=8) or 3 months (n=10) post MI.  At 72hrs, survival, 

initial injury and cell retention were assessed.  Cardiac structure and function was evaluated 

by serial echocardiography, and terminal invasive hemodynamics, along with a 

dobutamine stress response performed at 3 months’ post MI.  We observed that the initial 

injury size was similar ± CBSCs. There was cell retention and proliferation at 72hrs post 

MI utilizing the NOGA® transendocardial injection–mapping system. There was reduced 

left ventricular (LV) end–diastolic/ –systolic volumes and preserved ejection fraction in 

CBSC–treated animals. Invasive hemodynamics confirmed our echo findings– with 
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preserved cardiac volumes and increase in contractile response in the presences of a 

dobutamine stress vs. vehicle–treated animals.  CBSC treatment significantly preserved 

wall thickness, reduced scar size (16.15 ± 1.85% [Vehicle] vs. 8.5 ± 2.2% [CBSCs]) and 

decreased the hypertrophic response at 3 months’ post MI.  CBSC–treated animals also 

exhibited an increase in total proliferating EdU+ myocytes.  The safety and efficacy of 

transendocardial injection of allogeneic CBSCs was confirmed in a model of acute 

ischemic heart disease.  CBSCs preserve cardiac structure and altered the progression of 

pathological remodeling leading to improved LV functional reserve.  CBSCs 

administration has the potential to translate as a novel stem cell therapy for post MI 

remodeling, which, despite standard of care, classically progresses towards heart failure 

with reduced ejection fraction (HFrEF). 

Introduction 

Ischemic heart disease (IHD) is the greatest single cause of mortality worldwide, 

accounting for ~ 7 million deaths annually (15).  IHD is caused by coronary artery disease 

(CAD) that frequently results in myocardial infarction (MI).  MI causes the death of 

myocardial tissue, even when blood flow is restored (ischemia followed by reperfusion 

[I/R]), resulting in a reduction in the number of cardiac myocytes.  While mortality, 

following MI, has improved dramatically in the era of prompt reperfusion therapy (316), 

the infarcted tissue is largely replaced by scar and the resultant cardiac structural and 

functional remodeling causes progressive declines in cardiac pump function (192) that can 

lead to heart failure (HF).  Novel therapeutic strategies that reduce pathological post MI 

structural and functional remodeling, and thereby prevent HF development are needed. 



97 

 

 
Figure 17.0 CBSC Study Timeline Protocol used to perform baseline assessment, induce 

acute myocardial infarction, therapeutic delivery, EdU minipump implantation and 

explant, and functionally measurements to define the progression of pathological 

remodeling.   
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A variety of cell therapies have been studied with the goal to enhance 

vascularization of the ischemic heart (134,160,317) and/or to replace lost cardiac myocytes 

(213,215,216,318).  Most of these studies have shown small improvements in cardiac 

structure and function and a few have shown evidence for myogenesis (119,319).  

However, effects observed to date have been modest and there is a need for novel cell 

therapies with a well–documented ability to reduce adverse post MI remodeling.  In 

addition, issues including cell safety, dosing, time and route of delivery, in our view, still 

have not been adequately defined.   

Studies in rodent models, utilizing different cell types and multiple delivery 

techniques, have overwhelmingly suggested that cell therapy can attenuate post MI 

remodeling (106,179,320).  However, studies in preclinical large animal models and early 

phase I and II clinical trials (102,103,107,163,177,197,212,319,321,322) have generally 

shown more modest effects.  Importantly, early stage clinical trials have demonstrated the 

safety of cell therapy in post MI patients (107,177,323,324) or in patients with established 

cardiac disease (103,203,325).  

We have identified a novel stem cell population, isolated from cortical bone, and 

have shown that these cells have cardio–protective features, both in vitro (188) and in vivo 

(189).  Cortical bone stem cells (CBSCs) were found to be distinct from cardiac–derived 

stem cells (CDCs) and mesenchymal stem cells (MSCs), and they possess characteristics 

that account for their in vivo cardio–protective features (188).  CBSCs improved post MI 

survival, reduced scar size, reduced ventricular dilation and improved cardiac function 
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when transplanted into the MI border zone of a mouse model (189), and their effects were 

superior to those of CDCs, both in–vitro and in–vivo (188,189). 

The objective of the present study was to determine if injection of CBSCs, into the 

border zone, in a large animal model (swine) of an I/R induced MI reduces post MI 

structural and functional remodeling and prevents the development of heart failure. The 

study examined if CBSCs reduced initial cardiac injury (cardioprotection), survived in the 

MI border zone after transendocardial delivery, and if they reduced post MI structural and 

functional remodeling to improve cardiac pump function.  These studies used approaches 

that could be implemented in patients who have suffered an MI and have undergone 

reperfusion therapy.  

 

               

 

 

Table 6.0 Acute (72hr) Delivery Study Demographics 

N

Age (months)

Sex

Body Weight (kg)

Total Cells (millions)

Performed Injections

Observed

Percentage (%)

Heart Weight (g)

HW/BW Ratio

 BW - body weight, HW - heart weight

5.5 ± 0.5 5.3 ± 0.25

18.83 ± 2.21 22.74 ± 1.85

5.6 ± 0.33 5.5 ± 0.5

60 60

101.53 ± 6.5 119.48 ± 7.3

20 20

10 10

F F

Vehicle CBSC 

4 4

7.2 ± 0.06 8 ± 0.41

Mean ± SEM  Mean ± SEM
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Methods and Materials 

Study Approval and General Methods 

All animal procedures were approved by Temple University Institutional Animal 

Care and Use Committee. A full description of all methods can be found in the Online 

Appendix.   

Experiments were performed in female Göttingen swine, as previously described 

with modifications (202,260).  Eighteen animals underwent percutaneous acute myocardial 

infarction (MI) by balloon angioplasty occlusion of the left anterior descending (LAD) 

coronary artery for 90 minutes followed by confirmed reperfusion.  Animals were 

randomized (1:1 ratio), in a blinded fashion, to receive transendocardial injections of either 

vehicle (VEH) or CBSCs (20 X 106 total, in 10 injections).  The study timeline and serial 

measurements is shown in Figure 19.     

Assessment and Study End–points  

Study demographics and post–mortem pathological weight ratios can be found in 

Table 6.0 & 7.0.  Serum was collected to quantify circulating cardiac troponin I (cTnI) as 

a marker of cardiac injury.  Safety endpoints were assessed over the first 72 hours and 3–

months (Mo) time points, including survival, body weight and serial cardiac rhythm 

monitoring during post MI ± CBSC ECHO.  Swine were subject to serial transthoracic 

echocardiography (ECHO) at baseline (pre–MI), 72hr, 1–, 2– and 3– Mo post MI.  

Volumetric measurements (i.e. LVEDV, LVESV and LVEF) were calculated and speckle–

tracking strain analysis was performed in longitudinal and radial axis.  Invasive 

hemodynamics were performed at baseline and 3–Mo post MI ± CBSCs ± DOB.  These  
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Table 7.0 Three Month Study Demographics 

N

Age (months)

Sex

Body Weight (kg)

Baseline

1 Month

2 Month

3 Month

Total Cells (millions)

Performed Injections

Observed

Percentage (%)

Heart Weight (g)

HW/BW Ratio

Lung Weight (g)

LW/BW Ratio

Wet Lung Weight (g)

Dry Lung Weight (g)

Wet/Dry Ratio

Liver Weight (g)

Kidney Weight (g)

Right

Left

p-value [*] ≤ 0.05 vs. baseline.  BW - body weight, HW - heart 

weight, LW - lung weight

20

0.42 ± 0.02

58.8 ± 4.5

55 ± 5.4

57.5 ± 1.5

57.9 ± 1.8

485.62 ± 36.6

5.76 ± 0.2

530 ± 36.6

5.75 ± 0.35

125.34 ± 9.9

50

5.3 ± 0.46

10

2.42 ± 0.22

5.07 ± 0.09

136.52 ± 7.9

4.67 ± 0.33

119.18 ± 2.8

50

5.3 ± 0.33

10

13.9 ± 0.38

18.6 ± 0.58*

21.35 ± 0.20*

24 ± 0.8*

20

0.4 ± 0.03

2.28 ± 0.14

6.0 ± 0.6

142.56 ± 9.6

5.0 ± 0.26

Vehicle CBSC 

26.9 ± 1.47*

25.6 ± 3.35*

21.88 ± 2.47*

5

8.2 ± 0.2

F

16 ± 3.16

5

7.7 ± 0.12

F

Mean ± SEM  Mean ± SEM
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functional assessments evaluated global left ventricle structure and cardiac function.  Upon 

euthanasia, gross and morphometric analysis were performed for initial injury at 72hrs via 

tetrazolium chloride metabolism (TTC) (268) and scar size at 3–Mons’ post MI.  The heart, 

lungs, liver, spleen and kidneys of each animal in the 3–Mon cohort were explanted, 

weighed (Table 7.0) and assessed for any neoplastic tissue; frozen and formalin fixed 

samples were collected for further analysis.   

 Results 

All eighteen MI animals (3day and 3Mon studies) survived the entirety of their 

respective studies.  There was no significant difference in body weight at baseline or during 

follow up (Online Table 6.0 & 7.0).  ECGs (Figure 5.0) and circulating cardiac troponin I 

(cTnI; upon reperfusion) (Figure 20A) was measured to confirm MI induction and define 

initial injury.  All animals were in sinus rhythm prior to balloon occlusion (Figure 5A), and 

showed characteristic ECG changes (ST segment alterations) after ischemia induction 

(Figure 5B & C).  Most animals fibrillated (61%) and were successfully defibrillated (see 

methods). No antiarrhythmic agents were required after animals returned to sinus rhythm 

(Figure 5C).  

Acute Study (72hrs) –  

Initial Injury, Safety and Efficacy of Delivery, and Cell Retention  

Circulating cTnI was elevated at 2hrs post MI in all animals (Figure 20A), 

confirming MI induced myocardial necrosis.  No differences in 2hr circulating cTnI levels 

between treatment groups was observed in either short (3 days) or long term (3 Mo) 

cohorts, showing that the initial IR injury was similar in VEH– and CBSC–treated  
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Figure 18.0 Initial Injury Assessment Hematological, structural, and histological 

assessment of initial injury was performed at 72hrs post IR/MI.  (A.) Circulating cardiac 

troponin I (cTnI) was analyzed at 2hrs post reperfusion in all animals (n = 18).  (B.) The 

mean circulating cTnI at 2hrs post reperfusion between treatment groups.  (C.)  The change 

in left ventricular ejection fraction (LVEF) in each treatment group at 72hrs post IR/MI.  

(D. & E.) Representative images of mid–myocardial cross–sections stained for TTC (VEH 

and CBSC, respectively).  Scale Bar = 10mm. (F.) The mean TTCNEG tissue (non–

metabolically active tissue) as a percentage of total ventricular area.  [**] p–value ≤ 0.01 

vs. baseline. 

 

animals (Figure 20B).  Transthoracic ECHO was performed to assess structural and 

functional changes at 72hrs post IR/MI ± CBSCs.  LVEDV and LVESV were increased in 

all animals (not shown) and EF was reduced.  There were no differences in volumetric 

ECHO–derived parameters between treatment groups (Figure 20C).  However, when 

assessing ECHO speckle–tracking strain (Online Figure 21), we observed a significant 

preservation of the longitudinal strain in CBSC– vs. VEH–treated animals (14.52 ± 0.8% 

[CBSC] vs. 8.7 ± 1.13% [VEH]) and a preservation in radial strain as compared to baseline 

(Online Figure 21H & I).    
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Figure 19.0 CBSCs Preserve Longitudinal Strain Acutely by Echocardiographic 

Speckle–tracking Based Strain Analysis In the 72hr cohort, ECHO was performed at 

baseline and during terminal procedures.  2D parasternal long–axis B–mode images were 

acquired.  Longitudinal and radial strain was assessed in animal’s ± CBSCs.  A schematic 

of how longitudinal and radial strain are assessed in (A.) diastole and (B.) systole with 

equations for both (C.) longitudinal and radial strain.  (D. & E.) Representative wave 

tracing (through systole and diastole) of the longitudinal and radial strain.  Note the 

preservation of strain within the CBSC–treated animal (right set of panels) and the 

deterioration with VEH treatment (left panels) (white arrowheads).  The vector amplitude 

in mid–systole (F.) shows the direction and magnitude of the speckle–tracking points from 

the endocardial surface at baseline and 72hrs post MI ± CBSCs.  (H.) The mean 

longitudinal strain was significantly preserved at 72hrs post MI + CBSCs vs. VEH.  While 

(I.) the radial strain was not significantly different from baseline with CBSC treatment. Ld 

– longitudinal diastole, Ls – longitudinal systole, Rd – radial diastole, Rs – radial systole, A 

– apex, L – lateral wall and S – septal wall, PMI – post MI.   

 

Cross–sections of cardiac tissue from explanted hearts were treated with 

triphenyltetrazolium chloride (TTC), to differentiate metabolically active from necrotic 

tissue (Figure 20D & E).  There were no differences in TTC negative tissue at 72hrs post 

MI ± CBSCs (28.1 ± 6.13% [VEH] vs. 27.1 ± 3.73% [CBSC], Figure 20F).  These results 

clearly show that the extent of myocardial damage caused by I/R in VEH– and CBSC–

treated animals was not different.  These results also show that CBSC treatment used in 

these experiments after IR/MI did not cause acute cardio–protection, to reduce the initial 

infarct size. 

A NOGA® mapping system was used to assess electrical conductance within the 

heart and determine the interface (border zone) between viable and non–viable tissue.  The 

system was also used to guide catheter–based transendocardial injections (Online Figure 

7C).  Injection sites were observed in explanted hearts with gross visualization of 

fluorescent microspheres within the myocardium in all eighteen animals in the 72hr and 

3Mon cohorts (Online Figure 7D).  Between 50–60% of the injection sites were found at 
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the epi– or endo–cardial surfaces in 72hrs and 3Mon post MI studies (Online Table 6.0 & 

7.0).  Transendocardial injections induced occasional pre–ventricular contractions (PVC), 

but no sustained ventricular arrhythmias were observed during delivery or during the 

follow up ± CBSCs.  The viability of the CBSCs after passing through the MYOSTAR® 

injection catheter was confirmed in every experiment (Figure 22).  

 
 

Figure 20.0 Confirmation of CBSC Viability Post Catheter Injection 

(A.)  CBSCs were labeled with a GFP lenti virus prior to injection.  (B.) Representative 

images of CBSCs after passing through the MYOSTAR ® injection catheter, the CBSCs 

survive and thrive post catheter.   
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Figure 21.0 CBSC Retention and Proliferation GFP+/Y–chromosome+ CBSC retention 

was assessed by immunofluorescence and PCR at 72hrs post IR/MI (n=4).  (A.)  Confocal 

image (10X) of a transendocardial injection site with GFP+ CBSCs.  (B.)  Confocal image 

(40X) from injection site with GFP+/EdU+ CBSCs from image (A).  (B1. –B4.) Single 

channels breakdown from 40X images (α–sarcomeric actin, EdU, GFP and DAPI, 

respectively) (arrowheads identify GFP+/EdU+ cells).  (1. – 3.) Zoomed confocal images 

from the 40X image (B) of representative GFP+/EdU+ CBSCs (arrows).  (C.– E.) 

Representative confocal images (40X) of GFP+/EdU+ CBSCs from animals 2–4.  GFP 

(green), EdU (red), α–Actin (white) and DAPI (blue).  Scale bars = 50μm (F.)  PCR 

products run on 1.5% agarose gel from VEH and CBSC injection sites. BL = blank, F (– 

Control) = female heart, M (+ Control) = male heart, ML = molecular weight ladder. 

Product size ~ 300bp.     

 

Tissue from validated injection sites was processed for either molecular or 

histological analysis.  A dual CBSC labeling strategy (GFP and sex–mismatch) was used 

to identify the CBSCs (Figure 23) and both approaches have been used previously 

(143,190,259).  Injection sites from all (8) 3–day post MI animals were immuno–stained 

for GFP, EdU, α–sarcomeric actin and DAPI.  GFP+ CBSCs were identified in all animals 

at 72hrs post MI (Figure 23A – E).  Interestingly, the majority of GFP+ CBSCs were EdU+, 

showing that the cells were alive and proliferative (Figure 23–1, –2, & –3).  PCR analysis 

of tissue from injection sites confirmed the presence of the Y– chromosome in CBSC–

treated animals (Figure 23F).  These studies show that CBSCs injected into the MI border 

zone survive and proliferate within the injured tissue, but do not prevent the necrotic injury 

that is characteristic of IR/MI (249). 

