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Cardiopulmonary disease remains a leading cause of death globally and in the 

United States. As such, research into effective therapies for cardiopulmonary disease is 

imperative. The studies in this dissertation have investigated novel approaches for 

treatment of two related cardiopulmonary diseases: heart failure (HF) and pulmonary 

hypertension (PH). 

Current treatments for HF and PH focus on reducing symptoms and improving 

quality of life rather than treating the underlying causes of disease. To that end, it is 

well-known that the health of the cardiopulmonary systems is linked to the renin-

angiotensin system (RAS) and that a balance between the vasodeleterious 

(ACE/AngII/AT1R) and vasoprotective (ACE2/Ang-(1-7)/MasR) components of the RAS 

is critical for cardiopulmonary homeostasis. We propose that cardiopulmonary disease 

is a state of RAS imbalance, in which the vasodeleterious components outweigh the 

vasoprotective, and that augmentation of vasoprotective ACE2 and Ang-(1-7) would be 

beneficial to cardiopulmonary disease. Recent work showing a role for ACE2 in gut 

physiology led us to speculate that the therapeutic effects of RAS may be partially 
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mediated by actions on the gastrointestinal tract and/or gut microbiome. Furthermore, 

emerging data has demonstrated an association between gut microbiota dysbiosis and 

cardiopulmonary disease, suggesting that restoration of the gut microbiome may prove 

beneficial.  

This project tested the hypotheses that (1) the protective RAS axis restores 

function in endothelial progenitor cells (EPCs) from HF patients; (2) oral feeding of the 

probiotic Lactobacillus paracasei (LP) attenuates symptoms of PH; and (3) genetic 

modification of LP to express Ang-(1-7) provides further benefit to PH therapy. We 

observed improved function in EPCs from HF patients following treatment with Ang-(1-

7). We also found that feeding with LP prevented the increases in right ventricular 

systolic pressure and hypertrophy that are characteristic of PH. This was associated 

with changes in inflammatory status and gut microbiota composition. Furthermore, 

feeding of LP expressing Ang-(1-7) provided additional protection against PH. The 

studies presented here highlight the importance of the protective RAS in cardiovascular 

disease, explore a role for gut microbiota in cardiopulmonary health, and introduce an 

innovative approach to target both the RAS and gut microbiota for treatment of 

cardiopulmonary disease.  
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CHAPTER 1 
CARDIOPULMONARY DISEASE 

Cardiopulmonary disease describes a group of disorders with a broad range of 

severity, which affects both the cardiovascular and pulmonary systems. These disorders 

are often chronic and progressive, and they can become extremely debilitating, as the 

heart and lungs are responsible for sustaining all other organs of the body. The 

following studies focus on two cardiopulmonary disorders that commonly co-exist in 

patients: heart failure (HF) and pulmonary hypertension (PH). 

Heart Failure 

HF is defined by the American Heart Association/American College of Cardiology 

guidelines as “a complex clinical syndrome that results from any structural or functional 

impairment of ventricular filling or ejection of blood”1. Ultimately, this affects the ability of 

the heart to supply sufficient blood and oxygen to meet the metabolic demand of 

peripheral tissues. Unfortunately, HF affects a major portion of the American population. 

5.7 million Americans over the age of 20 are currently living with HF, and Americans 

older than 40 years of age have a 1 in 5 chance of developing HF over their lifetime2. 

The increasing numbers of newly-diagnosed cases of HF and the costs associated with 

HF management and hospitalizations are a result of an aging population, a projected 

increase in cases of HFrEF due to an increase in prevalence of cardiovascular risk 

factors in the population, and improved survival of patients with ischemic and non-

ischemic heart disease3. As of 2012, costs for the management and care for HF 

patients exceeded 30 billion dollars. With an increasing HF population, expected to 

surpass 8 million people in 20304, spending on HF is anticipated to rise 127% over the 

same period of time. Despite the high expenditures, unfortunately, the prognosis for HF 
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patients is poor, with only a 50% survival rate within five years of diagnosis 2. Thus, the 

development of novel strategies for improvement of quality of life and reduction in 

healthcare costs associated with HF is critical. 

HF is a progressive condition that arises from any number of etiologies, including 

myocardial, pericardial, and valvular diseases, as well as cardiac conduction disorders. 

In the process of diagnosing HF, it is imperative to determine whether an individual has 

systolic or diastolic HF, as the pathophysiology, and thus treatment, greatly differs. 

Systolic HF, also called HF with reduced ejection fraction (HFrEF), is the result of 

impaired left ventricular (LV) contractility, that may be caused by either an ischemic or 

non-ischemic insult5. Approximately 50% of patients with symptomatic HF are 

diagnosed with HFrEF3, and the underlying etiology of 60-70% of these patients is 

coronary artery disease6. In comparison, diastolic HF, or HF with preserved ejection 

fraction (HFpEF), is usually associated with chronic hypertension or ischemic heart 

disease. Regardless of HF origin, patients will experience a range of symptoms, 

depending on their comorbidities and advancement of the disease. Physicians can 

determine the severity of disease by correlating the most commonly experienced 

symptoms of dyspnea and fatigue into categories within the New York Heart Association 

(NYHA) Functional Classification system. This system spans patients who have cardiac 

disease but no symptoms or limitations in functional activity (NYHA Class I) to patients 

with severe limitations and symptoms at rest (NYHA Class IV).  

The initiation of HF begins with a primary injury to the myocardium that reduces 

the pumping function of the heart or impairs ventricular relaxation or compliance (Figure 

1-1). The injury may be the result of an abrupt event, such as a myocardial infarction 
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(MI) or viral myocarditis, or it may be a consequence of gradual changes to the 

myocardium, as is seen with left ventricular hypertrophy, infiltrative disease, or genetic 

conditions. This insult to the myocardium impairs the function of the ventricles and 

manifests as a reduction in cardiac output. The monitoring of cardiac output is 

performed by the baroreceptors in the carotid sinus, aortic arch, and right atrium, which 

can modulate the autonomic control of the heart via the sympathetic (SNS) and 

parasympathetic (PNS) nervous systems7. Once the change in cardiac output is 

detected, baroreceptor activity decreases, resulting in enhanced sympathetic output and 

decreased parasympathetic output. This stimulation of the SNS and downregulation of 

the PNS is the beginning of the neurohormonal cascade meant to bring the body back 

to cardiovascular homeostasis. First, increased sympathetic activity causes release of 

epinephrine and norepinephrine, neurotransmitters that bind β1 and β2 adrenoceptors 

on cardiomyocytes and the SA node of the heart8. This binding activates a signaling 

pathway that includes activation of adenylyl cyclase for formation of cyclic AMP which, 

in turn, activates protein kinase A (PK-A). PK-A phosphorylates the L-type calcium 

channels of the sarcoplasmic reticulum and increases cellular calcium9, which in the 

short-term acts to increase heart rate, improve myocardial contractility, and 

vasoconstrict peripheral vessels in order to increase blood pressure via improved 

cardiac output. Second, increased sympathetic outflow and reduced perfusion of the 

kidney activate the renin-angiotensin system (RAS). In this pathway, the juxtaglomerular 

cells of the kidney release renin, which converts Angiotensinogen to Angiotensin I (Ang 