CBSC Treatment Increases Cell Proliferation 

EdU was infused into VEH– and CBSC– treated animals (n=4, each) for the first 3 

days after MI to identify cells with newly formed DNA (Figure 24).  We imaged and 

quantified the number of EdU+ cells at 72hrs post MI ± CBSCs.  Confocal images from the 
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IZ, BDZ, RZ and sBDZ of all animals were examined (Figure 24A1–A4 [VEH] & B1–

B4[CBSC]) and EdU+ cells were identified and quantified using Naquantus (269), a novel 

semi–automated quantification software.  We calculated the total number of nuclei (DAPI+ 

[all cells]), EdU+/DAPI+ cells (total EdU+ cells), Actin+/DAPI+ (total myocytes) and 

EdU+/Actin+/DAPI+ cells (EdU+ myocytes) (Figure 25A – D) in each tissue section.  A 

large number of EdU+ cells were observed 3 days after MI + CBSCs, and the GFP+ CBSCs 

were largely EdU+. The majority of these EdU+ cells were non–myocytes (Figure 24 

[arrowheads]).  There was a significant 2–fold increase in the percentage of EdU+ nuclei 

(Figure 24A & B [arrowheads]) in CBSC– vs. VEH– treated heart in the BDZ (Figure 

24C2), with nonsignificant increases in all other regions (Figure 24C1, C3 & C4).  A few 

EdU+ cardiac myocytes were identified in every heart (Figure 24A4 and 4B2 [arrows]).  

None of these were GFP+, so they were not derived from injected CBSCs.  There was no 

significant difference in the percentage of EdU+ myocytes in CBSC– vs. VEH–treated 

hearts in the IZ, BDZ and sBDZ (Figure 24D1–D4).  Most EdU+ myocytes were found at 

or near the border of the infarcted regions.  

Long–term Study (3 Mons) –  

Preservation of LV Structure and Function  

Ten animals (VEH [n=5] and CBSC [n=5] –treated) were studied for 3Mons after 

IR/MI.  Time dependent changes in cardiac structure and function were evaluated with 

ECHO and invasive hemodynamic measurements; which were performed before IR/MI 

and were repeated during terminal studies.  ECHO measurements documented increases in 

LVEDV and LVESV in both treatment groups vs. baseline.  However, CBSC–treated  
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Figure 22.0 CBSCs Induce an Increase in Proliferative Non–myocytes in the MI 

Border Zone  EdU+ cells were imaged and quantified at 72hrs post MI in (A) VEH– and 

(B) CBSC–treated heart. (A1. –A4.) Representative confocal images (20X) from the four 

distinct regions of the myocardium post IR/MI + VEH. (B1. –B4.) Representative confocal 

images (20X) from the four distinct regions of the myocardium post IR/MI + CBSCs.  40X 

representative confocal images illustrate EdU+ myocytes and non–myocytes from hearts ± 

CBSCs.  EdU (green), α–Actin (red) and DAPI (blue). Arrows = myocytes, arrowheads = 

non–myocytes.  20X scale bars = 200μm, 40X scale bars = 50μm and zoom/channel 

breakdown scale bars = 25μm.  (C1. – C4.) Quantification of total EdU+ cells as a 

percentage of total DAPI+ in each region.  (D1. – D4.) Quantification of total 

EdU+Actin+DAPI+ cells as a percentage of total Actin+DAPI+ (myocyte) in each region. 

(*) p–value ≤ 0.05 vs. VEH.  

 

 

 
 

 

 

Figure 23.0 CBSCs Increase EdU+ Cells at 72hrs Post IR/MI Total quantification of 

(A.) nuclei (DAPI+), (B.) Myocytes (Actin+DAPI+), (C.) EdU+ cells (EdU+DAPI+) and (D.) 

EdU+ myocytes (EdU+Actin+DAPI+) were calculated.  There was a 2–fold increase in the 

number of EdU+ cells (C.) and myocytes (D.).  The number of EdU+ myocytes as a 

percentage of the total number of EdU+ cells (E.–H.) was calculated per anatomical region 

at 72hrs post MI.  Between 0.001 – 0.004% of all EdU+ cells were myocytes at 72hrs post 

MI + CBSCs. BZ – border zone, IZ – infarct zone and RZ – remote zone.  p–value [*] ≤ 

0.05 vs. VEH.       
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hearts showed significantly less progressive LV chamber dilation as compared to VEH– 

treated hearts.  At 3 Mons’ post MI, the LVEDV and LVESV of CBSC–treated animals 

were significantly smaller than in VEH–treated animals (Figure 26A & B) (LVEDV – [53.0 

± 3.0 ml vs. 43 ± 2.5 ml]; LVESV – [38.6 ± 3.4 ml vs. 22.0 ± 2.4 ml] p ≤ 0.05).  LVEF 

was reduced in both groups by about 10% at 1Mon post MI (Figure 26C).  Over the next 

2Mon LVEF fell in the VEH–treated animals while EF remained stable in CBSC–treated 

animals.  LVEF was significantly greater in CBSC– vs. VEH– treated animals at 3 Mons’ 

post MI (Figure 26C).  These studies show that CBSC therapy reduces the progression of 

cardiac structural remodeling in the three months after MI. 

CBSCs Reduce Hemodynamic Deterioration and Preserve Contractile Reserve 

Differences in ventricular dilation at 3 Mons’ post MI determined with serial ECHO 

were confirmed in terminal studies using invasive hemodynamic methods (Figure 27).  The 

PV loops (Figure 27A) and end–diastolic pressure–volume relationship (EDPVR) (Figure 

27B), at spontaneous heart rates, were shifted to significantly larger volumes at 3 Mons’ 

post MI in the VEH–treated animals.  This rightward shift of the PV relationships at end–

diastole confirms ventricular dilation.  Significantly smaller changes in these parameters 

were found in the CBSC–treated animals (Figure 27D & 6E).  There was significantly less 

rightward shift in the EDPVR in CBSC vs. VEH –treated animals at 3Mons’ post MI 

(Figure 27H). These results confirm that CBSC treatment reduces progressive ventricular 

dilation and preserves LVEF as compared with VEH treatment (Figure 27G & H, Table 

8.0).  The volumes at dP/dt max. & min. where not significantly increased in the CBSC–

treated animals, further documenting preservation of  
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Figure 24.0 CBSCs Reduce Left Ventricular Structural Remodeling and Preserve 

Function Post IR/MI Serial transthoracic echocardiography was performed.  Volumetric 

measurements were assessed (A.) Left ventricular end–diastolic (LVEDV) and (B.) left 

ventricular end–systolic volumes (LVESV).  (C.) Assessment of left ventricular ejection 

fraction (LVEF). p–value [*] ≤ 0.05, [**] ≤ 0.01 and [***] ≤ 0.005 vs. baseline within 

group, [#] ≤ 0.05 vs. VEH. MO = Mons’ post MI.       

 

cardiac chamber size in CBSC–treated animals (Table 8.0).  Consistent with previous work 

(192) diastolic function was decreased post MI.  The isovolumic relaxation time constant 

(τ) was prolonged and the minimal rate of relaxation (dP/dt min.) was decreased in VEH– 

vs. baseline, while these measurements were not significantly different with CBSCs (Table 

8.0).  

The rightward shift in the PV loop in VEH– treated animals is consistent with a 

decrease in cardiac systolic function (Figure 27C).  The ESPVR, an indicator of systolic 

performance, is determined by two parameters: the end–systolic elastance (Ees) (i.e. slope) 

and the volume intercept (V0).  Changes in both determinants are considered to determine 

changes in cardiac systolic function (i.e. contractility) (266,326).  The ESPVR was shifted 

rightward to a greater extent in VEH– vs. CBSC–treated animals after MI (Figure 27I).  

The systolic elastance (Ees) was reduced in both CBSC– and VEH– treated animals (5.63 

± 0.40 to 4.35 ± 0.41 [CBSC] and 5.04 ± 0.39 to 3.78 ± 0.47 [VEH]).  The volume intercept 

(V0) was significantly increased only in the VEH–treated animal’s vs.  
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Figure 25.0 CBSCs Reduce Left Ventricular Dilation and Preserve Cardiac 

Functional Reserve Invasive hemodynamics were performed at baseline and 3 Mons’ post 

MI ± CBSCs ± DOB.  (A.) Representative pressure volume (PV) loops at baseline and 

3MO post–MI in VEH–treated animal.  (B. & C.) EDPVR and ESPVR is shifted rightward 

3Mo post MI vs. pre–MI in VEH–treated animals (n=5).  Pre–MI = open squares, 3MO 

post MI = red squares (D.) Representative PV loops from a CBSC–treated animal at 

baseline and 3MO post–MI.  (E.) EDPVR remains unchanged while (F.) ESPVR is shifted 

rightward 3Mo post MI vs. pre–MI in CBSC–treated animals (n=5).  Pre–MI = open circles, 

3MO post MI = red circles (G.) Representative 3MO post MI PV loops ± CBSCs, the PV 

loops is shifted rightward in the VEH group.  (H.) EDPVR is significantly shifted rightward 

in the VEH–treated animals vs. CBSC treatment while (I.) shows no significant change in 

ESPVR between groups 3MO post MI.  (J.) Representative PV loops during dobutamine 

(DOB) challenge (2.5μg/kg/min.) 3MO post MI ± CBSCs.  VEH + DOB = grey squares, 

CBSC + DOB = grey circles.  (K.) No significant difference in the EDPVR between groups 

+ DOB while (L.) demonstrates a significant difference in the ESPVR, indicating preserved 

contractile reserve in the CBSC group.       

 

baseline (Table 8.0).  These studies document a reduction of cardiac function in all MI 

animals, regardless of treatment, with better preservation of cardiac contractile properties 

in CBSC–treated animals. 

Reduced inotropic reserve is a characteristic feature of the failing heart (67).  To 

explore the idea that CBSC treatment improves post MI contractile reserve, cardiac 

hemodynamics were measured in VEH– and CBSC–treated MI animals before and after 

dobutamine (DOB) (Figure 27J – I).  DOB (2.5ug/kg/min.) caused a shift in the EDPVR 

to baseline in CBSC–treated but not in VEH–treated animals (Figure 27J & K).  DOB 

treatment, in the CBSC cohort, created a leftward shifted the ESPVR beyond baseline 

levels (Figure 27I) and caused a 2–fold increase in the Ees (4.35 ± 0.41 [3Mo post MI + 

CBSCs] to 8.09 ± 0.71 [+ DOB]) and did not alter V0 (Table 8.0).  These changes were 

significantly greater than in DOB–treated MI +VEH animals (Figure 27J – L, Table 8.0).  

DOB only caused a significant increase in Ees in CBSC–treated  
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Table 8.0 CBSC Invasive Hemodynamics

Vehicle (n=5) CBSCs (n=5)

(-) dob. (+) dob. (-) dob. (+) dob.

HR (bpm)

Mean 94.02 74.31 94.97 106.41 92.16
*

102.8
*

±SEM 11.46 5.54 9.42 10.58 9.07 15.18

Ves (mL)

Mean 16.77 13.76 29.26
*

23.17
* 21.18 14.40 

§

±SEM 2.09 2.08 2.94 1.66 3.64 3.15

Ved (mL)

Mean 39.25 34.98 49.71
* 43.92 44.85

* 38.14

±SEM 5.06 1.53 4.12 2.98 4.37 3.06

SV (mL)

Mean 23.90 22.96 22.48 22.28 25.03 25.50

±SEM 3.20 1.03 2.20 1.67 1.83 1.78

EF (%)

Mean 64.95 66.21 45.78
*

52.25
*

59.75
‡

71.32
§

±SEM 2.07 4.21 4.04 1.40 5.55 5.85

dP/dt max (mmHg/s)

Mean 1626.20 1468.60 1180.88
*

2221.6
†

1217.4
*

2517.6
*†

±SEM 133.89 80.98 84.45 380.30 26.95 95.57

dP/dt min (mmHg/s)

Mean -1829.40 -1688.60 -1450.6
*

-1328.12
* -1529.04 -1601.48

±SEM 184.44 184.52 100.12 144.90 171.93 206.18

V@dP/dt max (mL)

Mean 37.30 35.01 49.53
* 42.72 43.20 36.47

±SEM 5.05 1.91 3.83 3.26 4.42 3.23

V@dP/dt min (mL)

Mean 16.81 14.05 29.27
*

22.79
* 21.12 14.41

§

±SEM 1.99 2.16 2.98 1.55 3.50 3.00

Tau (ms)

Mean 40.29 43.14 53.27
* 48.48 47.16 44.40

±SEM 1.62 2.61 4.48 4.04 4.23 7.12

 End-systolic Elastance (E es)

Mean 5.04 5.63 3.78
* 4.78 4.35

*
8.09

*§

±SEM 0.39 0.40 0.47 0.30 0.41 0.71

Volume axis intercept (V0)

Mean -1.67 -2.16 5.013
* -0.80 2.00 1.62

±SEM 1.28 2.17 1.42 2.99 3.37 3.03

p-value ≤ 0.05 [*] vs. baseline within group, [†] vs. post MI within group, [‡] vs. post MI between 

groups and [§] vs. post MI + DOB between groups.  CO - cardiac output, EF - ejection fraction, HR - 

heart rate, Ped - Pressure end-diastole, Pes - pressure end-systole, SV - stroke volume, Ved - volume 

end-diastole, Ves - volume end-systole.

Pre-MI 3MO Post MI

Vehicle (n=5) CBSCs (n=5)
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animals (Table 8.0).  There was also a significant reduction in Ves and an increased EF 

with CBSC treatment + DOB vs. VEH + DOB (Table 8.0).  Collectively these data show 

that CBSC treatment preserves basal contractility and systolic functional reserve. 

CBSC Treatment Reduces Scar Size, Inhibits Hypertrophic Remodeling and 

Induces Myocyte Proliferation 

Heart weight and heart weight to body weight ratios were not different in VEH– 

and CBSC–treated hearts.  However, scar size was significantly smaller in CBSC– vs. 

VEH–treated animals at 3 Mons’ post MI (8.5 ± 2.2% vs 16.15 ± 1.85%) (Figure 28C).  In 

addition, anterior wall thickness was significantly greater in CBSC– vs. VEH–treated 

animals (Figure 28A & B).  At the cellular level, myocyte cross–sectional area (CSA, μm2) 

was significantly smaller in CBSC– vs. VEH– treated hearts (BDZ – [565.8 ± 2.9 μm2 vs. 

304 ± 1.1 μm2]; RZ – [400.6 ± 2.4 μm2 vs. 276.6 ± 1.2 μm2]) (Figure 28D & F), with a 

rightward shift in the BDZ and RZ CSA histograms (Figure 28E & G). These data show 

that CBSC–treated hearts have greater muscle mass, less scar, and smaller cardiac 

myocytes that in VEH–treated IR/MI hearts. 

 EdU was infused into 3Mon VEH– and GFP+CBSC–treated animals (n=5, 

each) for the first 7 days after MI to identify cells that incorporate EdU into their DNA 

during this time period (Figure 29).  We imaged and quantified the number of EdU+ cells 

at 3Mons’ post MI ± CBSCs.  Confocal images from the IZ, BDZ, RZ and sBDZ of all 

animals were examined (Figure 29A1–A4 [VEH] & B1–B4[CBSC]) and EdU+ cells were 

identified and quantified (269).  We calculated the total number of nuclei (DAPI+ [all  
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Figure 26.0 CBSCs Reduce Scar Size and Inhibit Pathological Hypertrophic 

Remodeling Gross anatomy morphometric analysis for scar size and myocyte cross–

sectional area (CSA) was performed 3 Mons’ post IR/MI. (A. & B.) Representative gross 

anatomy cross–sections of mid–myocardium ± CBSCs.  Scale bar = 10mm (C.) 2–fold 

reduction in scar size with CBSC treatment.  (D.) Average myocyte CSA in the border zone 

(BDZ) and (E.) myocyte CSA distribution within group and representative 40X confocal 

images of WGA staining.   (F.) Average myocyte CSA in the remote zone (RZ) and (G.) 

myocyte CSA distribution within group and representative 40X confocal images of WGA 

staining. Scale bars = 50μm. p–value [*] ≤ 0.05, [****] ≤ 0.0001 vs. VEH–treated group. 
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cells]), EdU+/DAPI+ cells (total EdU+ cells), Actin+/DAPI+ (total myocytes) and 

EdU+/Actin+/DAPI+ cells (EdU+ myocytes) (Figure 30A–D) in each tissue section.  No 

GFP+ cells were found in any 3Mon post MI hearts, suggesting that none of the injected 

CBSCs were still present at this time point.  The percentage of EdU+ nuclei (Figure 29A1–

A4 & B1–B4 [arrowheads]) was not different in CBSC– vs. VEH–treated heart in any 

region (Figure 29C1–C4).  However, EdU+ cardiac myocytes were easily identified in 

every heart (Figure 29A1–A4 and B1–B4 [arrows]) (Figure 31).  None of these myocytes 

were GFP+, so they were not derived from injected CBSCs.  The percentage of EdU+ 

myocytes was significantly greater in CBSC hearts in all regions adjoining the MI and the 

majority of the EdU+ myocytes were at or near the infarct BDZ (Figure 29B1–B4 [arrows] 

& 8D1 –D4).  The percentage of EdU+ myocytes was not significantly increased in the 

areas of the heart that are remote from the infarct.  

Discussion 

The present study was designed to test the safety and efficacy of transendocardial 

administration of CBSCs in a randomized, blinded, placebo controlled preclinical swine 

model of I/R– induced MI.  There were several major new findings.  The studies performed 

showed that transendocardial injection of allogeneic CBSC is safe both acutely and 

chronically, giving no evidence of ectopic tissue formation or lethal arrhythmogenesis.  

CBSC retention within injection sites was shown at 72hrs post IR/MI and most of these 

CBSCs were EdU+, consistent with the idea that they were proliferative after injection.  

CBSCs had no effect on IR/MI– induced myocyte necrosis or on initial infarct size.  

However, CBSC treatment reduced reactive fibrosis (scar size) at 3 Mons’  
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Figure 27.0 CBSC Treatment Increases EdU+ Myocytes in the Border Zones EdU+ 

cells were imaged and quantified at 3 Mons’ post MI in (A) VEH– and (B) CBSC–treated 

heart. (A1. –A4.) Representative confocal images (20X) from the four distinct regions of 

the myocardium post IR/MI + VEH. (B1. –B4.) Representative confocal images (20X) 

from the four distinct regions of the myocardium post IR/MI + CBSCs.  40X representative 

confocal images illustrates EdU+ myocytes and non–myocytes from hearts ± CBSCs.  EdU 

(green), α–Actin (red) and DAPI (blue).  Arrows = myocytes, arrowheads = non–myocytes.  

20X scale bars = 200μm, 40X scale bars = 50μm and zoom/channel breakdown scale bars 

= 25μm.  (C1. – C4.) Quantification of total EdU+ cells as a percentage of total DAPI+ in 

each region.  (D1. – D4.) Quantification of total EdU+Actin+DAPI+ cells as a percentage 

of total Actin+DAPI+ (myocyte) in each region. (*) p–value ≤ 0.05 vs. VEH.  

 

 

 
 

 

Figure 28.0 CBSCs Increase EdU+ Myocytes 3 Mons’ Post IR/MI EdU was delivered 

for the first 7 days’ post MI and animals were followed for 3 Mons.  Total quantification 

of (A.) nuclei (DAPI+), (B.) Myocytes (Actin+DAPI+), (C.) EdU+ cells (EdU+DAPI+) and 

(D.) EdU+ myocytes (EdU+Actin+DAPI+) were calculated.  The number of EdU+ myocytes 

as a percentage of the total number of EdU+ cells (E.–H.) was calculated per anatomical 

region at 3 Mons’ post MI.  Between 0.3 – 1.5% of all EdU+ cells were EdU+ myocytes at 

3 moths’ post MI + CBSCs. BZ – border zone, IZ – infarct zone and RZ – remote zone.  p–

value [*] ≤ 0.05 vs. VEH. [**] ≤ 0.01 vs. VEH.       
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post IR/MI.  Progressive structural pathological remodeling (i.e. hypertrophy of viable 

tissue, wall thinning within the scar and dilation of the LV chamber) was also reduced with 

allogeneic CBSC treatment.  There was preservation of LV systolic and diastolic function 

and a greater cardiac functional reserve in the CBSC–treated animals.  A small but 

significantly greater number of EdU+ cardiac myocytes were found in CBSC–treated hearts 

3 Mons’ post IR/MI.  These studies strongly support the idea that delivery of CBSCs to the 

MI border zone in the immediate post IR/MI heart causes beneficial changes in post MI 

remodeling that reduce adverse structural and functional derangements.     

CBSCs Are Not Cardioprotective But Preserves Intrinsic Myocardial Performance  

The present experiments showed that IR/MI induced similar amounts of cardiac 

injury in CBSC– and VEH–treated animals.  All IR/MI animals had similar increases in 

circulating troponin levels (Figure 20A – B).  In addition, the amount of necrotic tissue 

identified with TTC staining at 3 days’ post MI was identical in both treatment groups.  

These results strongly support the idea that CBSCs do not provide cardio–protection, to 

reduce the initial infarct size, at least with the approaches employed in these experiments. 

These results are not surprising since our IR/MI model causes necrotic cell death within 

the infarct core and an infarct border zone of uncoupled cardiac tissue, as we have shown 

previously (249).  Our results do suggest that CBSCs reduce infarct expansion, which 

would likely result from progressive death of those myocytes at the MI border zone that 

have uncoupled from the parent myocardium and have survived the necrotic cell death 

caused by IR/MI.  Others have shown acute cardioprotective features of exosomes from 

cardiosphere–derived stem cells under similar experimental conditions (201). One possible 
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explanation for these differences is that our IR/MI model causes a large necrotic infarct 

core which develops within minutes upon reperfusion, whereas the damage in the previous 

report appears to produce an infarct with intact, non–necrotic myocytes with apoptotic 

myocyte death in the infarct and border zones (201).  

CBSC injections did not improve the echocardiographic determined cardiac 

volumes (EDV, ESV, LVEF) at 72hrs, again documenting that these cells did not provide 

immediate cardiac protection.  However, myocardial performance, measured by LV 

longitudinal and radial strain, was preserved in CBSC–treated animals.  Speckle–tracking 

echocardiographic strain analysis is known to be more sensitive and identifies global and 

regional abnormalities in cardiac muscle contraction earlier than classical ECHO–derived 

volumetric measurements (i.e. LVEF) (262,327).  The bases for these CBSC –mediated 

improvements in global strain in the absence of a cardio–protective effect are unclear at 

present but might be best explained by a wall stabilizing effect of injected CBSCs (189). 

CBSCs Survive and Expand During the First Few Days Post IR/MI  

GFP+ CBSCs injected into the IR/MI border zone were found in every animal at 3 

days’ post IR/MI.  EdU was infused for the 3 days and most CBSCs were also EdU+, 

showing that the injected cells survive and proliferate over this period.  We also found a 

large percentage of the nuclei in the injured regions of the heart were EdU+ (about 20%), 

and the vast majority of these cells were nonmyocytes.  The number of EdU+ non–

myocytes in the damaged regions of the heart was increased in CBSC–treated animals.  The 

identity of these proliferative cells was not determined but likely includes infiltrating cells 

from the circulation as well as myofibroblasts (328,329).  The potential links between 
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increases in proliferative nonmyocytes in CBSC–treated animals and the subsequent 

reduction in pathological post MI remodeling needs to be defined. 

CBSC Therapy Reduces Post MI Structural and Functional Remodeling 

The 3 Mon post IR/MI studies explored CBSC effects on scar size, cardiac 

hypertrophy, progressive LV chamber remodeling, loss of contractility and functional 

reserve.  Similar to our previous results in mouse MI models (189), CBSC treatment 

resulted in a reduction in scar size (Figure 28A – C).  It is not entirely clear how CBSCs 

cause a reduced scar burden but modulation of the post IR/MI inflammatory response is 

likely to be involved (330), and represents a topic for future studies and a target for future 

translational experiments.  

Ventricular chamber dilation is a hallmark feature of pathological post IR/MI 

remodeling (331).  The present study showed that while CBSCs did not prevent necrotic 

cell death in the immediate post MI time frame, they significantly slowed the rate of and 

reduced the amount of ventricular remodeling as independently observed by ECHO and 

invasive hemodynamics studies. 

Depression of cardiac systolic function with reduced contractile reserve is a 

classical feature of human heart failure (26).  The amount/extent of dysfunction is 

proportionate to the burden of the heart failure syndrome.  The swine model of IR/MI 

captures early features of MI–induced heart failure.  ECHO measurements showed 

progressive cardiac chamber dilation that was associated with progressive depression in  
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Figure 29.0 Representative EdU+ Myocytes from CBSC–treated Animals 3 Mons’ 

post MI Representative (20X) confocal images (A. & B.) of EdU+ myocytes 3mons post 

MI + CBSCs. Scale bar = 200μm.  Within each image three separate representative images 

of EdU+ myocytes identified (white square boxes), (A1. – A3. & B1. – B3.) zoomed images 

of Edu+ myocytes identified by arrows. Scale bar = 50μm.       
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cardiac systolic function (Figures 26 & 27 and Table 8.0).  Our results also show a 

significant shift in ED– and ES–PVRs measured with invasive hemodynamic techniques 

(Figures 27A – C).  Changes in the PV loops of 3Mon post MI animal’s document cardiac 

chamber dilation and reduced basal cardiac function (Figure 27A – F).  Cardiac contractile 

reserve, as measured by a dobutamine response, was also significantly reduced in VEH– 

vs. CBSC–treated MI animals.  Collectively our studies show that CBSC treatment reduced 

post MI structural remodeling and preserved post MI cardiac systolic function and 

inotropic reserve (Figures 27G – I). 

Our studies did not find evidence of allogeneic CBSC persistence or differentiation 

into new cardiac tissue (blood vessels or myocytes) at 3Mons post MI.  These results 

suggest that paracrine factors released from CBSCs over the first few days/weeks following 

IR/MI (Figure 24) are responsible for reduced post MI remodeling and improved cardiac 

pump function (188,189).  CBSCs were alive and proliferative in vivo at 72hrs post MI. 

Collectively our results suggest that CBSCs release factors that modify post IR/MI wound 

healing to reduce scar size and possibly limit myocyte death in the MI border zone in the 

weeks after MI, when infarcts size can expand (189,332).  

CBSC Therapy Increases Muscle Mass in the Post MI Heart 

The heart weight and HW/BW ratio of VEH– and CBSC–treated animals were not 

different 3mons after MI (Table 7.0), but scar mass was significantly smaller in CBSC–

treated hearts, so muscle mass was greater in these hearts.  In addition, myocyte size was 

significantly smaller in CBSC– vs. VEH–treated hearts.  These results, with simple, 

reliable techniques, strongly support the idea that there are more myocytes in the ventricles 
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of CBSC–treated as compared to VEH–treated hearts. There are many possible 

explanations for these differences: [1] Progressive expansion of myocyte death could be 

greater in VEH–treated animals, leaving these hearts with fewer myocytes; while, [2] 

CBSCs might prevent the death of myocytes in the infarct BDZs and this would leave these 

hearts with more myocytes, and, [3] CBSC treatment could induce new myocyte formation.  

The results of the present study suggest that CBSC treatment induces an increase in the 

number of newly formed myocytes and that these myocytes are derived from the host 

myocardium (Figures 29, Figure 31).  Previous studies of post MI cell therapy have 

reported a range of new myocyte formation from 1% (224) to ≥ 50% (104,118), and the 

source of these new myocytes have been widely debated (104,116-118,224).  The current 

consensus in the field is that the normal adult heart has a very limited ability to form new 

myocytes, but that after injury there is a small but significant increase in new myocyte 

formation, with the new myocytes being derived from preexisting myocytes (113-115).  

Our data is consistent with these ideas and our previous in vitro study (188) suggests that 

the paracrine factors released from CBSCs could significantly enhance new myocyte 

formation.  However, the number of new myocytes identified with the EdU labeling 

techniques is rather small (about 1.5% of the total myocytes counted) and we need to offer 

conservative conclusions because EdU could be incorporated into cardiac myocytes that 

are not dividing (333).  Also, the number of EdU+ myocytes observed (about 1.5% in the 

IZ and BDZs) does not appear to be sufficient to explain the improved cardiac function.  

However, EdU labeling was only performed in the first week post MI, thereby 

underestimating new myocyte formation.  What is clear is that any newly formed myocytes 
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were not derived from the injected CBSCs.  These are complicated issues that are not easily 

resolved in large animal experiments. 

Study Limitations 

This study looked at a single stem cell type, delivered in one fashion (direct 

intramuscular delivery) and at one dose and one–time point (immediate post MI) in normal 

female pigs.  The results show significant benefits under these conditions.  Future studies 

to translate these cells into a useful therapeutic would need to evaluate dose and time 

dependent effects.  Mechanistic insights are always more limited in large animal studies, 

but we have done enough to conclude that CBSCs improve post MI remodeling and do so 

through paracrine effect(s). 

Summary and Conclusions 

These experiments show that CBSCs delivered by transendocardial injection into 

the infarct border zone after IR/MI: [1] Cause no adverse effects, [2] Survive and expand 

for at least 72hrs in the infarct border zone, [3] increase the number of proliferative cells 

in the injured heart after MI; [4] limit the progression of post MI structural remodeling, [5] 

preserve cardiac pump function and contractile reserve, [6] cause the total number of 

myocytes within the CBSC–treated hearts to be greater than in VEH–treated hearts.  These 

findings support the idea that CBSC–therapy improves post MI wound healing to reduce 

scar size, increase myocyte number and preserve cardiac function.   
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CHAPTER 7 

DISCUSSION AND FUTURE DIRECTIONS 

Cardiac pathological remodeling consists of scar formation, LV chamber dilation, 

hypertrophy of surviving myocytes, a reduction in systolic function and reserve, with 

impaired diastolic function.  These are all consequences of acute MI and hallmark features 

of HFrEF.  While individuals with ACS due to CAD are being identified more readily and 

stabilized with medicinal intervention (primary PCI, statins, DAPT, beta–blockers, 

morphine), these patients have ongoing cardiac remodeling with no clinical approved 

strategies to inhibit the progression toward HF.  In this dissertation, we provide evidence 

that there are efficacious ways to combat the adverse function deficits which occur after 

MI and manifest as early stages of HF, while investigating the translational application of 

a novel stem cell population to combat pathological remodeling post MI.   

In HF models and patients, there is sustained over activation of the β– adrenergic 

system.  This activation provides sufficient Ca2+ cycling to produce the proper contraction 

beat–to–beat in hearts which are undergoing progressive remodeling due to an insult (MI, 

chronic hypertension, structural disease [aortic stenosis], etc.).  When the heart is incapable 

of providing sufficient pump function, and the symptoms worsen or become more severe, 

these patients are classified to be acutely decompensating.  Classical inotropes, which are 

used as pharmacological support in this patient population, signal through the β–adrenergic 

signaling cascade, either at the receptor or downstream.  However, the β–adrenergic 

signaling, has too under gone changes during pathological remodeling, either becoming 

desensitized or downregulate due to over activation.  This is partially due to the increases 
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in intracellular Ca2+, driven by chronic β–adrenergic stimulation, through PKA–dependent 

signaling, which leads to the subsequent increase in PKCα activity.  PKCα modulates the 

chronic β–adrenergic activation that is observed in HF, and may be nodal signaling cascade 

the perpetuates the decompensatory state of HF, along with several other factors.  Previous 

work (71) provides evidence that inhibition of PKCα will permit β– adrenergic driven 

signaling, and therefore improve cardiac contractility.   In our large animal model, we 

demonstrate increased PKCα activity, with localization of PKCα to the membrane (Figure 

32).  This is driven by diacylglycerol, increased level of intracellular Ca2+ and 

phosphorylation (Figure 32).  When activated, PKCα modulations secondary signaling 

molecules, specifically inhibitory–1 (I1) and protein phosphatase inhibitor 1 (PP–1), which 

are second messengers that modulate calcium regulator proteins PLN and SERCA2a.  

There is also evidence that PKCα modulates the L–type calcium channel and plays a role 

in calcium sensitivity and affinity within the myofilament.  We demonstrate that the 

administration of a PKCα/β inhibitor, RBX, can remove this inhibitory action and allow 

for enhancement in contractility and a reduction in chamber size.  In doing so, we provide 

evidence that positive inotropic signaling can be executed through PKA– independent 

processes (Figure 32).  This allows for an alternative and ‘more subtle’ way to provide 

positive inotropy in patients who have already dysfunctional β–adrenergic signaling within 

the heart (Figure 32).  With this evidence, there are still several questions which need to be 

addressed in preclinical large animal models.  Ladage et al. (73), demonstrate the safety 

and efficacy of chronic dosing in a large animal model of acute MI.  However, beneficial 

effect 
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Illustration 4.0 Central Illustrations for the Ruboxistaurin Study 
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were not observed until 3 months’ post MI.  This is partial due to the fact that in swine 

models of MI, early HF functional phenotype is not observed until ~ 3 months’ post MI.  

Suggesting that sufficient structural remodeling and functional deficits have manifested 

themselves, along with the initiation of cell and molecular changes consistent with 

adrenergic dysfunction at this time point.  In our investigation, we waited three months and 

then compared RBX to a more classical positive inotrope, dobutamine.  We wanted to 

understand whether or not RBX was more efficacious than the standard of care provided 

in the clinic to this patient population.  However, we performed a single oral dose, as 

opposed to a chronic dosing strategy at 3 months’ post MI.  Further studies should be 

performed which exacerbate the HF phenotype, through the addition of co–morbidities, 

like metabolic syndrome (through feeding a ‘western diet’) and/ or hypertension (through 

the administration of DOCA pellets).  This may add a positive impact in two ways: [1] it 

may evoke a more rapid progressive remodeling, leading to earlier manifestation of HF 

and provide a more clinically applicable model.  Patients who are in HF and decompensated 

usually have co–morbidities that consist of metabolic syndromes and hypertension.  