I). This is followed by the enzymatic activity of angiotensin converting enzyme (ACE) for 

metabolism of Ang I to Angiotensin II (Ang II). As the effector peptide of the RAS, Ang II 
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binds Angiotensin receptors and results in release of aldosterone from the adrenal 

cortex. This action of Ang II, in particular, stimulates the body to retain salt and water, 

enhances sympathetic nerve activity, and causes peripheral vasoconstriction, again 

resulting in increased blood pressure. Ang II also has effects on organs other than the 

adrenal cortex, and as a result of those interactions, long-term hyperactivation of the 

RAS also contributes to increased oxidative stress and maladaptive cardiac remodeling 

via hypertrophy and fibrosis3. In one way or another, both of these pathways are 

mechanisms that respond to correct a reduction in blood pressure by increasing heart 

rate and contractility, as well as stimulating vasoconstriction and salt and water 

retention in the kidneys10. Collectively, these actions raise blood pressure and increase 

intravascular volume to help provide blood flow to vital organs. Initially, these actions 

are beneficial for maintaining cardiac homeostasis. However, with ongoing water 

retention coupled with reduced cardiac output, volume overload progresses, eventually 

resulting in pulmonary, abdominal, and/or peripheral edema as the intravascular 

pressure exceeds the osmotic pressure. This expansion of intravascular volume is 

sensed by the heart as an increase in intra-cardiac filling pressure, subsequently 

triggering the release of vasoactive peptides such as atrial natriuretic peptide (ANP) 

from the atria and brain natriuretic peptide (BNP) from the ventricles. Both ANP and 

BNP bind natriuretic peptide receptor A (NPRA) in multiple tissues to generate the 

second messenger cyclic GMP, stimulating vasodilation, diuresis, and natriuresis3. 

These actions are part of a compensatory mechanism by which the heart attempts to 

correct the effects of SNS overactivation. The overall consequence of these actions is a 

reduction in systemic vascular resistance, thereby lessening the preload and afterload 
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on the heart. In addition, ANP has also been shown to inhibit renin release from the 

kidney, prevent collagen synthesis in cardiac fibroblasts, prevent growth of multiple 

kidney, heart, and vascular cell types, and inhibit cardiac myocyte hypertrophy11. One 

last and less studied contributor to the development of HF is the inflammatory process. 

Inflammatory cytokines in the serum, such as interleukin-6 (IL-6) and tumor necrosis 

factor-alpha (TNF-α), are elevated in patients with HF. The origin of inflammation in HF 

is unknown, but others have hypothesized that it is initiated through injury to the 

myocardium, overactivity of the SNS, or activation of the immune system3.   

Together, these mechanisms allow the heart to compensate for its initial 

ventricular dysfunction. However, long-term activity of these neurohormonal cascades 

leads to maladaptive remodeling of the heart, with cellular and biochemical changes 

that cause alterations in the overall cardiac structure and function. On a cellular level, 

cardiomyocytes become hypertrophic and undergo a shift towards apoptosis. The 

negative effects of this substantial loss of cardiomyocytes are compounded by the 

inability of endogenous progenitors to maintain sufficient cardiac repair12. Fibroblasts in 

the myocardium are also affected during HF. In response to myocardial injury, cardiac 

fibroblast number increases, by differentiation of cardiac fibroblasts into myofibroblasts, 

as well as by transformation of epicardial cells, endocardial cells, or circulating or bone 

marrow (BM)-derived cells13. All of these fibroblasts contribute to an overproduction of 

extracellular matrix proteins, most notably collagen. The resulting interstitial fibrosis is a 

consequence of both an accumulation of collagen fibers in the interstitium and a 

decrease in collagen quality5. In the presence of fibrosis, capillary density decreases, 

leading to hypoxic conditions that further affect cardiomyocyte survival5. All of these 
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microstructural changes culminate in remodeling of the ventricles, mostly observed as 

increased hypertrophy and stiffness. The activation of matrix metalloproteinases 

produces more alterations to ventricular structure, as the degradation of collagen allows 

for ventricular dilation and reduced stroke volume5. Unfortunately, this pathological 

cardiac remodeling further impairs ventricular function, which perpetuates this 

deleterious cycle, leading to progressive cardiac dysfunction and eventually to death. 

Despite the devastation of this disorder and its impact on national health, no cure 

exists apart from the limited availability for heart transplants, which themselves require 

intensive management and pose significant medical challenges. Instead, clinical heart 

failure is managed through various pharmacological, interventional, and surgical 

treatments. Current treatment for HF includes lifestyle changes that target traditional 

risk factors such as smoking, hypertension, obesity, diabetes, and sleep apnea. In 

addition, medical therapies that target the major neurohormonal pathways are 

commonly prescribed. For example, beta blockers counteract the excessive 

sympathetic activity by competitively blocking the binding sites of epinephrine and 

norepinephrine on adrenergic beta receptors3. In addition, three classes of drugs are 

available to antagonize the RAS. ACE inhibitors (ACEi) and Ang II receptor blockers 

(ARBs) both inhibit the detrimental actions of Ang II by preventing Ang II production or 

by obstructing the binding of Ang II to AT1R, respectively. The third class of RAS 

blocker, mineralcorticoid receptor antagonists, impedes the ability of aldosterone to bind 

its receptor, thus reducing water retention. Inhibition of these pathways affects a host of 

myocardial and systemic pathways which can stabilize and, in some cases, reverse 

negative cardiac remodeling3. If tolerated, HF patients are managed using a beta 
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blocker in combination with an ACEi/ARB. However, there are cases in which other 

medications are indicated. For African Americans and those not tolerant of beta 

blockers or ACEi/ARBs, vasodilation with hydralazine-long-acting nitrates in 

combination is indicated. There are other medications that are used sparingly and only 

in very specific circumstances. For example, sodium nitroprusside, which produces 

nitric oxide (NO), can be given intraveneously for relief of symptoms in acute 

decompensated HF. Vasopressin receptor antagonists, which promote loss of free 

water, are given for HF patients that have severe, persistent hyponatremia. Digoxin, a 

cardiac glycoside that increases myocardial contraction, may be used to provide 

symptom relief and control HF; however, in some populations it may actually increase 

mortality3. Lastly, inotropic agents can be used to increase cardiac output in patients 

with end-organ dysfunction as a bridge to ventricular assist device implant or heart 

transplant or as palliative therapy, though at a cost of increased risk of mortality3. 