Provided that one can get a more reliable and robust HF phenotype in their model, it is only 

then that they should begin a chronic dosing study to see whether or not RBX is efficacious 

vs. the standard of care treatment long term.  These data will provide more solid evidence 

for the advancement of RBX to clinical studies in patients with HF and acute 

decompensation.  Furthermore, while RBX has been used in many clinical trials and has 

demonstrated safety in dosing studies, the therapeutic dose, which is most efficacious for 

this application, has yet to be investigated in a preclinical large animal model.  RBX has 
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been administered chronically at 10mg/kg/day with no adverse events in previous work, 

and given at a single oral dose of 20mg/kg with no adverse events in the study discussed 

in this dissertation.  Having the ability to comprehend the therapeutic dosing window will 

also lead to a greater likelihood of success in clinical trials performed with RBX in the 

context of ADHF. 

As discussed in previous chapters, the application of stem cell therapy for MI and 

HF has been widely tested in the past two decades in basic science and clinical research.  

However further refinement and consensus is necessary to improve upon the inconsistent 

modest functional improvements and outcomes that are observed in clinical trials to date.  

The field still does not have a consensus on several major topics concerning cell therapy, 

including: the type of cell(s) most efficacious, and the time and route of delivery.  In this 

dissertation, we demonstrate the safety and efficacy of a novel stem cell population, 

CBSCs, given through intramyocardial injection, immediately post reperfusion in a 

preclinical large animal model.  This study had several key findings; CBSCs are safe and 

caused no ectopic tissue formation. When delivered through intramyocardial injection, 

CBSCs survive and proliferate within the first 3 days’ post injection, and increased the total 

number of proliferative cells.  Long–term, CBSCs limited pathological structural 

remodeling, and preserved systolic pump function and contractile reserve (Figure 33).  

There was also an increase in the number of myocytes in CBSC–treated animals and an 

increase in the number of EdU+ myocytes.  This work is the foundation for future 

translational studies which are needed to address the same concerns the plague other stem 

cell therapies that are being translated to the clinic. 
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Illustration 5.0 Central Illustrations for the Cortical Bone Stem Cell Study 

 



135 

 

Disease progression, post MI, is a complex and dynamic environment.  A novel cell 

type or combination of cell types may be needed in order to derive the most effective 

treatment strategy.  This has been tested recently in a preclinical large animal model, where 

the investigators looked at the combination of CDCs and MSCs in the post MI heart (164).  

They concluded that the combination therapy was more efficacious that each cell type 

alone.  Not only combinations of cells, but potential different cell populations for different 

phase within the disease progression may be best.  For example, MSCs are thought to work 

primarily through paracrine factor secretion, and be able to modulate the infiltrating 

immune response upon reperfusion, thereby limiting infarct size and altering the initial 

pathological remodeling.  While CDCs have shown to be more cardiogenic in nature, 

giving rise to increased vasculature, and enhancing myocyte proliferation.  Given these 

conclusions, one could postulate that giving mesenchymal stem cells during the acute 

injury phase, while administering CDC at later time points in disease progression may 

better harness the therapeutic potential of each cell types.  These types of experiments are 

necessary to fully comprehend the best use of stem cell therapies for MI and HF.   

Within the above example, I allude to another question which has not yet been 

answered, but has come to the forefront of cell–based reparative medicine; and that is the 

idea of performing repeated cell deliveries at multiple time points after an initial insult 

(Figure 34.0).   From its’ inception, their rapid clearing of transplanted cells from the host 

tissue has been a major hurdle to the success of cell therapy.  Perhaps, performing multiple 

administrations may provide an additive effect to initial treatments performed,  



136 

 

 

Figure 30.0 Conceptual Design of Repeated Cell Delivery  
After MI, cell therapy can be an effective therapy to preserve structure and function.  

However multiple cell doses may give rise to greater cell retention over time (top panel) 

and increased improvements function (dotted grey) (lower panel) over a single dose (solid 

grey) time point. Conceptual design adopted from (334)    

 

thereby increasing the total therapeutic benefit over time.  Single treatments have shown 

to be safe in preclinical and clinical trials, the question remains whether or not the patient 

population who may benefit from this therapeutic strategy are stable enough to undergo 

multiple delivery procedures.  This concern will only be answered with more basic science 

and clinical studies to identify if this strategy is more efficacious than a single 

administration.  I would propose a preclinical large animal model of MI that investigated 

this hypothesis with regards to CBSC therapy, and compare multiple administrations to a 
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single dose strategy; furthermore, compare CBSC doses to other well described cell 

therapies (CDCs) that have been used in single dose clinical trials.     

With respect to CBSC, several basic preclinical studies can be performed to more 

fully understand the scope of this therapy.  In this dissertation, we investigate CBSCs as a 

preventative therapeutic treatment for post MI remodeling, were as performing 

administration of CBSCs long after the MI would investigate the cells as a strategy to 

combat well developed IHD disease that is progressing toward a dilated cardiomyopathy 

and HFrEF.  Cell dose, has varied widely in previous clinical trials (103,335), and so 

optimizing the number of cells to be injected could also be performed with relative ease 

and give insight into any dose dependent effects of CBSC therapy.   

Further in vitro and in vivo studies are necessary to elucidate the primary 

mechanism(s) by which CBSCs are an effect therapeutic.  Some of this work has been 

previously described by our lab and is ongoing. Investigating the role of CBSC–derived 

exosome, which are small vesicle that carry potentially therapeutic signals to the host tissue 

and are a ‘cell–based/ cell–free’ potential therapeutic, may be a possible alternative to cells 

and give insight as to the mechanism by which these cells are therapeutically advantageous.  

This idea has been shown to be therapeutically beneficial with cardiosphere–derived 

exosomes in a recent publication using a preclinical large animal model.  This idea will be 

full developed as a mechanism of action in the near future within our lab.  Our lab is also 

trying to understand the immuno–modulatory effects of CBSC therapy.  In vitro, we have 

previously demonstrated that CBSCs secrete cytokines which may influence the immune 
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cell infiltrate that is observed in post MI heart.  Furthermore, there are ongoing studies in 

our preclinical large animal model to corroborate these data and this hypothesis.               

 Other alternatives to adult cell–therapy consist of the potential to induce 

pluripotency in somatic cells.  Induced pluripotent stem cells (iPS) were first described by 

groups at the University of Wisconsin (336) and Kyoto University in Japan (337).  In 2007, 

both describe a set of factors that when transduced into somatic cells through a retrovirus, 

induces an “embryonic stem–like” state.  While the factors varied slightly between groups 

(Oct4, Sox2, [Nanog, Lin28 – Thomson lab], [c–myc, Klf4 – Yamanka lab], each 

demonstrated the ability to covert adult fibroblast into cells which are characteristically 

similar to embryonic stem cells.  These findings have given use methods to derive a 

potentially unlimited number of embryonic–like stem cells without the controversy 

surrounding this population of stem cells.  Since these initial Nobel Prize winning 

discoveries, others have attempted to directly reprogram adult somatic cells from one 

population to another.  In the heart, research has been performed in converting adult cardiac 

fibroblast directly into cardiomyocytes (338,339).  The cardiac fibroblast population 

represent up to 95% of non–myocytes in the heart (340), making them an attractive source 

for conversion into cardiomyocytes after an injury which is characterized by substantial 

loss of myocyte (i.e. MI).  Each group used fate mapping approaches to demonstrate the 

ability to covert resident cardiac fibroblast into new formed myocytes and a therapeutic 

strategy after MI.  While the in vitro and mouse model work shows proof of concept, there 

is still a tremendous amount of work needed to translate this idea to a large animal and 

subsequently humans.  However this work and the development of other alternatives for 
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cardiac repair and regeneration would not be possible without the first experiments looking 

to challenge the dogma of myocyte being terminally differentiated in the late 1990’s, and 

the use of early stem cell population for cardiac repair (341).          

In conclusion, this thesis provides novel evidence that RBX is a safe way to enhance 

cardiac contractility within the early stages of HF and is more effective than a classical 

positive inotropic agent, like dobutamine.  Also described, is the safe and effective 

translation of a novel stem cell population, CBSCs, into a preclinical large animal model.  

We observed cell retention, preservation of cardiac structure, with reduced scar size and 

less hypertrophic remodeling.  This allowed for preservation of diastolic and systolic 

function, as well as, systolic functional reserve in animals that were treated with CBSCs 

post MI.  Elucidation of novel therapeutic targets and investigating alternative treatment 

strategies, like RBX and CBSCs, in the context of heart failure and acute myocardial 

infarction, are pivotal in trying to resolve the issues surrounding post MI remodeling which 

ultimately leads to heart failure.  This work is remarkable, and remains at the forefront of 

clinical and basic cardiovascular research.  

 

 

  

  

 

 

 



140 

 

REFERENCES CITED 

1. Veith I, Barnes LL. Huang Ti nei ching su wen : the yellow emperor's classic of 

internal medicine. 

 

2. Harvey W, Whitteridge G. An anatomical disputation concerning the movement of 

the heart and blood in living creatures. 

 

3. Heberden W. Some account of a disorder of the breast, Vol. 2, 1772, Med. Trans, 

Royal College of Physicians, London:59. 

 

4. Braunwald E. The rise of cardiovascular medicine. Eur Heart J 2012;33:838-45, 

845a. 

 

5. Röntgen WC. On a new kind of rays. Science 1896:227-231. 

 

6. Einthoven W. The telecardiogram. American Heart Journal 1957;53:602-615. 

 

7. Forssmann W. The catheterization of the right side of the heart. Klin Wochenschr 

1929;8:2085. 

 

8. Cournand A, Baldwin ED, Darling RC, Richards Jr DW. Studies on intrapulmonary 

mixture of gases. IV. The significance of the pulmonary emptying rate and a 

simplified open circuit measurement of residual air. Journal of Clinical 

Investigation 1941;20:681. 

 

9. Grüntzig AR, Senning Å, Siegenthaler WE. Nonoperative dilatation of coronary-

artery stenosis: percutaneous transluminal coronary angioplasty. New England 

Journal of Medicine 1979;301:61-68. 

 

10. Krehl L. Die Erkrankungen des Herzmuskels und die nervösen Herzkrankheiten: 

Hölder, 1901. 

 

11. Herrick JB. Certain popular but erroneous notions concerning angina pectoris. 

Journal of the American Medical Association 1910;55:1423-1427. 

 

12. Windaus A. Constitution of sterols and their connection with other substances 

occurring in nature. Chemistry: 1922-1941 1966;2:105. 

 

13. Classics in arteriosclerosis research: On experimental cholesterin steatosis and its 

significance in the origin of some pathological processes by N. Anitschkow and S. 

Chalatow, translated by Mary Z. Pelias, 1913. Arteriosclerosis, Thrombosis, and 

Vascular Biology 1983;3:178-182. 

 



141 

 

14. Aronson JK, Withering W. account of the foxglove and its medical uses, 1785-

1985: Oxford University Press, 1985. 

 

15. Vedanthan R, Seligman B, Fuster V. Global perspective on acute coronary 

syndrome: a burden on the young and poor. Circulation Research 2014;114:1959-

75. 

 

16. Eisen A, Giugliano RP, Braunwald E. Updates on Acute Coronary Syndrome: A 

Review. JAMA Cardiol 2016;1:718-30. 

 

17. Gupta A, Wang Y, Spertus JA et al. Trends in acute myocardial infarction in young 

patients and differences by sex and race, 2001 to 2010. J Am Coll Cardiol 

2014;64:337-45. 

 

18. Yeh RW, Sidney S, Chandra M, Sorel M, Selby JV, Go AS. Population trends in 

the incidence and outcomes of acute myocardial infarction. N Engl J Med 

2010;362:2155-65. 

 

19. Libby P, Pasterkamp G. Requiem for the 'vulnerable plaque'. Eur Heart J 

2015;36:2984-7. 

 

20. Teerlink JR, Goldhaber SZ, Pfeffer MA. An overview of contemporary etiologies 

of congestive heart failure. Am Heart J 1991;121:1852-3. 

 

21. Braunwald E. Research Advances in Heart Failure: A Compendium. Circulation 

Research 2013;113:633-645. 

 

22. Hunt SA, Abraham WT, Chin MH et al. 2009 focused update incorporated into the 

ACC/AHA 2005 Guidelines for the Diagnosis and Management of Heart Failure in 

Adults: a report of the American College of Cardiology Foundation/American 

Heart Association Task Force on Practice Guidelines: developed in collaboration 

with the International Society for Heart and Lung Transplantation. Circulation 

2009;119:e391-479. 

 

23. MacIntyre K, Capewell S, Stewart S et al. Evidence of improving prognosis in heart 

failure: trends in case fatality in 66 547 patients hospitalized between 1986 and 

1995. Circulation 2000;102:1126-31. 

 

24. Dunlay SM, Shah ND, Shi Q et al. Lifetime costs of medical care after heart failure 

diagnosis. Circ Cardiovasc Qual Outcomes 2011;4:68-75. 

 

25. Braunwald E. The war against heart failure: the Lancet lecture. The 

Lancet;385:812-824. 

 



142 

 

26. Braunwald E. Heart Failure. JACC: Heart Failure 2013;1:1-20. 

 

27. Bui AL, Horwich TB, Fonarow GC. Epidemiology and risk profile of heart failure. 

Nat Rev Cardiol 2011;8:30-41. 

 

28. Joseph SM, Cedars AM, Ewald GA, Geltman EM, Mann DL. Acute 

Decompensated Heart Failure: Contemporary Medical Management. Texas Heart 

Institute Journal 2009;36:510-520. 

 

29. O’Gara PT, Kushner FG, Ascheim DD et al. 2013 ACCF/AHA Guideline for the 

Management of ST-Elevation Myocardial Infarction. A Report of the American 

College of Cardiology Foundation/American Heart Association Task Force on 

Practice Guidelines 2013;127:e362-e425. 

 

30. Frangogiannis NG. The inflammatory response in myocardial injury, repair and 

remodeling. Nature reviews Cardiology 2014;11:255-265. 

 

31. Argaud L, Gateau-Roesch O, Raisky O, Loufouat J, Robert D, Ovize M. 

Postconditioning Inhibits Mitochondrial Permeability Transition. Circulation 

2005;111:194-197. 

 

32. Borlaug BA. Is HFpEF One Disease or Many?∗. Journal of the American College 

of Cardiology 2016;67:671-673. 

 

33. Lymperopoulos A, Rengo G, Koch WJ. Adrenergic nervous system in heart failure: 

pathophysiology and therapy. Circ Res 2013;113:739-53. 

 

34. Watanabe H, Murakami M, Ohba T, Takahashi Y, Ito H. TRP channel and 

cardiovascular disease. Pharmacology & Therapeutics 2008;118:337-351. 

 

35. Yang Y, Chen X, Margulies K et al. L-type Ca2+ channel alpha 1c subunit isoform 

switching in failing human ventricular myocardium. J Mol Cell Cardiol 

2000;32:973-84. 

 

36. Dorn GW, Molkentin JD. Manipulating Cardiac Contractility in Heart Failure: Data 

From Mice and Men. Circulation 2004;109:150-158. 

 

37. Morrow DA, Cannon CP, Jesse RL et al. National Academy of Clinical 

Biochemistry Laboratory Medicine Practice Guidelines: Clinical Characteristics 

and Utilization of Biochemical Markers in Acute Coronary Syndromes. Clinical 

Chemistry 2007;53:552-574. 

 

38. Levine GN, Bates ER, Bittl JA et al. 2016 ACC/AHA Guideline Focused Update 

on Duration of Dual Antiplatelet Therapy in Patients With Coronary Artery 



143 

 

Disease. A Report of the American College of Cardiology/American Heart 

Association Task Force on Clinical Practice Guidelines 2016;68:1082-1115. 

 

39. Hirsh BJ, Smilowitz NR, Rosenson RS, Fuster V, Sperling LS. Utilization of and 

Adherence to Guideline-Recommended Lipid-Lowering Therapy After Acute 

Coronary Syndrome: Opportunities for Improvement. J Am Coll Cardiol 

2015;66:184-92. 

 

40. McMurray JJ, Packer M, Desai AS et al. Angiotensin-neprilysin inhibition versus 

enalapril in heart failure. N Engl J Med 2014;371:993-1004. 

 

41. Katz JN, Waters SB, Hollis IB, Chang PP. Advanced Therapies For End-Stage 

Heart Failure. Current Cardiology Reviews 2015;11:63-72. 

 

42. Braunwald E. Shattuck lecture--cardiovascular medicine at the turn of the 

millennium: triumphs, concerns, and opportunities. N Engl J Med 1997;337:1360-

9. 

 

43. Frank O. On the dynamics of cardiac muscle. American Heart Journal;58:467-478. 

 

44. Starling EH, Visscher MB. The regulation of the energy output of the heart. The 

Journal of Physiology 1927;62:243-261. 

 

45. Wiggers CJ. Modern Aspects of Circulation in health and disease. 2nd ed. 

Philadelphia: Lea & Febiger, 1923. 

 

46. Julian DG. Treatment of cardiac arrest in acute myocardial ischaemia and 

infarction. Lancet 1961;2:840-4. 

 

47. Chazov EI, Matveeva LS, Mazaev AV, Sargin KE, Sadovskaia GV, Ruda MI. 

[Intracoronary administration of fibrinolysin in acute myocardial infarct]. Ter Arkh 

1976;48:8-19. 

 

48. Zijlstra F, de Boer MJ, Hoorntje JC, Reiffers S, Reiber JH, Suryapranata H. A 

comparison of immediate coronary angioplasty with intravenous streptokinase in 

acute myocardial infarction. N Engl J Med 1993;328:680-4. 

 

49. Zhu MM, Feit A, Chadow H, Alam M, Kwan T, Clark LT. Primary stent 

implantation compared with primary balloon angioplasty for acute myocardial 

infarction: a meta-analysis of randomized clinical trials. Am J Cardiol 

2001;88:297-301. 

 

50. Gibbon JH, Jr. Application of a mechanical heart and lung apparatus to cardiac 

surgery. Minn Med 1954;37:171-85; passim. 



144 

 

 

51. Garrett H, Dennis EW, DeBakey ME. Aortocoronary bypass with saphenous vein 

graft: Seven-year follow-up. Jama 1973;223:792-794. 

 

52. Barnard CN. The operation. A human cardiac transplant: an interim report of a 

successful operation performed at Groote Schuur Hospital, Cape Town. S Afr Med 

J 1967;41:1271-4. 

 

53. Kagawa CM, Sturtevant FM, Van Arman CG. Pharmacology of a new steroid that 

blocks salt activity of aldosterone and desoxycorticosterone. J Pharmacol Exp Ther 

1959;126:123-30. 

 

54. Schultz EM, Cragoe EJ, Jr., Bicking JB, Bolhofer WA, Sprague JM. ALPHA, 

BETA-UNSATURATED KETONE DERIVATIVES OF ARYLOXYACETIC 

ACIDS, A NEW CLASS OF DIURETICS. J Med Pharm Chem 1962;91:660-2. 

 

55. Cohn JN, Archibald DG, Ziesche S et al. Effect of vasodilator therapy on mortality 

in chronic congestive heart failure. Results of a Veterans Administration 

Cooperative Study. N Engl J Med 1986;314:1547-52. 

 

56. Pfeffer MA, Braunwald E, Moye LA et al. Effect of captopril on mortality and 

morbidity in patients with left ventricular dysfunction after myocardial infarction. 

Results of the survival and ventricular enlargement trial. The SAVE Investigators. 

N Engl J Med 1992;327:669-77. 

 

57. Waagstein F, Hjalmarson A, Swedeberg K, Wallentin I. Beta-blockers in dilated 

cardiomyopathies: they work. Eur Heart J 1983;4 Suppl A:173-8. 

 

58. Ibanez B, Macaya C, Sanchez-Brunete V et al. Effect of early metoprolol on infarct 

size in ST-segment-elevation myocardial infarction patients undergoing primary 

percutaneous coronary intervention: the Effect of Metoprolol in Cardioprotection 

During an Acute Myocardial Infarction (METOCARD-CNIC) trial. Circulation 

2013;128:1495-503. 

 

59. Mateos A, Garcia-Lunar I, Garcia-Ruiz JM et al. Efficacy and safety of out-of-

hospital intravenous metoprolol administration in anterior ST-segment elevation 

acute myocardial infarction: insights from the METOCARD-CNIC trial. Ann 

Emerg Med 2015;65:318-24. 

 

60. Pizarro G, Fernandez-Friera L, Fuster V et al. Long-term benefit of early pre-

reperfusion metoprolol administration in patients with acute myocardial infarction: 

results from the METOCARD-CNIC trial (Effect of Metoprolol in 

Cardioprotection During an Acute Myocardial Infarction). J Am Coll Cardiol 

2014;63:2356-62. 



145 

 

 

61. Cannon CP, Blazing MA, Giugliano RP et al. Ezetimibe Added to Statin Therapy 

after Acute Coronary Syndromes. N Engl J Med 2015;372:2387-97. 

 

62. Everett BM, Pradhan AD, Solomon DH et al. Rationale and design of the 

Cardiovascular Inflammation Reduction Trial: A test of the inflammatory 

hypothesis of atherothrombosis. American Heart Journal 2013;166:199-207.e15. 

 

63. Ridker PM, Thuren T, Zalewski A, Libby P. Interleukin-1beta inhibition and the 

prevention of recurrent cardiovascular events: rationale and design of the 

Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS). Am 

Heart J 2011;162:597-605. 

 

64. Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the regulation 

of tissue remodelling. Nature reviews Molecular cell biology 2007;8:221-233. 

 

65. Mukherjee R, Brinsa TA, Dowdy KB et al. Myocardial Infarct Expansion and 

Matrix Metalloproteinase Inhibition. Circulation 2003;107:618-625. 

 

66. Miyazaki S, Kasai T, Miyauchi K et al. Changes of matrix metalloproteinase-9 level 

is associated with left ventricular remodeling following acute myocardial infarction 

among patients treated with trandolapril, valsartan or both. Circ J 2010;74:1158-

64. 

 

67. El-Armouche A, Eschenhagen T. Beta-adrenergic stimulation and myocardial 

function in the failing heart. Heart Fail Rev 2009;14:225-41. 

 

68. Hasenfuss G, Teerlink JR. Cardiac inotropes: current agents and future directions. 

Eur Heart J 2011;32:1838-45. 

 

69. Parissis J, Farmakis D, Nieminen M. Classical inotropes and new cardiac 

enhancers. Heart Failure Reviews 2007;12:149-156. 

 

70. Aiello LP, Davis MD, Girach A et al. Effect of ruboxistaurin on visual loss in 

patients with diabetic retinopathy. Ophthalmology 2006;113:2221-30. 

 

71. Liu Q, Chen X, MacDonnell SM et al. Protein Kinase Cα, but Not PKCβ or PKCγ, 

Regulates Contractility and Heart Failure Susceptibility: Implications for 

Ruboxistaurin as a Novel Therapeutic Approach. Circulation Research 

2009;105:194-200. 

 

72. Liu Y, Lei S, Gao X et al. PKCbeta inhibition with ruboxistaurin reduces oxidative 

stress and attenuates left ventricular hypertrophy and dysfunction in rats with 

streptozotocin-induced diabetes. Clin Sci (Lond) 2012;122:161-73. 



146 

 

 

73. Ladage D, Tilemann L, Ishikawa K et al. Inhibition of PKCα/β With Ruboxistaurin 

Antagonizes Heart Failure in Pigs After Myocardial Infarction Injury. Circulation 

Research 2011;109:1396-1400. 

 

74. Sharp TE, Scimia MC, Berretta RM, Starosta T, Molkentin JD, Houser SR. 

Abstract 18887: Ruboxistaurin Improves Cardiac Function in the Swine Heart After 

Myocardial Infarction. Circulation 2013;128:A18887. 

 

75. Braz JC, Gregory K, Pathak A et al. PKC-[alpha] regulates cardiac contractility and 

propensity toward heart failure. Nat Med 2004;10:248-254. 

 

76. Taegtmeyer H. Cardiac Metabolism as a Target for the Treatment of Heart Failure. 

Circulation 2004;110:894-896. 

 

77. Munaf M, Pellicori P, Allgar V, Wong K. A Meta-Analysis of the Therapeutic 

Effects of Glucagon-Like Peptide-1 Agonist in Heart Failure. International Journal 

of Peptides 2012;2012:249827. 

 

78. Taegtmeyer H, Golfman L, Sharma S, Razeghi P, van Arsdall M. Linking gene 

expression to function: metabolic flexibility in the normal and diseased heart. Ann 

N Y Acad Sci 2004;1015:202-13. 

 

79. Gao D, Ning N, Niu X, Hao G, Meng Z. Trimetazidine: a meta-analysis of 

randomised controlled trials in heart failure. Heart 2011;97:278-86. 

 

80. Russell LK, Mansfield CM, Lehman JJ et al. Cardiac-specific induction of the 

transcriptional coactivator peroxisome proliferator-activated receptor gamma 

coactivator-1alpha promotes mitochondrial biogenesis and reversible 

cardiomyopathy in a developmental stage-dependent manner. Circ Res 

2004;94:525-33. 

 

81. Mirowski M, Reid PR, Mower MM et al. Termination of malignant ventricular 

arrhythmias with an implanted automatic defibrillator in human beings. N Engl J 

Med 1980;303:322-4. 

 

82. Cazeau S, Ritter P, Lazarus A et al. Multisite pacing for end-stage heart failure: 

early experience. Pacing Clin Electrophysiol 1996;19:1748-57. 

 

83. Kirklin JK, Naftel DC, Kormos RL et al. Third INTERMACS Annual Report: the 

evolution of destination therapy in the United States. J Heart Lung Transplant 

2011;30:115-23. 

 



147 

 

84. Slaughter MS, Rogers JG, Milano CA et al. Advanced heart failure treated with 

continuous-flow left ventricular assist device. N Engl J Med 2009;361:2241-51. 

 

85. Park SJ, Milano CA, Tatooles AJ et al. Outcomes in Advanced Heart Failure 

Patients with Left Ventricular Assist Devices for Destination Therapy. Circulation: 

Heart Failure 2012. 

 

86. Dimas VV, Murthy R, Guleserian KJ. Utilization of the Impella 2.5 micro-axial 

pump in children for acute circulatory support. Catheter Cardiovasc Interv 

2014;83:261-2. 

 

87. Kawashima D, Gojo S, Nishimura T et al. Left ventricular mechanical support with 

Impella provides more ventricular unloading in heart failure than extracorporeal 

membrane oxygenation. ASAIO J 2011;57:169-76. 

 

88. Sjauw KD, Konorza T, Erbel R et al. Supported high-risk percutaneous coronary 

intervention with the Impella 2.5 device the Europella registry. J Am Coll Cardiol 

2009;54:2430-4. 

 

89. Edelstein ML, Abedi MR, Wixon J. Gene therapy clinical trials worldwide to 

2007—an update. The Journal of Gene Medicine 2007;9:833-842. 

 

90. Marshall E. Gene Therapy Death Prompts Review of Adenovirus Vector. Science 

1999;286:2244-2245. 

 

91. Touchot N, Flume M. Early Insights from Commercialization of Gene Therapies in 

Europe. Genes 2017;8:78. 

 

92. Kawase Y, Ly HQ, Prunier F et al. Reversal of Cardiac Dysfunction After Long-

Term Expression of SERCA2a by Gene Transfer in a Pre-Clinical Model of Heart 

Failure. Journal of the American College of Cardiology 2008;51:1112-1119. 

 

93. Hajjar RJ. Potential of gene therapy as a treatment for heart failure. The Journal of 

Clinical Investigation 2013;123:53-61. 

 

94. Jaski BE, Jessup ML, Mancini DM et al. Calcium upregulation by percutaneous 

administration of gene therapy in cardiac disease (CUPID Trial), a first-in-human 

phase 1/2 clinical trial. J Card Fail 2009;15:171-81. 

 

95. Jessup M, Greenberg B, Mancini D et al. Calcium Upregulation by Percutaneous 

Administration of Gene Therapy in Cardiac Disease (CUPID): a phase 2 trial of 

intracoronary gene therapy of sarcoplasmic reticulum Ca2+-ATPase in patients 

with advanced heart failure. Circulation 2011;124:304-13. 

 



148 

 

96. Greenberg B, Butler J, Felker GM et al. Calcium upregulation by percutaneous 

administration of gene therapy in patients with cardiac disease (CUPID 2): a 

randomised, multinational, double-blind, placebo-controlled, phase 2b trial. Lancet 

2016;387:1178-86. 

 

97. Ritterhoff J, Most P. Targeting S100A1 in heart failure. Gene Ther 2012;19:613-

621. 

 

98. Raake PW, Schlegel P, Ksienzyk J et al. AAV6.betaARKct cardiac gene therapy 

ameliorates cardiac function and normalizes the catecholaminergic axis in a 

clinically relevant large animal heart failure model. Eur Heart J 2013;34:1437-47. 

 

99. Sanganalmath SK, Bolli R. Cell Therapy for Heart Failure: A Comprehensive 

Overview of Experimental and Clinical Studies, Current Challenges, and Future 

Directions. Circulation Research 2013;113:810-834. 

 

100. Menasche P, Hagege AA, Scorsin M et al. Myoblast transplantation for heart 

failure. Lancet 2001;357:279-80. 

 

101. Perin EC, Dohmann HF, Borojevic R et al. Transendocardial, autologous bone 

marrow cell transplantation for severe, chronic ischemic heart failure. Circulation 

2003;107:2294-302. 

 

102. Heldman AW, DiFede DL, Fishman JE et al. Transendocardial mesenchymal stem 

cells and mononuclear bone marrow cells for ischemic cardiomyopathy: the TAC-

HFT randomized trial. Jama 2014;311:62-73. 

 

103. Bolli R, Chugh AR, D'Amario D et al. Cardiac stem cells in patients with ischaemic 

cardiomyopathy (SCIPIO): initial results of a randomised phase 1 trial. Lancet 

2011;378:1847-57. 

 

104. Beltrami AP, Barlucchi L, Torella D et al. Adult Cardiac Stem Cells Are 

Multipotent and Support Myocardial Regeneration. Cell 2003;114:763-776. 

 

105. Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem cell 

signaling and therapy. Circ Res 2008;103:1204-19. 

 

106. Kinnaird T, Stabile E, Burnett MS et al. Local delivery of marrow-derived stromal 

cells augments collateral perfusion through paracrine mechanisms. Circulation 

2004;109:1543-9. 

 

107. Quyyumi AA, Vasquez A, Kereiakes DJ et al. PreSERVE-AMI: A Randomized, 

Double-Blind, Placebo-Controlled Clinical Trial of Intracoronary Administration 



149 

 

of Autologous CD34+ Cells in Patients With Left Ventricular Dysfunction Post 

STEMI. Circ Res 2017;120:324-331. 

 

108. Mann DL. Deus Ex Machina. Why Mechanism Matters in Translational Research 

2017. 

 

109. van Berlo JH, Molkentin JD. An emerging consensus on cardiac regeneration. 

Nature Medicine 2014;20:1386-1393. 

 

110. Borchardt T, Braun T. Cardiovascular regeneration in non-mammalian model 

systems: what are the differences between newts and man? Thromb Haemost 

2007;98:311-8. 

 

111. Poss KD. Getting to the heart of regeneration in zebrafish. Semin Cell Dev Biol 

2007;18:36-45. 

 

112. Porrello ER, Mahmoud AI, Simpson E et al. Transient regenerative potential of the 

neonatal mouse heart. Science 2011;331:1078-80. 

 

113. Ali SR, Hippenmeyer S, Saadat LV, Luo L, Weissman IL, Ardehali R. Existing 

cardiomyocytes generate cardiomyocytes at a low rate after birth in mice. 

Proceedings of the National Academy of Sciences of the United States of America 

2014;111:8850-8855. 

 

114. Beltrami AP, Urbanek K, Kajstura J et al. Evidence that human cardiac myocytes 

divide after myocardial infarction. N Engl J Med 2001;344:1750-7. 

 

115. Senyo SE, Steinhauser ML, Pizzimenti CL et al. Mammalian heart renewal by pre-

existing cardiomyocytes. Nature 2013;493:433-6. 

 

116. Angert D, Berretta RM, Kubo H et al. Repair of the injured adult heart involves 

new myocytes potentially derived from resident cardiac stem cells. Circ Res 

2011;108:1226-37. 

 

117. Hsieh PC, Segers VF, Davis ME et al. Evidence from a genetic fate-mapping study 

that stem cells refresh adult mammalian cardiomyocytes after injury. Nat Med 

2007;13:970-4. 

 

118. Oh H, Bradfute SB, Gallardo TD et al. Cardiac progenitor cells from adult 

myocardium: homing, differentiation, and fusion after infarction. Proc Natl Acad 

Sci U S A 2003;100:12313-8. 

 



150 

 

119. Yoon YS, Wecker A, Heyd L et al. Clonally expanded novel multipotent stem cells 

from human bone marrow regenerate myocardium after myocardial infarction. J 

Clin Invest 2005;115:326-38. 