Concurrent with medical therapy, implantable cardioverter defibrillators are often used 

to prevent sudden cardiac death due to the increased risk of fatal arrhythmias. The 

development of these medical management strategies has certainly improved the 

survival of patients with HF. However, only a few of these drug classes are indicated in 

most patients, and some therapies are not well-tolerated by certain groups of patients. 

In spite of the success of these therapies, HF remains a major cause of death from 

cardiovascular disease and a major drain on the economy. At some point, medical 

management is not effective any longer and more aggressive interventions are needed 

to prolong the life of the patient. Advanced therapy such as mechanical circulatory 

support as a destination therapy or bridge to transplant for patients for end-stage 
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disease is also available14. Although the preferred therapy is heart transplant, the wait 

list is often long, and transplantation comes with its own challenges such as risk of 

organ rejection and immunosuppression, the lifelong use of which increases risk of 

serious infection and even causes organ dysfunction.  Collectively, these limitations to 

the current therapies demonstrate the urgency with which novel avenues for treatment 

of HF need to be identified – to reduce the burden of the disease on families and society 

and to enhance both the length and quality of life of those patients with HF. 

Pulmonary Hypertension 

PH is a rare and devastating disease of the pulmonary vasculature that is defined 

by a mean pulmonary arterial pressure of ≥25 mmHg at rest15. Due to the 

heterogeneous nature of etiologies that result in similar pathologies, it has been difficult 

to determine the true prevalence of PH. However, recent surveillance reported 

increases in both hospitalization and mortality rates due to PH, with death rates of 6.5 

per 100,000 population in the United States in 2010 and an estimated 5 year mortality of 

40% that is variable depending on the type of PH16. Unfortunately, PH diagnosis is often 

delayed, as the early symptoms of fatigue and shortness of breath are found in 

numerous other conditions16.  

A multitude of clinical causes for PH exist, and the World Health Organization 

(WHO) has classified them into five groups. Group 1 includes patients with pulmonary 

arterial hypertension (PAH), defined as those with mPAP ≥ 25 mmHg, pulmonary artery 

wedge pressure ≤ 15 mmHg, and pulmonary vascular resistance >3 Wood units17. 

These patients may have idiopathic or heritable PAH, or they may have PAH as a result 

of connective tissue disease, HIV infection, portal hypertension, congenital heart 

disease, or drug/toxin effects. Notably, mutations in bone morphogenetic protein 



 

25 

receptor type 2 (BMPR2) account for approximately 75% of familial PAH cases, making 

it the most common genetic cause of PAH18. Group 2 patients have been diagnosed 

with PH secondary to left heart disease, such as LV systolic or diastolic dysfunction, 

valvular disease, or outflow tract obstruction. PH due to left heart disease is the most 

common cause of PH19. In Group 3, patients have PH due to lung disease or hypoxia. 

These are a consequence of chronic obstructive pulmonary disease (COPD), interstitial 

lung disease, sleep-apnea, chronic high-altitude exposure, etc. Group 4 patients 

develop PH as a consequence of chronic blood clots in the lungs which may result from 

a variety of conditions, and thus is termed chronic thromboembolic pulmonary 

hypertension (CTEPH). Patients in Group 5 have PH as a result of unclear or 

multifactorial mechanisms, including hematologic, systemic, or metabolic disorders17. 

Regardless of etiology, PH is a progressive disease in which narrowing of the 

pulmonary pre-capillary arterioles is followed by increases in pulmonary vascular 

resistance20. In turn, this high right ventricular (RV) afterload causes enlargement of the 

RV as a compensatory mechanism to maintain normal blood flow (Figure 1-2). Over 

time, the RV undergoes maladaptive cardiac remodeling, which ultimately results in 

right heart failure and death21. 

Mechanistically, increased pulmonary vascular resistance is a consequence of 

three major pathogenic factors: vasoconstriction, thrombosis, and vascular remodeling, 

with remodeling as the driving force behind the progressive nature of PH (Figure 1-2). 

Vasoconstriction is marked by dysregulation of vasoactive factors such as prostacyclins, 

endothelin-1, and nitric monoxide15. Thrombosis may be a result of abnormalities in the 

clotting cascade, endothelial cells, or platelets20. Vascular remodeling is a complex 
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process that involves excessive proliferation of cells in all vascular layers, resistance to 

apoptosis, altered metabolism, and clonal expansion15. Remodeling may also be, in 

part, a result of transdifferentiation of endothelial cells to vascular smooth muscle 

cells22. The RAS also contributes to remodeling, as ACE expression is increased in 

pulmonary artery endothelial cells23, and Ang II stimulates hypertrophy and proliferation 

of vascular smooth muscle cells24. The role of inflammation in the pathobiology of 

vascular remodeling is emerging, with documented upregulation of inflammatory 

cytokines in addition to accumulation of inflammatory T and B lymphocytes and 

monocytes within the vessel wall of PH patients25. Collectively, these pathogenic 

processes lead to histologic features in the small peripheral pulmonary arteries that are 

shared by almost all forms of PH. Fibrosis of the tunica intima, proliferation and distal 

localization of vascular smooth muscle cells, and pulmonary arterial occlusion are 

pathological hallmarks of PH. End-stage PH is characterized by the formation of 

plexiform lesions via overproliferation of endothelial cells and vascular smooth muscle 

cell hypertrophy as well as the deposition of extracellular matrix and myofibroblasts from 

the tunica media into the intima, known as a neointima22.  

Treatment options for PH patients have certainly improved over the last 20 years. 

Despite this, only 13 therapies for PH exist today, many of which have become 

available over the last 5-10 years. In terms of patient management, patients with PH are 

counseled about general guidelines such as maintaining physical activity, preventing 

infection, and avoiding pregnancy. Supportive care is also provided to control patient 

symptoms. For example, because hypoxia is known to vasoconstrict the pulmonary 

artery, PH patients are maintained on oxygen therapy. Similarly, reduction of 
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intravascular volume with diuretics is used to reduce RV preload, which functions to 

minimize dilation of the RV and help control peripheral edema. Digoxin is utilized to 

improve cardiac function, but this data is based on studies in left heart disease and not 

in PH/right heart failure. Use of oral anticoagulation is controversial in all but Group 4 

patients, as the data on its benefits are mixed17. Although these supportive care 

measures alleviate patient symptoms, none has been shown to improve morbidity or 

mortality. As far as actual disease management, the current treatments are limited in 

scope and largely target vasoconstriction pathways. For one, calcium channel blockers, 

vasodilators that act by inhibiting calcium influx into vascular smooth muscle cells, are 

commonly prescribed. In addition, drugs that enhance prostacyclin have been effective 

in promoting vasodilation, as well as inhibiting proliferation, thrombosis, and 

inflammation. In fact, epoprostenol, one such synthetic prostacyclin, is the only current 

treatment that has been shown to reduce mortality for PH. Agents that inhibit 

endothelin-1 or enhance NO are also methods by which to cause vasodilation17. 