 

120. Ahuja P, Sdek P, MacLellan WR. Cardiac myocyte cell cycle control in 

development, disease, and regeneration. Physiol Rev 2007;87:521-44. 

 

121. Rubart M, Field LJ. Cardiac regeneration: repopulating the heart. Annu Rev Physiol 

2006;68:29-49. 

 

122. Oyama K, El-Nachef D, MacLellan WR. Regeneration potential of adult cardiac 

myocytes. Cell Res 2013;23:978-979. 

 

123. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell 

Biochem 2006;98:1076-84. 

 

124. Cesselli D, Beltrami AP, Rigo S et al. Multipotent progenitor cells are present in 

human peripheral blood. Circ Res 2009;104:1225-34. 

 

125. Vrtovec B, Poglajen G, Lezaic L et al. Effects of intracoronary CD34+ stem cell 

transplantation in nonischemic dilated cardiomyopathy patients: 5-year follow-up. 

Circ Res 2013;112:165-73. 

 

126. Wojakowski W, Tendera M, Michalowska A et al. Mobilization of 

CD34/CXCR4+, CD34/CD117+, c-met+ stem cells, and mononuclear cells 

expressing early cardiac, muscle, and endothelial markers into peripheral blood in 

patients with acute myocardial infarction. Circulation 2004;110:3213-20. 

 

127. Vrtovec B, Poglajen G, Sever M et al. Effects of intracoronary stem cell 

transplantation in patients with dilated cardiomyopathy. J Card Fail 2011;17:272-

81. 

 

128. Wollert KC, Drexler H. Clinical applications of stem cells for the heart. Circ Res 

2005;96:151-63. 

 

129. Jackson KA, Majka SM, Wang H et al. Regeneration of ischemic cardiac muscle 

and vascular endothelium by adult stem cells. J Clin Invest 2001;107:1395-402. 

 

130. Young PP, Vaughan DE, Hatzopoulos AK. Biologic properties of endothelial 

progenitor cells and their potential for cell therapy. Prog Cardiovasc Dis 

2007;49:421-9. 

 

131. Orlic D, Kajstura J, Chimenti S et al. Bone marrow cells regenerate infarcted 

myocardium. Nature 2001;410:701-5. 



151 

 

 

132. Mathieu M, Bartunek J, El Oumeiri B et al. Cell therapy with autologous bone 

marrow mononuclear stem cells is associated with superior cardiac recovery 

compared with use of nonmodified mesenchymal stem cells in a canine model of 

chronic myocardial infarction. J Thorac Cardiovasc Surg 2009;138:646-53. 

 

133. Bel A, Messas E, Agbulut O et al. Transplantation of autologous fresh bone marrow 

into infarcted myocardium: a word of caution. Circulation 2003;108 Suppl 1:II247-

52. 

 

134. Waksman R, Fournadjiev J, Baffour R et al. Transepicardial autologous bone 

marrow-derived mononuclear cell therapy in a porcine model of chronically 

infarcted myocardium. Cardiovasc Radiat Med 2004;5:125-31. 

 

135. Perin EC, Dohmann HF, Borojevic R et al. Improved exercise capacity and 

ischemia 6 and 12 months after transendocardial injection of autologous bone 

marrow mononuclear cells for ischemic cardiomyopathy. Circulation 

2004;110:II213-8. 

 

136. Galinanes M, Loubani M, Davies J, Chin D, Pasi J, Bell PR. Autotransplantation 

of unmanipulated bone marrow into scarred myocardium is safe and enhances 

cardiac function in humans. Cell Transplant 2004;13:7-13. 

 

137. Hendrikx M, Hensen K, Clijsters C et al. Recovery of regional but not global 

contractile function by the direct intramyocardial autologous bone marrow 

transplantation: results from a randomized controlled clinical trial. Circulation 

2006;114:I101-7. 

 

138. Fischer-Rasokat U, Assmus B, Seeger FH et al. A pilot trial to assess potential 

effects of selective intracoronary bone marrow-derived progenitor cell infusion in 

patients with nonischemic dilated cardiomyopathy: final 1-year results of the 

transplantation of progenitor cells and functional regeneration enhancement pilot 

trial in patients with nonischemic dilated cardiomyopathy. Circ Heart Fail 

2009;2:417-23. 

 

139. Kalka C, Masuda H, Takahashi T et al. Transplantation of ex vivo expanded 

endothelial progenitor cells for therapeutic neovascularization. Proc Natl Acad Sci 

U S A 2000;97:3422-7. 

 

140. Rehman J, Li J, Orschell CM, March KL. Peripheral blood "endothelial progenitor 

cells" are derived from monocyte/macrophages and secrete angiogenic growth 

factors. Circulation 2003;107:1164-9. 

 



152 

 

141. Krause DS, Fackler MJ, Civin CI, May WS. CD34: structure, biology, and clinical 

utility. Blood 1996;87:1-13. 

 

142. Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL, Robbins RC. 

Haematopoietic stem cells adopt mature haematopoietic fates in ischaemic 

myocardium. Nature 2004;428:668-73. 

 

143. Kajstura J, Rota M, Whang B et al. Bone marrow cells differentiate in cardiac cell 

lineages after infarction independently of cell fusion. Circ Res 2005;96:127-37. 

 

144. Patel AN, Geffner L, Vina RF et al. Surgical treatment for congestive heart failure 

with autologous adult stem cell transplantation: a prospective randomized study. J 

Thorac Cardiovasc Surg 2005;130:1631-8. 

 

145. Dominici M, Le Blanc K, Mueller I et al. Minimal criteria for defining multipotent 

mesenchymal stromal cells. The International Society for Cellular Therapy position 

statement. Cytotherapy 2006;8:315-7. 

 

146. Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and 

biological characterization. Int J Biochem Cell Biol 2004;36:568-84. 

 

147. Kuci S, Kuci Z, Kreyenberg H et al. CD271 antigen defines a subset of multipotent 

stromal cells with immunosuppressive and lymphohematopoietic engraftment-

promoting properties. Haematologica 2010;95:651-9. 

 

148. Hamamoto H, Gorman JH, 3rd, Ryan LP et al. Allogeneic mesenchymal precursor 

cell therapy to limit remodeling after myocardial infarction: the effect of cell 

dosage. Ann Thorac Surg 2009;87:794-801. 

 

149. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast 

colonies in monolayer cultures of guinea-pig bone marrow and spleen cells. Cell 

Tissue Kinet 1970;3:393-403. 

 

150. Pittenger MF, Mackay AM, Beck SC et al. Multilineage potential of adult human 

mesenchymal stem cells. Science 1999;284:143-7. 

 

151. Friedenstein AJ, Chailakhyan RK, Latsinik NV, Panasyuk AF, Keiliss-Borok IV. 

Stromal cells responsible for transferring the microenvironment of the hemopoietic 

tissues. Cloning in vitro and retransplantation in vivo. Transplantation 

1974;17:331-40. 

 

152. Caplan AI. Mesenchymal stem cells. J Orthop Res 1991;9:641-50. 

 



153 

 

153. Wakitani S, Saito T, Caplan AI. Myogenic cells derived from rat bone marrow 

mesenchymal stem cells exposed to 5-azacytidine. Muscle Nerve 1995;18:1417-

26. 

 

154. Li X, Yu X, Lin Q et al. Bone marrow mesenchymal stem cells differentiate into 

functional cardiac phenotypes by cardiac microenvironment. J Mol Cell Cardiol 

2007;42:295-303. 

 

155. Makino S, Fukuda K, Miyoshi S et al. Cardiomyocytes can be generated from 

marrow stromal cells in vitro. J Clin Invest 1999;103:697-705. 

 

156. Reinecke H, Minami E, Zhu WZ, Laflamme MA. Cardiogenic differentiation and 

transdifferentiation of progenitor cells. Circ Res 2008;103:1058-71. 

 

157. Mazhari R, Hare JM. Mechanisms of action of mesenchymal stem cells in cardiac 

repair: potential influences on the cardiac stem cell niche. Nat Clin Pract 

Cardiovasc Med 2007;4 Suppl 1:S21-6. 

 

158. Hatzistergos KE, Quevedo H, Oskouei BN et al. Bone marrow mesenchymal stem 

cells stimulate cardiac stem cell proliferation and differentiation. Circ Res 

2010;107:913-22. 

 

159. Gnecchi M, He H, Noiseux N et al. Evidence supporting paracrine hypothesis for 

Akt-modified mesenchymal stem cell-mediated cardiac protection and functional 

improvement. FASEB J 2006;20:661-9. 

 

160. Valina C, Pinkernell K, Song YH et al. Intracoronary administration of autologous 

adipose tissue-derived stem cells improves left ventricular function, perfusion, and 

remodelling after acute myocardial infarction. Eur Heart J 2007;28:2667-77. 

 

161. Cai L, Johnstone BH, Cook TG et al. IFATS collection: Human adipose tissue-

derived stem cells induce angiogenesis and nerve sprouting following myocardial 

infarction, in conjunction with potent preservation of cardiac function. Stem Cells 

2009;27:230-7. 

 

162. Quevedo HC, Hatzistergos KE, Oskouei BN et al. Allogeneic mesenchymal stem 

cells restore cardiac function in chronic ischemic cardiomyopathy via trilineage 

differentiating capacity. Proc Natl Acad Sci U S A 2009;106:14022-7. 

 

163. Schuleri KH, Feigenbaum GS, Centola M et al. Autologous mesenchymal stem 

cells produce reverse remodelling in chronic ischaemic cardiomyopathy. Eur Heart 

J 2009;30:2722-32. 

 



154 

 

164. Williams AR, Hatzistergos KE, Addicott B et al. Enhanced Effect of Combining 

Human Cardiac Stem Cells and Bone Marrow Mesenchymal Stem Cells to Reduce 

Infarct Size and to Restore Cardiac Function After Myocardial Infarction. 

Circulation 2013;127:213-223. 

 

165. Krampera M, Cosmi L, Angeli R et al. Role for interferon-gamma in the 

immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem 

Cells 2006;24:386-98. 

 

166. Ren G, Roberts AI, Shi Y. Adhesion molecules: key players in Mesenchymal stem 

cell-mediated immunosuppression. Cell Adh Migr 2011;5:20-2. 

 

167. Ren G, Su J, Zhang L et al. Species variation in the mechanisms of mesenchymal 

stem cell-mediated immunosuppression. Stem Cells 2009;27:1954-62. 

 

168. Ren G, Zhang L, Zhao X et al. Mesenchymal stem cell-mediated 

immunosuppression occurs via concerted action of chemokines and nitric oxide. 

Cell Stem Cell 2008;2:141-50. 

 

169. Chabannes D, Hill M, Merieau E et al. A role for heme oxygenase-1 in the 

immunosuppressive effect of adult rat and human mesenchymal stem cells. Blood 

2007;110:3691-4. 

 

170. Sato K, Ozaki K, Oh I et al. Nitric oxide plays a critical role in suppression of T-

cell proliferation by mesenchymal stem cells. Blood 2007;109:228-34. 

 

171. Hare Jm FJEGG, et al. Comparison of allogeneic vs autologous bone marrow–

derived mesenchymal stem cells delivered by transendocardial injection in patients 

with ischemic cardiomyopathy: The poseidon randomized trial. Jama 

2012;308:2369-2379. 

 

172. Karantalis V, DiFede DL, Gerstenblith G et al. Autologous mesenchymal stem cells 

produce concordant improvements in regional function, tissue perfusion, and 

fibrotic burden when administered to patients undergoing coronary artery bypass 

grafting: The Prospective Randomized Study of Mesenchymal Stem Cell Therapy 

in Patients Undergoing Cardiac Surgery (PROMETHEUS) trial. Circ Res 

2014;114:1302-10. 

 

173. Linke A, Muller P, Nurzynska D et al. Stem cells in the dog heart are self-renewing, 

clonogenic, and multipotent and regenerate infarcted myocardium, improving 

cardiac function. Proc Natl Acad Sci U S A 2005;102:8966-71. 

 

174. Bearzi C, Rota M, Hosoda T et al. Human cardiac stem cells. Proc Natl Acad Sci 

U S A 2007;104:14068-73. 



155 

 

 

175. Dawn B, Stein AB, Urbanek K et al. Cardiac stem cells delivered intravascularly 

traverse the vessel barrier, regenerate infarcted myocardium, and improve cardiac 

function. Proc Natl Acad Sci U S A 2005;102:3766-71. 

 

176. Fischer KM, Cottage CT, Wu W et al. Enhancement of myocardial regeneration 

through genetic engineering of cardiac progenitor cells expressing Pim-1 kinase. 

Circulation 2009;120:2077-87. 

 

177. Makkar RR, Smith RR, Cheng K et al. Intracoronary cardiosphere-derived cells for 

heart regeneration after myocardial infarction (CADUCEUS): a prospective, 

randomised phase 1 trial. Lancet 2012;379:895-904. 

 

178. Beltrami AP, Barlucchi L, Torella D et al. Adult cardiac stem cells are multipotent 

and support myocardial regeneration. Cell 2003;114:763-76. 

 

179. Li Q, Guo Y, Ou Q et al. Intracoronary administration of cardiac stem cells in mice: 

a new, improved technique for cell therapy in murine models. Basic Res Cardiol 

2011;106:849-64. 

 

180. Messina E, De Angelis L, Frati G et al. Isolation and expansion of adult cardiac 

stem cells from human and murine heart. Circ Res 2004;95:911-21. 

 

181. Bolli R, Tang XL, Sanganalmath SK et al. Intracoronary delivery of autologous 

cardiac stem cells improves cardiac function in a porcine model of chronic ischemic 

cardiomyopathy. Circulation 2013;128:122-31. 

 

182. Smith RR, Barile L, Cho HC et al. Regenerative potential of cardiosphere-derived 

cells expanded from percutaneous endomyocardial biopsy specimens. Circulation 

2007;115:896-908. 

 

183. Davis DR, Zhang Y, Smith RR et al. Validation of the cardiosphere method to 

culture cardiac progenitor cells from myocardial tissue. PLoS ONE 2009;4:e7195. 

 

184. Chimenti I, Smith RR, Li TS et al. Relative roles of direct regeneration versus 

paracrine effects of human cardiosphere-derived cells transplanted into infarcted 

mice. Circ Res 2010;106:971-80. 

 

185. Malliaras K, Li TS, Luthringer D et al. Safety and efficacy of allogeneic cell therapy 

in infarcted rats transplanted with mismatched cardiosphere-derived cells. 

Circulation 2012;125:100-12. 

 

186. Malliaras K, Smith RR, Kanazawa H et al. Validation of contrast-enhanced 

magnetic resonance imaging to monitor regenerative efficacy after cell therapy in 



156 

 

a porcine model of convalescent myocardial infarction. Circulation 2013;128:2764-

75. 

 

187. Chakravarty T, Makkar RR, Ascheim DD et al. ALLogeneic Heart STem Cells to 

Achieve Myocardial Regeneration (ALLSTAR) Trial: Rationale and Design. Cell 

Transplant 2017;26:205-214. 

 

188. Mohsin S, Troupes CD, Starosta T et al. Unique Features of Cortical Bone Stem 

Cells Associated with Repair of the Injured Heart. Circ Res 2015;15:307362. 

 

189. Duran JM, Makarewich CA, Sharp TE et al. Bone-Derived Stem Cells Repair the 

Heart After Myocardial Infarction Through Transdifferentiation and Paracrine 

Signaling Mechanisms. Circulation Research 2013;113:539-552. 

 

190. Bolli R, Tang X-L, Sanganalmath SK et al. Intracoronary Delivery of Autologous 

Cardiac Stem Cells Improves Cardiac Function in a Porcine Model of Chronic 

Ischemic Cardiomyopathy. Circulation 2013;128:10.1161/CIRCULATIONAHA 

.112.001075. 

 

191. Halkos ME, Zhao ZQ, Kerendi F et al. Intravenous infusion of mesenchymal stem 

cells enhances regional perfusion and improves ventricular function in a porcine 

model of myocardial infarction. Basic Res Cardiol 2008;103:525-36. 

 

192. Lee S-T, White AJ, Matsushita S et al. Intramyocardial Injection of Autologous 

Cardiospheres or Cardiosphere-Derived Cells Preserves Function and Minimizes 

Adverse Ventricular Remodeling in Pigs With Heart Failure Post-Myocardial 

Infarction. Journal of the American College of Cardiology 2011;57:455-465. 

 

193. Hare JM, Traverse JH, Henry TD et al. A randomized, double-blind, placebo-

controlled, dose-escalation study of intravenous adult human mesenchymal stem 

cells (prochymal) after acute myocardial infarction. J Am Coll Cardiol 

2009;54:2277-86. 

 

194. Kraitchman DL, Tatsumi M, Gilson WD et al. Dynamic imaging of allogeneic 

mesenchymal stem cells trafficking to myocardial infarction. Circulation 

2005;112:1451-61. 