Recently, combination therapy of these drugs has been attempted with varying results17. 

Despite the major progress that has been made in development of PH therapies over 

the last 20 years, there is still a lack of real, rigorously-tested, effective treatment 

options, and as a result, PH patients continue to die of right heart failure26. 

Consequently, the need for innovation in generation of new therapies is urgent. 

The WHO classification system categorizes patients based on the histology and 

pathophysiology of the underlying disease, and it was originally developed as a way to 

help clinicians sort through and make sense of the complex etiologies. It was assumed 

that patients within each group respond similarly to specific treatments, and thus, similar 
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medical therapies were prescribed for PAH27, supplemental oxygen was given to Group 

3 patients with lung disease, etc. However, it is becoming more evident that whereas 

each etiology leads to the same end-point, there are diverse molecular pathways that 

drive the pathology of each disease28. For example, idiopathic and hereditary PH are 

both classified as PAH, but the molecular mechanisms behind the initiation of each 

disease could be quite different. Without taking the molecular mechanisms into account, 

the drug industry designed and marketed drugs that targeted a common feature of all 

PH, namely vasoconstriction. The complexity of PH pathophysiology offers opportunity 

for development of treatments targeting alternate pathways, namely those that may be 

successful in preventing or reversing the vascular remodeling which is at the core of this 

disease29. Potential future therapies in the pipeline target inflammation, mitochondrial 

dysfunction, BMPR2 signaling, and iron deficiency29. In fact, current and recent clinical 

trials aim to mediate pulmonary inflammation and remodeling by antagonizing 

leukotriene B4 production (NCT02736149), reducing ROS and inflammation via 

suppression of NFκB (NCT02036970), preventing the ASK-1 kinase from stimulating 

inflammatory and fibrotic pathways (NCT02234141), and blocking the beta adrenergic 

receptors (NCT00964678)30. The benefits of pulmonary artery denervation are also 

being studied (NCT02525926). Nonetheless, the efficacy of these therapies has not yet 

been demonstrated, and further, it is likely that distinct molecular mechanisms of 

pathophysiology will impede widespread testing and success of these therapies. 

Therefore, the expansion of therapeutic targets for treatment of PH is necessary. 
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Renin-Angiotensin System 

Overview 

The circulating RAS is a hormonal system that plays a prominent role in 

regulating blood pressure (BP) and maintaining fluid balance in the body31.Traditionally, 

the RAS has been viewed as a linear enzymatic pathway that culminates in the 

production of Angiotensin II (Ang II), a potent vasoconstrictor. This pathway begins with 

the secretion of angiotensinogen from the liver into the blood stream (Figure 1-3). 

Renin, a peptidase secreted by the kidney, then cleaves angiotensinogen into 

Angiotensin I (Ang I)32. Subsequently, the dipeptidyl-carboxypeptidase Angiotensin 

converting enzyme (ACE) expressed in the pulmonary endothelial cells of the lung 

produces Angiotensin II (Ang II) via cleavage of Ang I (Figure 1)33. Ang II exerts its 

actions via binding to two distinct G-protein coupled receptors: angiotensin type 1 

receptor (AT1R) or angiotensin type 2 receptor (AT2R). In the case of BP regulation, low 

BP triggers the release of renin from the kidney and sets in motion the eventual 

production of Ang II, which acts through AT1R to cause vasoconstriction and salt and 

water retention that all aid in raising BP. As previously mentioned, this RAS pathway is 

activated at the initiation of HF as a compensatory mechanism to maintain adequate 

cardiac output. These RAS components have been well-characterized, and for a 

number of years, the RAS was only considered for its endocrine role in volume control. 

The recent discovery of several new RAS components has altered the way RAS is 

perceived in the field. Of particular significance was the identification of Angiotensin 

converting enzyme 2 (ACE2) 34,35, a monocarboxypeptidase which cleaves the carboxy 

terminal amino acid of Ang II to form Angiotensin-(1-7) [Ang-(1-7)]. Ang-(1-7) is a 

heptapeptide that acts through the seven transmembrane G-protein coupled receptor, 
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Mas36. The ability of ACE2 to counteract the effects of ACE by metabolism of Ang II led 

to the proposal that the RAS is composed of two opposing arms, with ACE, Ang II, and 

AT1R representing the classical axis [ACE-Ang II-AT1R] and ACE2, Ang-(1-7), and  Mas 

representing the counter-regulatory axis [ACE2-Ang-(1-7)-Mas] (Figure 1). Under 

physiological conditions, a balance exists between these two axes, which aids in 

maintenance of intravascular volume homeostasis. 

Accumulating evidence suggests that apart from a circulating RAS, a local RAS 

exists at the tissue level, including the heart37, lungs38, kidney39, and brain40, among 

others41. RAS peptides produced locally can have autocrine, paracrine, or endocrine 

effects42. As with the circulating RAS, the opposing local RAS axes are balanced. 

However, local overexpression of the classical RAS components [ACE-Ang II-AT1R] in 

organs and tissues promotes growth, differentiation, fibrosis, inflammation, and 

generation of reactive oxygen species (ROS) 43,44. On the other hand, overexpression of 

the counter-regulatory RAS components [ACE2-Ang-(1-7)-Mas] mediates anti-

proliferative, anti-fibrotic, and anti-inflammatory effects45-47. 