 

195. Malliaras K, Makkar RR, Smith RR et al. Intracoronary cardiosphere-derived cells 

after myocardial infarction: evidence for therapeutic regeneration in the final 1-year 

results of the CADUCEUS trial. J Am Coll Cardiol 2013. 

 

196. Tang XL, Rokosh G, Sanganalmath SK et al. Intracoronary administration of 

cardiac progenitor cells alleviates left ventricular dysfunction in rats with a 30-day-

old infarction. Circulation 2010;121:293-305. 



157 

 

 

197. Vrtovec B, Poglajen G, Lezaic L et al. Comparison of transendocardial and 

intracoronary CD34+ cell transplantation in patients with nonischemic dilated 

cardiomyopathy. Circulation 2013;128:S42-9. 

 

198. Amado LC, Saliaris AP, Schuleri KH et al. Cardiac repair with intramyocardial 

injection of allogeneic mesenchymal stem cells after myocardial infarction. 

Proceedings of the National Academy of Sciences of the United States of America 

2005;102:11474-11479. 

 

199. Menasche P, Alfieri O, Janssens S et al. The Myoblast Autologous Grafting in 

Ischemic Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled 

study of myoblast transplantation. Circulation 2008;117:1189-200. 

 

200. Guijarro D, Lebrin M, Lairez O et al. Intramyocardial transplantation of 

mesenchymal stromal cells for chronic myocardial ischemia and impaired left 

ventricular function: Results of the MESAMI 1 pilot trial. Int J Cardiol 

2016;209:258-65. 

 

201. Gallet R, Dawkins J, Valle J et al. Exosomes secreted by cardiosphere-derived cells 

reduce scarring, attenuate adverse remodelling, and improve function in acute and 

chronic porcine myocardial infarction. Eur Heart J 2017;38:201-211. 

 

202. McCall FC, Telukuntla KS, Karantalis V et al. Myocardial infarction and 

intramyocardial injection models in swine. Nat Protoc 2012;7:1479-96. 

 

203. Williams AR, Suncion VY, McCall F et al. Durable scar size reduction due to 

allogeneic mesenchymal stem cell therapy regulates whole-chamber remodeling. J 

Am Heart Assoc 2013;2:000140. 

 

204. Williams AR, Trachtenberg B, Velazquez DL et al. Intramyocardial stem cell 

injection in patients with ischemic cardiomyopathy: functional recovery and 

reverse remodeling. Circ Res 2011;108:792-6. 

 

205. Strauer BE, Brehm M, Zeus T et al. Repair of infarcted myocardium by autologous 

intracoronary mononuclear bone marrow cell transplantation in humans. 

Circulation 2002;106:1913-8. 

 

206. Williams AR, Hare JM. Mesenchymal Stem Cells: Biology, Pathophysiology, 

Translational Findings, and Therapeutic Implications for Cardiac Disease. 

Circulation Research 2011;109:923-940. 

 

207. Rota M, Kajstura J, Hosoda T et al. Bone marrow cells adopt the cardiomyogenic 

fate in vivo. Proc Natl Acad Sci U S A 2007;104:17783-8. 



158 

 

 

208. Pittenger MF, Mackay AM, Beck SC et al. Multilineage Potential of Adult Human 

Mesenchymal Stem Cells. Science 1999;284:143-147. 

 

209. Boyle AJ, McNiece IK, Hare JM. Mesenchymal stem cell therapy for cardiac 

repair. Methods Mol Biol 2010;660:65-84. 

 

210. Hatzistergos KE, Quevedo H, Oskouei BN et al. Bone Marrow Mesenchymal Stem 

Cells Stimulate Cardiac Stem Cell Proliferation and Differentiation. Circulation 

Research 2010;107:913-922. 

 

211. Nagaya N, Kangawa K, Itoh T et al. Transplantation of mesenchymal stem cells 

improves cardiac function in a rat model of dilated cardiomyopathy. Circulation 

2005;112:1128-35. 

 

212. Williams AR, Suncion VY, McCall F et al. Durable scar size reduction due to 

allogeneic mesenchymal stem cell therapy regulates whole-chamber remodeling. J 

Am Heart Assoc 2013;2:e000140. 

 

213. Kubo H, Berretta RM, Jaleel N, Angert D, Houser SR. c-Kit+ bone marrow stem 

cells differentiate into functional cardiac myocytes. Clin Transl Sci 2009;2:26-32. 

 

214. Bearzi C, Rota M, Hosoda T et al. Human cardiac stem cells. Proceedings of the 

National Academy of Sciences 2007;104:14068-14073. 

 

215. Ellison GM, Vicinanza C, Smith AJ et al. Adult c-kit(pos) cardiac stem cells are 

necessary and sufficient for functional cardiac regeneration and repair. Cell 

2013;154:827-42. 

 

216. Oskouei BN, Lamirault G, Joseph C et al. Increased potency of cardiac stem cells 

compared with bone marrow mesenchymal stem cells in cardiac repair. Stem Cells 

Transl Med 2012;1:116-24. 

 

217. Tomita S, Li RK, Weisel RD et al. Autologous transplantation of bone marrow cells 

improves damaged heart function. Circulation 1999;100:II247-56. 

 

218. Murry CE, Soonpaa MH, Reinecke H et al. Haematopoietic stem cells do not 

transdifferentiate into cardiac myocytes in myocardial infarcts. Nature 

2004;428:664-8. 

 

219. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM et al. Fusion of bone-marrow-

derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature 

2003;425:968-73. 

 



159 

 

220. Nygren JM, Jovinge S, Breitbach M et al. Bone marrow-derived hematopoietic 

cells generate cardiomyocytes at a low frequency through cell fusion, but not 

transdifferentiation. Nat Med 2004;10:494-501. 

 

221. Urbanek K, Rota M, Cascapera S et al. Cardiac stem cells possess growth factor-

receptor systems that after activation regenerate the infarcted myocardium, 

improving ventricular function and long-term survival. Circ Res 2005;97:663-73. 

 

222. Leri A, Kajstura J, Anversa P. Cardiac stem cells and mechanisms of myocardial 

regeneration. Physiol Rev 2005;85:1373-416. 

 

223. Leri A, Kajstura J, Anversa P. Mechanisms of myocardial regeneration. Trends 

Cardiovasc Med 2011;21:52-8. 

 

224. Yoon Y-s, Wecker A, Heyd L et al. Clonally expanded novel multipotent stem cells 

from human bone marrow regenerate myocardium after myocardial infarction. 

Journal of Clinical Investigation 2005;115:326-338. 

 

225. Xiong Q, Ye L, Zhang P et al. Functional Consequences of Human Induced 

Pluripotent Stem Cell Therapy: Myocardial ATP Turnover Rate in the In Vivo 

Swine Heart With Postinfarction Remodeling. Circulation 2013;127:997-1008. 

 

226. Mirotsou M, Zhang Z, Deb A et al. Secreted frizzled related protein 2 (Sfrp2) is the 

key Akt-mesenchymal stem cell-released paracrine factor mediating myocardial 

survival and repair. Proc Natl Acad Sci U S A 2007;104:1643-8. 

 

227. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta L. 

Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and 

cytokine production: role of indoleamine 2,3-dioxygenase and prostaglandin E2. 

Blood 2008;111:1327-33. 

 

228. Kinnaird T, Stabile E, Burnett MS et al. Marrow-derived stromal cells express 

genes encoding a broad spectrum of arteriogenic cytokines and promote in vitro 

and in vivo arteriogenesis through paracrine mechanisms. Circ Res 2004;94:678-

85. 

 

229. Farahmand P, Lai TY, Weisel RD et al. Skeletal myoblasts preserve remote matrix 

architecture and global function when implanted early or late after coronary ligation 

into infarcted or remote myocardium. Circulation 2008;118:S130-7. 

 

230. Fukushima S, Coppen SR, Lee J et al. Choice of cell-delivery route for skeletal 

myoblast transplantation for treating post-infarction chronic heart failure in rat. 

PLoS ONE 2008;3:e3071. 

 



160 

 

231. Rota M, Padin-Iruegas ME, Misao Y et al. Local activation or implantation of 

cardiac progenitor cells rescues scarred infarcted myocardium improving cardiac 

function. Circ Res 2008;103:107-16. 

 

232. Shintani Y, Fukushima S, Varela-Carver A et al. Donor cell-type specific paracrine 

effects of cell transplantation for post-infarction heart failure. J Mol Cell Cardiol 

2009;47:288-95. 

 

233. Silva GV, Litovsky S, Assad JA et al. Mesenchymal stem cells differentiate into an 

endothelial phenotype, enhance vascular density, and improve heart function in a 

canine chronic ischemia model. Circulation 2005;111:150-6. 

 

234. Ohnishi S, Sumiyoshi H, Kitamura S, Nagaya N. Mesenchymal stem cells attenuate 

cardiac fibroblast proliferation and collagen synthesis through paracrine actions. 

FEBS Lett 2007;581:3961-6. 

 

235. Xu X, Xu Z, Xu Y, Cui G. Effects of mesenchymal stem cell transplantation on 

extracellular matrix after myocardial infarction in rats. Coron Artery Dis 

2005;16:245-55. 

 

236. Puntmann VO, Arroyo Ucar E, Hinojar Baydes R et al. <span hwp:id="article-title-

1" class="article-title">Aortic Stiffness and Interstitial Myocardial Fibrosis by 

Native T1 Are Independently Associated With Left Ventricular Remodeling in 

Patients With Dilated Cardiomyopathy</span><span hwp:id="article-title-39" 

class="sub-article-title">Novelty and Significance</span>. Hypertension 

2014;64:762-768. 

 

237. Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells - Biology of adult 

mesenchymal stem cells: regulation of niche, self-renewal and differentiation. 

Arthritis Res Ther 2007;9. 

 

238. Zaragosi L-E, Ailhaud G, Dani C. Autocrine Fibroblast Growth Factor 2 Signaling 

Is Critical for Self-Renewal of Human Multipotent Adipose-Derived Stem Cells. 

Stem Cells 2006;24:2412-2419. 

 

239. Coutu DL, Galipeau J. Roles of FGF signaling in stem cell self-renewal, senescence 

and aging. Aging (Albany NY) 2011;3:920-33. 

 

240. Kortesidis A, Zannettino A, Isenmann S, Shi S, Lapidot T, Gronthos S. Stromal 

derived factor-1 promotes the growth, survival and development of human bone 

marrow stromal stem cells, 2005. 

 



161 

 

241. van den Akker F, de Jager SCA, Sluijter JPG. Mesenchymal Stem Cell Therapy for 

Cardiac Inflammation: Immunomodulatory Properties and the Influence of Toll-

Like Receptors. Mediators of Inflammation 2013;2013:13. 

 

242. Wilson EM, Diwan A, Spinale FG, Mann DL. Duality of innate stress responses in 

cardiac injury, repair, and remodeling. J Mol Cell Cardiol 2004;37:801-11. 

 

243. Guo J, Lin GS, Bao CY, Hu ZM, Hu MY. Anti-inflammation role for mesenchymal 

stem cells transplantation in myocardial infarction. Inflammation 2007;30:97-104. 

 

244. Ohnishi S, Yanagawa B, Tanaka K et al. Transplantation of mesenchymal stem 

cells attenuates myocardial injury and dysfunction in a rat model of acute 

myocarditis. J Mol Cell Cardiol 2007;42:88-97. 

 

245. Di Nicola M, Carlo-Stella C, Magni M et al. Human bone marrow stromal cells 

suppress T-lymphocyte proliferation induced by cellular or nonspecific mitogenic 

stimuli. Blood 2002;99:3838-43. 

 

246. Crisostomo V, Sun F, Maynar M et al. Common swine models of cardiovascular 

disease for research and training. Lab Anim (NY) 2016;45:67-74. 

 

247. Takahashi T, Kalka C, Masuda H et al. Ischemia- and cytokine-induced 

mobilization of bone marrow-derived endothelial progenitor cells for 

neovascularization. Nature Medicine 1999;5:434. 

 

248. Go AS, Mozaffarian D, Roger VL et al. Heart Disease and Stroke Statistics—2013 

Update: A Report From the American Heart Association. Circulation 2013;127:e6-

e245. 

 

249. Duran JM, Taghavi S, Berretta RM et al. A Characterization and Targeting of the 

Infarct Border Zone in a Swine Model of Myocardial Infarction. Clinical and 

Translational Science 2012;5:416-421. 

 

250. Gálvez-Montón C, Prat-Vidal C, Díaz-Güemes I et al. Comparison of two 

preclinical myocardial infarct models: coronary coil deployment versus surgical 

ligation. Journal of Translational Medicine 2014;12:137. 

 

251. Varga‐Szemes A, Kiss P, Brott BC, Wang D, Simor T, Elgavish GA. Embozene™ 

microspheres induced nonreperfused myocardial infarction in an experimental 

swine model. Catheterization and Cardiovascular Interventions 2013;81:689-697. 

 

252. Crisóstomo V, Maestre J, Maynar M et al. Development of a Closed Chest Model 

of Chronic Myocardial Infarction in Swine: Magnetic Resonance Imaging and 

Pathological Evaluation. ISRN Cardiol 2013;2013. 



162 

 

 

253. Tanaka R, Spinale FG, Crawford FA, Zile MR. Effect of chronic supraventricular 

tachycardia on left ventricular function and structure in newborn pigs. Journal of 

the American College of Cardiology 1992;20:1650-1660. 

 

254. Ishikawa K, Aguero J, Oh JG et al. Increased stiffness is the major early 

abnormality in a pig model of severe aortic stenosis and predisposes to congestive 

heart failure in the absence of systolic dysfunction. J Am Heart Assoc 2015;4. 

 

255. Schwarzl M, Hamdani N, Seiler S et al. A porcine model of hypertensive 

cardiomyopathy: implications for heart failure with preserved ejection fraction. Am 

J Physiol Heart Circ Physiol 2015;309:H1407-18. 

 

256. Woitek F, Zentilin L, Hoffman NE et al. Intracoronary Cytoprotective Gene 

Therapy: A Study of VEGF-B167 in a Pre-Clinical Animal Model of Dilated 

Cardiomyopathy. J Am Coll Cardiol 2015;66:139-53. 

 

257. Dec GW, Fuster V. Idiopathic dilated cardiomyopathy. New England Journal of 

Medicine 1994;331:1564-1575. 

 

258. Borlaug BA, Kass DA. Invasive hemodynamic assessment in heart failure. Cardiol 

Clin 2011;29:269-80. 

 

259. Orlic D, Kajstura J, Chimenti S et al. Bone marrow cells regenerate infarcted 

myocardium. Nature 2001;410:701-705. 

 

260. Schuleri KH, Boyle AJ, Centola M et al. The adult Gottingen minipig as a model 

for chronic heart failure after myocardial infarction: focus on cardiovascular 

imaging and regenerative therapies. Comp Med 2008;58:568-79. 

 

261. Picard MH, Adams D, Bierig SM et al. American Society of Echocardiography 

Recommendations for Quality Echocardiography Laboratory Operations. Journal 

of the American Society of Echocardiography 2011;24:1-10. 

 

262. Bauer M, Cheng S, Jain M et al. Echocardiographic speckle-tracking based strain 

imaging for rapid cardiovascular phenotyping in mice. Circ Res 2011;108:908-16. 

 

263. Post H, Schmitto JD, Steendijk P et al. Cardiac function during mild hypothermia 

in pigs: increased inotropy at the expense of diastolic dysfunction. Acta Physiol 

(Oxf) 2010;199:43-52. 

 

264. Alogna A, Manninger M, Schwarzl M et al. Inotropic Effects of Experimental 

Hyperthermia and Hypothermia on Left Ventricular Function in Pigs-Comparison 

With Dobutamine. Crit Care Med 2016;44:e158-67. 



163 

 

 

265. Aghajani E, Muller S, Kjorstad KE et al. The pressure-volume loop revisited: Is the 

search for a cardiac contractility index a futile cycle? Shock 2006;25:370-6. 

 

266. Burkhoff D, Mirsky I, Suga H. Assessment of systolic and diastolic ventricular 

properties via pressure-volume analysis: a guide for clinical, translational, and basic 

researchers. Am J Physiol Heart Circ Physiol 2005;289:H501-12. 

 

267. Weiss JL, Frederiksen JW, Weisfeldt ML. Hemodynamic determinants of the time-

course of fall in canine left ventricular pressure. J Clin Invest 1976;58:751-60. 

 

268. Fishbein MC, Meerbaum S, Rit J et al. Early phase acute myocardial infarct size 

quantification: validation of the triphenyl tetrazolium chloride tissue enzyme 

staining technique. Am Heart J 1981;101:593-600. 

 

269. Gross P, Honnorat N, Varol E et al. Nuquantus: Machine learning software for the 

characterization and quantification of cell nuclei in complex immunofluorescent 

tissue images. Sci Rep 2016;6:23431. 