Angiotensin converting enzyme 2. In 2000, ACE2 was originally cloned as a 

human homologue of ACE by two independent groups34,35. The ACE2 gene found on 

the X chromosome encodes a 805 amino acid type 1 transmembrane protein. ACE2 

contains an intracellular domain containing a putative signal peptide, a transmembrane 

domain, and a single extracellular metalloprotease zinc-binding catalytic site48. Whereas 

ACE2 only has one catalytic site compared to the two sites of ACE18,49, it shares 42% 

identity with these domains. Also, ACE2 is a mono-carboxypeptidase, unlike ACE which 

has dipeptidyl carboxypeptidase activity. Additionally, the C-terminal domain of ACE2 
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shares 48% identity with the amino acid transporter protein, collectrin48. ACE2 can 

hydrolyze multiple peptides, but its peptidase activity depends on the presence of a Pro-

X-Pro motif followed by a hydrophobic or basic C-terminal residue50. Therefore, ACE2 

prefers substrates such as Ang II (Pro-Phe), Ang I (Pro-Phe-His-Leu), and des-Arg9 

bradykinin (Ser-Pro-Phe) rather than Ang-(1-7), Ang-(1-9), or bradykinin51. Of all ACE2 

substrates, Ang-(1-7) is the most active product. Ang-(1-7) may be generated via 

hydrolysis of the decapeptide Ang I to Ang-(1-9), with subsequent cleavage by neutral 

endopeptidase (NEP) or ACE to form Ang-(1-7)51. Second, prolyl carboxypeptidase can 

form Ang-(1-7) from Ang II, and NEP can hydrolyze Ang I to Ang-(1-7). Lastly, Ang-(1-7) 

may be produced by direct conversion of the octapeptide Ang II to Ang-(1-7) by ACE2. 

In fact, the high affinity of ACE2 for Ang II51 rather than Ang I suggests that the primary 

pathway for Ang-(1-7) formation is via ACE2 cleavage of Ang II (Figure 1-2).  

The ACE2 transcript is found in most tissues, although usually at lower levels 

than ACE52, and the ACE2 protein is highly expressed in the heart, kidneys, testes, 

gastrointestinal tract, lungs, and brain53. ACE2 is predominantly found in the vascular 

endothelial cells and the renal tubular epithelial cells, but also on vascular smooth 

muscle cells34,54.  

Angiotensin-(1-7) and Mas receptor. Ang-(1-7) is a heptapeptide formed in the 

heart, kidney, and brain primarily via cleavage of Ang II by ACE2, although it can also 

be produced by the actions of prolyl endopeptidase and NEP55. As previously 

mentioned, another pathway to Ang-(1-7) formation is the ACE2-mediated conversion of 

Ang I to Ang-(1-9) followed by subsequent ACE-mediated cleavage of Ang-(1-9) to Ang-

(1-7).  Major sites of Ang-(1-7) production are the heart, brain, and kidney56. The half-life 
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of Ang-(1-7) is approximately 30 minutes57, but its half-life in the plasma is only 9 

seconds58. Most of Ang-(1-7) metabolism occurs by ACE in the lungs59. Ang-(1-7) 

activates downstream pathways via binding to Mas, a seven transmembrane G-protein 

coupled receptor highly expressed in the heart, kidney, brain, and testis and expressed 

at low levels in organs such as the liver, spleen, and skeletal muscle60. Predominantly, 

Mas is found in the vascular endothelium60; however, in the heart, Mas is specifically 

found on cardiomyocytes, cardiac endothelial cells, and fibroblasts42. Whereas the 

majority of Ang-(1-7) cardiovascular actions occur through its interaction with Mas and 

downstream activation of G-proteins, it is also capable of exerting biologically relevant 

effects via binding to AT2R
61. Recently, it has been shown that Ang-(1-7) can also 

activate AT1R; however, while Ang II binding of AT1R stimulates binding of G-proteins, 

Ang-(1-7) interaction with AT1R recruits β-arrestin262. This delineation between AT1R 

downstream signaling allows Ang II to have pathological effects and Ang-(1-7) to have 

therapeutic effects. Interestingly, Mas receptor can bind to AT1R
48 and induce 

upregulation of AT1R levels63. Presumably, there are other receptor interactions that 

have yet to be discovered. 

Vasoprotective Renin-Angiotensin System in Cardiovascular Injury 

Cardiac RAS. The contribution of the classical RAS components [ACE-Ang II-

AT1R] has been discussed above. Briefly, RAS is activated in response to low blood 

pressure, and it works to increase intravascular fluid volume via vasoconstriction and 

salt and water retention10. However, continued activity of these RAS components, and 

the increased levels of Ang II in particular, is pathogenic. Namely, overexpression of 

ACE-Ang II-AT1R in the heart contributes to maladaptive remodeling of the heart by 

causing vasoconstriction, hypertrophy, proliferation, and inflammation64. The detrimental 
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effects of these molecules on the heart and vasculature have led them to be known as 

the vasodeleterious axis of the RAS.  

In contrast to ACE actions, ACE2-mediated effects on cardiac and pulmonary 

tissues include vasodilation, anti-hypertrophy, anti-proliferation, and anti-fibrosis. These 

effects of ACE2 on the cardiovascular system have been studied using both ACE2 

deletion and ACE2 overexpression or activation. For instance, ACE2 knockout (ACE2-

KO) mice displayed enhanced susceptibility to cardiac problems when subjected to 

chronic Ang II infusion or pressure overload65-67. Studies also revealed that ACE2-KO 

mice exhibited maladaptive cardiac remodeling in terms of increased ventricular 

hypertrophy65-67, excessive fibrosis66,67, heightened superoxide production66,67, 

upregulation of hypoxia-induced genes68, and decreased cardiac contractility65. 

Likewise, Trask et al. 69 demonstrated that chronic ACE2 inhibition resulted in excessive 

accumulation of cardiac Ang II and worsening of ventricular remodeling in (mRen2)27 

transgenic rats. Further, ACE2-KO mice have increased blood pressure at baseline 70. 

In addition to the detrimental effects of loss of ACE2 on the heart, a report by Sahara et 

al.71 revealed that ACE2 deletion promoted the development of atherosclerosis and 

arterial neointima formation, highlighting the importance of ACE2 in conferring vascular 

protection. Conversely, overexpression or activation of ACE2 has demonstrated 

cardiovascular benefit. Our group has previously shown that ACE2 knock-in, 

intracardiac injection of lentiviral-ACE2, and administration of an ACE2 activator all 

rescued cardiac function following MI 72-74. Interestingly, both global ACE2 

overexpression and activation led to a reduction in infarct size, whereas intracardiac 

ACE2 had no effect. In addition, global ACE2 expression and activation reduced 
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inflammation in the heart. Studies by others have demonstrated that cardiac function is 

restored with recombinant or intracardial ACE2 treatment in models of chronic Ang II 

infusion66,75. Additionally, intramyocardial injection of adenovirus-ACE2 improved heart 

function and reduced myocardial fibrosis following MI76. Further, ACE2 treatment has 

been shown to enhance endothelial function77 and facilitate angiogenesis 78,79, as well 

as to act through the brain to improve baroreflex sensitivity80, reduce sympathetic 

outflow81, and decrease BP82-84, all of which  promote cardiopulmonary health. 

Collectively, these data suggest that ACE2 expression is essential for cardiovascular 

protection.  