 

270. Hong KU, Li Q-H, Guo Y et al. A Highly Sensitive and Accurate Method to 

Quantify Absolute Numbers of c-kit+ Cardiac Stem Cells Following 

Transplantation in Mice. Basic research in cardiology 2013;108:346-346. 

 

271. Bowling N, Walsh RA, Song G et al. Increased Protein Kinase C Activity and 

Expression of Ca2+-Sensitive Isoforms in the Failing Human Heart. Circulation 

1999;99:384-391. 

 

272. von Lueder TG, Krum H. New medical therapies for heart failure. Nat Rev Cardiol 

2015. 

 

273. Hampton JR, van Veldhuisen DJ, Kleber FX et al. Randomised study of effect of 

ibopamine on survival in patients with advanced severe heart failure. Second 

Prospective Randomised Study of Ibopamine on Mortality and Efficacy (PRIME 

II) Investigators. Lancet 1997;349:971-7. 

 

274. Lohse MJ, Engelhardt S, Eschenhagen T. What Is the Role of β-Adrenergic 

Signaling in Heart Failure? Circulation Research 2003;93:896-906. 

 

275. Thackray S, Easthaugh J, Freemantle N, Cleland JG. The effectiveness and relative 

effectiveness of intravenous inotropic drugs acting through the adrenergic pathway 

in patients with heart failure-a meta-regression analysis. Eur J Heart Fail 

2002;4:515-29. 

 



164 

 

276. Fonarow GC, Abraham WT, Albert NM et al. Factors identified as precipitating 

hospital admissions for heart failure and clinical outcomes: findings from 

OPTIMIZE-HF. Arch Intern Med 2008;168:847-54. 

 

277. Felker GM, Leimberger JD, Califf RM et al. Risk stratification after hospitalization 

for decompensated heart failure. J Card Fail 2004;10:460-6. 

 

278. Braz JC, Bueno OF, De Windt LJ, Molkentin JD. PKCα regulates the hypertrophic 

growth of cardiomyocytes through extracellular signal–regulated kinase1/2 

(ERK1/2). The Journal of Cell Biology 2002;156:905-919. 

 

279. Hambleton M, York A, Sargent MA et al. Inducible and myocyte-specific 

inhibition of PKCα enhances cardiac contractility and protects against infarction-

induced heart failure. American Journal of Physiology - Heart and Circulatory 

Physiology 2007;293:H3768-H3771. 

 

280. Hambleton M, Hahn H, Pleger ST et al. Pharmacological- and Gene Therapy-Based 

Inhibition of Protein Kinase Cα/β Enhances Cardiac Contractility and Attenuates 

Heart Failure. Circulation 2006;114:574-582. 

 

281. Gu X, Bishop SP. Increased protein kinase C and isozyme redistribution in 

pressure-overload cardiac hypertrophy in the rat. Circ Res 1994;75:926-31. 

 

282. Takeishi Y, Bhagwat A, Ball NA, Kirkpatrick DL, Periasamy M, Walsh RA. Effect 

of angiotensin-converting enzyme inhibition on protein kinase C and SR proteins 

in heart failure. Am J Physiol 1999;276:H53-62. 

 

283. Malhotra R, D'Souza KM, Staron ML, Birukov KG, Bodi I, Akhter SA. G alpha(q)-

mediated activation of GRK2 by mechanical stretch in cardiac myocytes: the role 

of protein kinase C. J Biol Chem 2010;285:13748-60. 

 

284. Yang L, Doshi D, Morrow J, Katchman A, Chen X, Marx SO. Protein kinase C 

isoforms differentially phosphorylate Ca(v)1.2 alpha(1c). Biochemistry 

2009;48:6674-83. 

 

285. Pass JM, Gao J, Jones WK et al. Enhanced PKC beta II translocation and PKC beta 

II-RACK1 interactions in PKC epsilon-induced heart failure: a role for RACK1. 

Am J Physiol Heart Circ Physiol 2001;281:H2500-10. 

 

286. Ping P, Takano H, Zhang J et al. Isoform-selective activation of protein kinase C 

by nitric oxide in the heart of conscious rabbits: a signaling mechanism for both 

nitric oxide-induced and ischemia-induced preconditioning. Circ Res 1999;84:587-

604. 

 



165 

 

287. Liu Q, Molkentin JD. Protein kinase Cα as a heart failure therapeutic target. Journal 

of Molecular and Cellular Cardiology 2011;51:474-478. 

 

288. Belin RJ, Sumandea MP, Allen EJ et al. Augmented protein kinase C-alpha-

induced myofilament protein phosphorylation contributes to myofilament 

dysfunction in experimental congestive heart failure. Circ Res 2007;101:195-204. 

 

289. Dixon JA, Spinale FG. Large animal models of heart failure: a critical link in the 

translation of basic science to clinical practice. Circ Heart Fail 2009;2:262-71. 

 

290. Houser SR, Margulies KB, Murphy AM et al. Animal Models of Heart Failure: A 

Scientific Statement From the American Heart Association. Circulation Research 

2012;111:131-150. 

 

291. Aiello LP, Clermont A, Arora V, Davis MD, Sheetz MJ, Bursell SE. Inhibition of 

PKC beta by oral administration of ruboxistaurin is well tolerated and ameliorates 

diabetes-induced retinal hemodynamic abnormalities in patients. Invest 

Ophthalmol Vis Sci 2006;47:86-92. 

 

292. Aiello LP, Vignati L, Sheetz MJ et al. Oral protein kinase c beta inhibition using 

ruboxistaurin: efficacy, safety, and causes of vision loss among 813 patients (1,392 

eyes) with diabetic retinopathy in the Protein Kinase C beta Inhibitor-Diabetic 

Retinopathy Study and the Protein Kinase C beta Inhibitor-Diabetic Retinopathy 

Study 2. Retina 2011;31:2084-94. 

 

293. Yeo KP, Lowe SL, Lim MT, Voelker JR, Burkey JL, Wise SD. Pharmacokinetics 

of ruboxistaurin are significantly altered by rifampicin-mediated CYP3A4 

induction. British Journal of Clinical Pharmacology 2006;61:200-210. 

 

294. Sumandea MP, Rybin VO, Hinken AC et al. Tyrosine phosphorylation modifies 

protein kinase C delta-dependent phosphorylation of cardiac troponin I. J Biol 

Chem 2008;283:22680-9. 

 

295. Sumandea MP, Pyle WG, Kobayashi T, de Tombe PP, Solaro RJ. Identification of 

a functionally critical protein kinase C phosphorylation residue of cardiac troponin 

T. J Biol Chem 2003;278:35135-44. 

 

296. Kooij V, Boontje N, Zaremba R et al. Protein kinase C alpha and epsilon 

phosphorylation of troponin and myosin binding protein C reduce Ca2+ sensitivity 

in human myocardium. Basic Res Cardiol 2010;105:289-300. 

 

297. Hidalgo C, Hudson B, Bogomolovas J et al. PKC phosphorylation of titin's PEVK 

element: a novel and conserved pathway for modulating myocardial stiffness. Circ 

Res 2009;105:631-8, 17 p following 638. 



166 

 

 

298. Hasenfuss G, Teerlink JR. Cardiac inotropes: current agents and future directions. 

European Heart Journal 2011;32:1838-1845. 

 

299. Abraham WT, Adams KF, Fonarow GC et al. In-hospital mortality in patients with 

acute decompensated heart failure requiring intravenous vasoactive medications: 

an analysis from the Acute Decompensated Heart Failure National Registry 

(ADHERE). J Am Coll Cardiol 2005;46:57-64. 

 

300. Burger AJ, Elkayam U, Neibaur MT et al. Comparison of the occurrence of 

ventricular arrhythmias in patients with acutely decompensated congestive heart 

failure receiving dobutamine versus nesiritide therapy. Am J Cardiol 2001;88:35-

9. 

 

301. Fowler MB, Laser JA, Hopkins GL, Minobe W, Bristow MR. Assessment of the 

beta-adrenergic receptor pathway in the intact failing human heart: progressive 

receptor down-regulation and subsensitivity to agonist response. Circulation 

1986;74:1290-1302. 

 

302. Heilbrunn SM, Shah P, Bristow MR, Valantine HA, Ginsburg R, Fowler MB. 

Increased beta-receptor density and improved hemodynamic response to 

catecholamine stimulation during long-term metoprolol therapy in heart failure 

from dilated cardiomyopathy. Circulation 1989;79:483-490. 

 

303. Goldberg M, Steinberg SF. Tissue-specific developmental regulation of protein 

kinase C isoforms. Biochem Pharmacol 1996;51:1089-93. 

 

304. Kulandavelu S, Karantalis V, Fritsch J et al. Pim1 Kinase Overexpression Enhances 

ckit+ Cardiac Stem Cell Cardiac Repair Following Myocardial Infarction in Swine. 

J Am Coll Cardiol 2016;68:2454-2464. 

 

305. Marchionni N, Vannucci A, Pini R et al. Hemodynamic effects of digoxin in acute 

myocardial infarction. Eur Heart J 1980;1:319-26. 

 

306. Withering W. An account of the Foxglove, and some of its medical uses: with 

practical remarks on dropsy, and other diseases: Birmingham, 1785. 

 

307. Braunwald E. Effects of digitalis on the normal and the failing heart. Journal of the 

American College of Cardiology 1985;5:51A-59A. 

 

308. Rathore SS, Curtis JP, Wang Y, Bristow MR, Krumholz HM. Association of serum 

digoxin concentration and outcomes in patients with heart failure. Jama 

2003;289:871-878. 

 



167 

 

309. Casellini CM, Barlow PM, Rice AL et al. A 6-month, randomized, double-masked, 

placebo-controlled study evaluating the effects of the protein kinase C-beta 

inhibitor ruboxistaurin on skin microvascular blood flow and other measures of 

diabetic peripheral neuropathy. Diabetes Care 2007;30:896-902. 

 

310. Sheetz MJ, Aiello LP, Davis MD et al. The effect of the oral PKC beta inhibitor 

ruboxistaurin on vision loss in two phase 3 studies. Invest Ophthalmol Vis Sci 

2013;54:1750-7. 

 

311. Dutil EM, Newton AC. Dual Role of Pseudosubstrate in the Coordinated 

Regulation of Protein Kinase C by Phosphorylation and Diacylglycerol. Journal of 

Biological Chemistry 2000;275:10697-10701. 

 

312. Bornancin F, Parker PJ. Phosphorylation of protein kinase C-alpha on serine 657 

controls the accumulation of active enzyme and contributes to its phosphatase-

resistant state. J Biol Chem 1997;272:3544-9. 

 

313. Hansra G, Garcia-Paramio P, Prevostel C, Whelan RD, Bornancin F, Parker PJ. 

Multisite dephosphorylation and desensitization of conventional protein kinase C 

isotypes. Biochem J 1999;342 ( Pt 2):337-44. 

 

314. Bornancin F, Parker PJ. Phosphorylation of threonine 638 critically controls the 

dephosphorylation and inactivation of protein kinase Calpha. Curr Biol 

1996;6:1114-23. 

 

315. Simonis G, Briem S, Schoen S, Bock M, Marquetant R, Strasser R. Protein kinase 

C in the human heart: differential regulation of the isoforms in aortic stenosis or 

dilated cardiomyopathy. Mol Cell Biochem 2007;305:103-111. 

 

316. Lange RA, Hillis LD. Reperfusion therapy in acute myocardial infarction. N Engl 

J Med 2002;346:954-5. 

 

317. Wang J, Zhang S, Rabinovich B et al. Human CD34+ cells in experimental 

myocardial infarction: long-term survival, sustained functional improvement, and 

mechanism of action. Circ Res 2010;106:1904-11. 

 

318. Smith RR, Barile L, Cho HC et al. Regenerative Potential of Cardiosphere-Derived 

Cells Expanded From Percutaneous Endomyocardial Biopsy Specimens. 

Circulation 2007;115:896-908. 

 

319. Quevedo HC, Hatzistergos KE, Oskouei BN et al. Allogeneic mesenchymal stem 

cells restore cardiac function in chronic ischemic cardiomyopathy via trilineage 

differentiating capacity. Proceedings of the National Academy of Sciences 

2009;106:14022-14027. 



168 

 

 

320. Cao F, Lin S, Xie X et al. In Vivo Visualization of Embryonic Stem Cell Survival, 

Proliferation, and Migration After Cardiac Delivery. Circulation 2006;113:1005-

1014. 

 

321. Ly HQ, Hoshino K, Pomerantseva I et al. In vivo myocardial distribution of 

multipotent progenitor cells following intracoronary delivery in a swine model of 

myocardial infarction. Eur Heart J 2009;30:2861-8. 

 

322. Johnston PV, Sasano T, Mills K et al. Engraftment, differentiation, and functional 

benefits of autologous cardiosphere-derived cells in porcine ischemic 

cardiomyopathy. Circulation 2009;120:1075-83, 7 p following 1083. 

 

323. Schachinger V, Erbs S, Elsasser A et al. Improved clinical outcome after 

intracoronary administration of bone-marrow-derived progenitor cells in acute 

myocardial infarction: final 1-year results of the REPAIR-AMI trial. Eur Heart J 

2006;27:2775-83. 

 

324. Assmus B, Schachinger V, Teupe C et al. Transplantation of Progenitor Cells and 

Regeneration Enhancement in Acute Myocardial Infarction (TOPCARE-AMI). 

Circulation 2002;106:3009-17. 

 

325. Hare JM, DiFede DL, Rieger AC et al. Randomized Comparison of Allogeneic 

Versus Autologous Mesenchymal Stem Cells for Nonischemic Dilated 

Cardiomyopathy: POSEIDON-DCM Trial. J Am Coll Cardiol 2017;69:526-537. 

 

326. Alogna A, Manninger M, Schwarzl M et al. Inotropic Effects of Experimental 

Hyperthermia and Hypothermia on Left Ventricular Function in Pigs-Comparison 

With Dobutamine. Critical care medicine 2016;44:e158-67. 

 

327. Stanton T, Leano R, Marwick TH. Prediction of all-cause mortality from global 

longitudinal speckle strain: comparison with ejection fraction and wall motion 

scoring. Circ Cardiovasc Imaging 2009;2:356-64. 

 

328. Frangogiannis NG. Regulation of the Inflammatory Response in Cardiac Repair. 

Circulation Research 2012;110:159-173. 

 

329. Marchant DJ, Boyd JH, Lin DC, Granville DJ, Garmaroudi FS, McManus BM. 

Inflammation in Myocardial Diseases. Circulation Research 2012;110:126-144. 

 

330. Karantalis V, Hare JM. Use of Mesenchymal Stem Cells for Therapy of Cardiac 

Disease. Circulation Research 2015;116:1413-1430. 

 



169 

 

331. Pfeffer MA, Braunwald E. Ventricular remodeling after myocardial infarction. 

Experimental observations and clinical implications. Circulation 1990;81:1161-

1172. 

 

332. Richardson WJ, Holmes JW. WHY IS INFARCT EXPANSION SUCH AN 

ELUSIVE THERAPEUTIC TARGET? Journal of cardiovascular translational 

research 2015;8:421-430. 

 

333. Grabner W, Pfitzer P. Number of nuclei in isolated myocardial cells of pigs. 

Virchows Arch B Cell Pathol 1974;15:279-94. 

 

334. Bolli R. Repeated Cell Therapy. A Paradigm Shift Whose Time Has Come 

2017;120:1072-1074. 

 

335. Chen SL, Fang WW, Ye F et al. Effect on left ventricular function of intracoronary 

transplantation of autologous bone marrow mesenchymal stem cell in patients with 

acute myocardial infarction. Am J Cardiol 2004;94:92-5. 

 

336. Yu J, Vodyanik MA, Smuga-Otto K et al. Induced pluripotent stem cell lines 

derived from human somatic cells. Science 2007;318:1917-20. 

 

337. Takahashi K, Tanabe K, Ohnuki M et al. Induction of pluripotent stem cells from 

adult human fibroblasts by defined factors. Cell 2007;131:861-72. 

 

338. Qian L, Huang Y, Spencer CI et al. In vivo reprogramming of murine cardiac 

fibroblasts into induced cardiomyocytes. Nature 2012;485:593-8. 

 

339. Song K, Nam YJ, Luo X et al. Heart repair by reprogramming non-myocytes with 

cardiac transcription factors. Nature 2012;485:599-604. 

 

340. Jugdutt BI. Ventricular remodeling after infarction and the extracellular collagen 

matrix: when is enough enough? Circulation 2003;108:1395-403. 

 

341. Chiu RCJ, Zibaitis A, Kao RL. Cellular cardiomyoplasty: Myocardial regeneration 

with satellite cell implantation. The Annals of Thoracic Surgery 1995;60:12-18. 

 

 