The cardiovascular protection of ACE2 may be explained by altered levels of the 

effector peptides, Ang II and Ang-(1-7). Specifically, ACE2 benefit can be attributed to 

(1) the formation of Ang-(1-9) from Ang I, which removes Ang I as a substrate for ACE, 

(2) the degradation of Ang II, which limits its deleterious actions, and (3) the formation of 

Ang-(1-7), which itself has beneficial actions on the heart and lungs. Increased 

concentration of cardiac Ang II and reduced levels of myocardial Ang-(1-7) were 

observed in ACE2-KO mice65,67. These findings are consistent with previous reports 

illustrating that adenoviral-mediated overexpression oACE2 resulted in decreased ACE 

and Ang II in the myocardium76,85. It is well-established that aside from the benefits of 

Ang II degradation, the formation of Ang-(1-7) is cardioprotective. Ang-(1-7) has 

demonstrated multiple beneficial effects on the cardiovascular system, including 

vasodilation and inhibition of arrhythmias, hypertension, and pathologic cardiac 

remodeling48. Further, Ang-(1-7) has been shown to act through the Mas receptor to 

mediate anti-proliferative, anti-fibrotic, antihypertrophic, anti-inflammatory, and positive 
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inotropic effects45-47,86. For example, Ang-(1-7) decreased cardiac inflammation via 

reduction of proinflammatory cytokines47. In vitro, Ang-(1-7) suppressed cardiomyocyte 

growth45, stimulated endothelial nitric oxide synthase87,88, inhibited collagen 

expression89,90, improved myocyte contraction86, and antagonized Ang II-induced 

proliferation and migration of vascular smooth muscle cells91. It is important to note that 

although ACE2 displays the ability to modulate blood pressure, the effects of Ang-(1-7) 

on blood pressure have been heterogeneous48. Most animal studies observed no effect 

of Ang-(1-7) on blood pressure, although Ang-(1-7) has been reported by other groups 

to cause both hypo- and hypertension. In humans, one study showed that Ang-(1-7) 

induced vasodilation in both control and hypertensive patients92. However, in a different 

study infusion of Ang-(1-7) had no effect on the blood pressure of healthy individuals93, 

although this was a very small study. Nonetheless, all of these Ang-(1-7) actions 

contribute to its positive influence on the cardiovascular system and its inhibition of 

pathologic cardiac remodeling. 

The expression and function of the vasoprotective RAS components have been 

studied using models of cardiovascular disease. ACE2 is expressed in various cellular 

compartments of the heart including the cardiac endothelial cells and vascular smooth 

muscle cells, as well as in cardiomyocytes and fibroblasts94,95. It has been observed that 

the expression of ACE2 is highly regulated by pathological stimuli and tissue insult. In 

this regard, animal studies have revealed increased levels of ACE2 mRNA and protein 

following myocardial injury94,95. Consistent with these findings, Zisman et al.96 

demonstrated that ACE2 protein and activity were significantly elevated in failing human 

hearts, resulting in increased Ang-(1-7) and decreased Ang II levels. ACE2 was also 
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found to be upregulated in idiopathic dilated and ischemic cardiomyopathies97. 

However, due to the complexity of HF etiology, ACE2 expression in failing human 

hearts remains controversial94,98-100. Nonetheless, these observations suggest that an 

elevation in cardiac ACE2 levels could, at least initially, serve as a compensatory 

mechanism to impede progression of cardiovascular disease.  

Clinically, the RAS is already the target of therapies for cardiovascular disease 

and HF. In fact, ACE inhibitors (ACEi) and angiotensin receptor blockers (ARB) are the 

first line of medical therapy for patients with hypertension101 and other cardiovascular 

diseases1, including HF. These agents are effective for BP lowering102, as well as for 

attenuation of ventricular remodeling, reduced incidence of MI, and prevention of the 

development of HF103. Despite these noted benefits of ACEi and ARBs, their inhibition 

of the RAS is not complete. Ang II levels remain elevated in about 50% of HF patients 

treated with ACEi, as a result of chymase activation42. As a consequence, HF patients 

continue to face progression of their disease and high morbidity and mortality rates. 

Thus, it is necessary to develop novel therapeutics for treatment of cardiopulmonary 

diseases.  

Circulating RAS. Traditionally, ACE2 has been thought of as a tissue-bound 

enzyme, but recent reports have detected and measured soluble ACE2 (sACE2) levels 

and activity in human blood. In comparison to healthy controls, patients with acute HF 

had increased serum ACE2 levels104. Unexpectedly, these patients also had 

significantly lower serum Ang-(1-7) concentration. This is in contrast to data showing 

that treatment with rhACE2 caused enhanced plasma Ang-(1-7) levels along with 

reduced plasma Ang II66. Furthermore, HF patients treated with ACE inhibitors also 
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exhibited increased levels of plasma Ang-(1-7)105. These inconsistencies may be a 

consequence of differences in human and animal manifestations of HF or a 

consequence of multiple etiologies. In fact, similar questions arise in measurement of 

sACE2 activity. sACE2 activity was found to be increased in patients with heart 

disease106-110, which positively correlated with disease severity106-108,110, end systolic 

diameter110, end diastolic diameter110, and infarct size109, whereas it correlated 

negatively with ejection fraction109,110. Interestingly, sACE2 activity was also elevated in 

hypertensive patients with impending HF110. One study correlated sACE2 activity to 

development of cardiovascular disease; sACE2 activity in hypertensive patients was 

significantly higher than in healthy volunteers, and sACE2 activity is further increased in 

HFrEF patients compared to hypertensive individuals111. Thus, sACE2 could be a 

potential biomarker of cardiac dysfunction in patients with hypertension and HF. 

However, recent work by Shao et al.112 appears to run counter to the idea that 

increased ACE2 activity is suggestive of worsening disease. This study found that a 

50% increase in baseline sACE2 levels following intensive medical therapy in acutely 

decompensated HF patients was predictive of improved clinical outcomes. 

Unfortunately, these measurements are inconsistent across studies, and as a result, the 

physiological relevance of sACE2 remains unknown. We speculate that these 

discrepancies may be due to differences in etiology, patient populations, disease 

stages, or medical therapies. While these disparities warrant further investigation, the 

current evidence is highly indicative of a cardioprotective role for ACE2 in humans and 

suggests that differential regulation of ACE2 may have important functional 

consequences in cardiovascular disease.  
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Vasoprotective Renin-Angiotensin System in Pulmonary Injury 

The benefits of the RAS vasoprotective axis are not only limited to the 

cardiovascular system; studies over the past few years have highlighted the salutary 

effects of ACE2 and Ang-(1-7) on lung pathophysiology. ACE2 is expressed in the lung, 

specifically in the pulmonary endothelium, vasculature, and pneumocytes113. With 

regards to pulmonary disease, ACE2 came into prominence when it was identified as a 

functional receptor for the SARS coronavirus (SARS-CoV), the etiological agent of 

severe acquired respiratory syndrome (SARS)114. It has been observed that SARS 

infection reduces pulmonary ACE2 expression and also leads to lung failure and death. 

This connection between ACE2 expression and lung pathophysiology is further 

supported by studies conducted on ACE2-KO mice, which demonstrated increased 

susceptibility to acute lung injury115. Numerous studies have since shown the effects of 

ACE2 or Ang-(1-7) treatment on lung injuries. For instance, activation of ACE2 slowed 

progression of asthma by causing reductions in inflammation, interstitial fibrosis, and 

oxidative stress116. Treatment with Ang-(1-7) demonstrated similar effects on lung 

inflammation in models of asthma117 and chronic intermittent hypoxia118. In addition, 

Ang-(1-7) reduced collagen production in human lung fibroblasts119 and prevented lung 

fibrosis in animals with diabetes120 and Acute Respiratory Distress Syndrome121. These 

studies highlight an emerging role for the vasoprotective RAS in lung protection. 

Specifically, a growing body of work has focused on the importance of ACE2 and 

Ang-(1-7) in PH and associated right HF. Decreased lung ACE2 expression122,123 and 

enzymatic activity124, along with increased circulating Ang II levels125, have been 

observed in PH. Additionally, reduction in circulating ACE2 and Ang-(1-7) levels has 

been observed in patients with PH from congenital HD126,127. Moreover, auto-antibodies 
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to ACE2 predisposed patients with connective tissue diseases to development of PH128. 

These clinical findings suggest that enhancement of ACE2 could provide pulmonary 

protection. In this regard, animal studies have shown that enhancement of ACE2 is 

beneficial for treatment of PH. Lentiviral overexpression of ACE2 or Ang-(1-7) in the 

lungs attenuated PH lung and heart pathology in addition to reducing 

inflammation129,130. Administration of rhACE2 inhibited the hypoxia-mediated rise in 

pulmonary arterial pressure, suggesting its utility as a treatment for hypoxia-associated 

PH131. rhACE2 also had favorable actions on the RV in pulmonary artery banding model 

of pressure overload132. Activation of ACE2 by XNT or diminazene aceturate (DIZE) 

prevented PH pathophysiology though reduction of inflammatory cytokines, recovery of 

autonomic nervous system imbalance, and improved function of angiogenic progenitor 

cells133-135. Oral feeding of ACE2 or Ang-(1-7) generated within plant chloroplasts 

attenuated PH and were associated with improved structural and functional changes in 

the right heart in both prevention and reversal studies124,129,130,132. Further, daily 

injections of Ang-(1-7) and its cyclic analog cAng-(1-7) prevented MCT-induced 

increases in right ventricular systolic pressure (RVSP)136. Currently, there is one 

ongoing clinical trial measuring the safety and efficacy of rhACE2 to patients with PAH 

(NCT01884051). Taken together, these data suggest that ACE2 and Ang-(1-7) are 

protective against lung injury and that treatments targeting this enzyme might be 

effective in attenuating PH. 

In this regard, the involvement of the RAS in vascular remodeling is well-studied, 

and specifically, evidence suggests that RAS is activated in PH. To this point, clinical 

studies using RAS antagonists for PH treatment have recorded mixed results137, and 
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they are currently contraindicated for PH patients due to their propensity to cause 

hypotension. However, the well-known involvement of RAS in the development of both 

PH and HF supports further research into alternate methods by which to target RAS for 

treatment of cardiopulmonary disease.  

Future Therapies for Cardiopulmonary Disease 

Current therapies for cardiopulmonary disease focus on treating symptoms and 

have done little to address the underlying causes of disease. Because of this, the 

prognosis for patients diagnosed with HF and PH remains poor138. Research into 

alternate therapeutic targets, as well as novel delivery methods, are ongoing and 

imperative if our goal is to reduce the burden of cardiopulmonary disease on society 

and individuals. 

Cell Therapy 

Recent studies have investigated the safety and efficacy of various new 

treatments for cardiopulmonary disease, including those using pharmacological agents, 

gene therapy, and cell therapy. Among these, cell therapy has become particularly 

attractive because of its potential to regenerate damaged tissue. More specifically, 

autologous stem cell transfer has emerged as a leading method of cell therapy because 

it eliminates the possibility of an immune response by the host and the toxicity of 

immunosuppressive medications. Animal studies of cell regenerative potential in 

cardiopulmonary disease have been encouraging139-141, but the results of cardiac cell 

therapy in humans have been modest and inconsistent142. Indeed, many hurdles still 

exist before the promise of cell therapy in humans may be fully realized. For example, 

the impaired engraftment of the injected progenitor/stem cells in the hostile environment 

of the injured and inflamed tissue needs to be overcome. Additionally, a number of 
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technological questions need to be addressed, including what cell type is best, how 

many cells are needed, and how often cells should be given 143,144. Perhaps the largest 

limitation remains the fact that, often, progenitor cells in patients with cardiovascular 

disease are dysfunctional145, diminishing the potential benefits of autologous stem cell 

transfer. This investigation will address the root of this issue: the function of stem cells 

from patients with HF.  

Endothelial progenitor cells. It is becoming increasingly evident that interplay 

between organs and circulating cells is critical for disease prevention. A number of 

cardiopulmonary disorders have documented imbalances in the circulating levels of 

reparative and inflammatory cells, which contribute to inflammation and impaired 

vascular repair. In recent years, numerous cell types, including BM-derived 

mononuclear cells, endothelial progenitor cells (EPC), BM- or adipose-derived 

mesenchymal stem cells (MSC), umbilical cord blood cells, and cardiac progenitor cells, 

have been evaluated for their potential to offer cardioprotection142. Of these, EPCs are 

especially promising because of their well-documented roles in vascular maintenance 

and repair146. The following evidence supports the investigation of EPC benefits in 

human heart disease: (i) EPCs are critical for promotion of neovascularization, cardiac 

repair, and cardiac function in animal models147,148; (ii) Endothelial dysfunction is an 

important contributor to impaired coronary circulation in HF145; (iii) Studies have 

uncovered an inverse correlation between endothelial dysfunction and circulating EPC 

number149; (iv) Patients with early HF or directly following an acute MI have increased 

EPC numbers150-152, indicative of an endogenous compensatory mechanism for 

revascularization; (v) EPC numbers decline with progression of HF150; (vi) Circulating 



 

42 

EPCs independently and inversely predict mortality in patients with chronic HF153; (vii) 

EPCs from patients with chronic ischemic cardiomyopathy are dysfunctional154. These 

data demonstrate a direct link between EPCs and HF and suggests that EPCs will be 

helpful in promoting vascularization following ischemia, thus showing promise in 

reducing the clinical pathology of HF.  

Unfortunately, the identifying markers of EPCs are controversial, and the 

literature is muddled with studies utilizing various markers, including CD34, CD133, 

vascular endothelial growth factor 2 (KDR), CD31, and CD45 as single markers or in 

combination155,156. Asahara et al157 first showed that human CD34+ cells in a model of 

hind limb ischemia integrate into new capillaries and differentiate into endothelium, 

demonstrating their angiogenic capacity. Since then, studies of CD34+ cells in animal 

models of MI have highlighted the ability of this population to preserve heart function, 

increase capillary density in infarct, and decrease infarct size, collagen deposition, and 

cardiomyocyte apoptosis158,159. Most interestingly, these results were not recapitulated 

with cell fractions negative for CD34+ cells or containing fully differentiated endothelial 

cells. This suggests that CD34+ cells are superior for angiogenesis and regeneration of 

heart tissue. Furthermore, analysis of the relationship between circulating progenitor 

cells and cardiovascular disease risk has shown progenitor cells expressing surface 

CD34+ antigen to best reflect risk of cardiovascular disease160. Intracoronary infusion of 

autologous CD34+ cells into patients with left ventricular dysfunction after MI resulted in 

positive changes in ejection fraction, infarct size, and length of time subjects remained 

alive161. Based on this evidence, we characterized the number and functionality of 

CD34+ cells in HF. 
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Role of RAS in progenitor cell function. Progenitor cells, specifically EPCs, 

are vital for vascular endothelial repair162, and reduced numbers and function of EPCs 

have been observed in patients with cardiopulmonary disease150,154,163,164. The 

vasoprotective RAS has demonstrated a role in improving the number165 and 

function147,148 of progenitor cells under disease conditions. In fact, animals treated with 

the ACE2 activator, diminazene aceturate (DIZE), displayed increased circulating EPC 

levels, improved engraftment of cardiac progenitor cells into the heart, and decreased 

inflammatory cells in the infarcted heart73. DIZE also normalized the decrease in EPC 

proliferation and migration associated with MCT-induced PH135. Consistent with this, the 

EPCs of patients with PH demonstrated a reduction in migratory potential in vitro, which 

was improved with DIZE treatment135. Similarly, genetic modification of BM-166 or 

umbilical cord blood-167 derived MSCs with ACE2 yielded cardiopulmonary protective 

effects. Work from our own group has demonstrated that nitric oxide (NO) production148 

and vascular repair147,148 were significantly increased in BM-derived MSCs 

overexpressing ACE2 and Ang-(1-7). Additionally, we have shown that ACE2 priming of 

EPCs not only enhanced their function147,148 but also increased their therapeutic efficacy 

to render protection against stroke148. Finally, treatment of diabetic animals with Ang-(1-

7) restored the ability of circulating progenitors to mobilize in response to ischemia168, 

promote angiogenesis169,170, and improve cardiac function170. Thus, ACE2 and Ang-(1-

7) are vital for the function and balance of circulating progenitor cells. We believe that 

improving the function of progenitor/stem cells through genetic modification of the 

vasoprotective RAS components may hold promise for treating cardiopulmonary 

disorders. 
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Gut Microbiota 

Until recently, the contributions of the gut microbiome to human physiology have 

gone largely unnoticed. This is especially surprising because the human colon itself 

houses 100 trillion microorganisms171. The relationship between the gut microbes and 

intestinal epithelium is mutually beneficial, and beyond the obvious role for bacteria in 

nutrient metabolism, microbes modulate the human immune system, defend against 

pathogens, synthesize vitamins and amino acids, regulate brain behavior, and promote 

both enteric nerve function and angiogenesis172. Moreover, gut microbiota produce 

short chain fatty acids (SCFA), metabolites which act both as energy sources and 

signaling molecules173.  

Gut anatomy and physiology. The gut performs crucial functions in that it 

allows nutrient absorption while also preventing infiltration of commensal bacteria and 

acting as a first line of defense against pathogen infections. Physically, the structure of 

alternating protruding villi with deep crypts provides increased surface area for 

absorption of nutrients, and the lining of the gut lumen forms a barrier made of distinct 

intestinal epithelial cells (IECs): nutrient-absorbing enterocytes, mucus-secreting Goblet 

cells, hormone-secreting enteroendocrine cells, and antimicrobial-secreting Paneth 

cells. IECs are polarized cells oriented with their apical membrane facing the gut lumen 

and the basolateral membrane in contact with the underlying lamina propria, a polarity 

maintained via stabilization by tight junctions and desmosomes. The health of this 

epithelial barrier is further sustained by proliferation of IECs, production of IgA, and 

expression of antimicrobial peptides174 in the Goblet cell-secreted mucus layer.  

Composition of gut microbiota and effects of probiotics. The complex 

colonization of the intestine with microbes begins at birth, and its composition is 
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influenced by non-adjustable factors (genetics, age, geography) as well as adjustable 

factors (diet, medication)175. Because of the anaerobic nature of the intestine, the 

microbes of the gut are facultative or strict anaerobic bacteria from only five to seven 

phyla176, predominantly Firmicutes and Bacteroidetes172. Nevertheless, each individual 

has a distinct microbe composition that is subject to change over time175. Within an 

individual, the composition of bacteria communities differs along the length of the colon, 

and variances even exist in the microbial makeup of luminal- and mucosal-associated 

niches172. 

Both the gut and the commensal microbes contribute to the maintenance of a 

stable intestinal bacterial community. It is crucial for the human host to recognize and 

respond to pathogens while simultaneously tolerating non-harmful bacteria. Likewise, it 

is in the best interest of the commensal bacteria to establish and maintain their intestinal 

niches. The IECs of the gut participate in this process by formation of a mucus layer, 

secretion of antimicrobial peptides, establishment of tight junction protein complexes, 

and use of microbe-associated molecular pattern recognition systems177. Surprisingly, 

the enteric nervous system has also demonstrated a role in defining the abundance and 

composition of gut microbiota178. Microbes, in turn, monitor each other via complex 

intercommunication systems which utilize metabolism, gene transfer, biofilm formation, 

or quorum sensing177.  

 Researchers are now finding that the composition of the gut microbiome is 

absolutely critical for human health. External pressures such as infection and antibiotic 

ingestion or internal pressures including defective host genetics can both lead to 

disequilibrium in the bacterial community known as dysbiosis177. Such imbalance in 
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microbiota can have effects on digestive and immunological functions179. In fact, 

dysbiosis of gut microbial communities has been associated with diseases including 

cancer, diabetes, obesity, inflammatory bowel disease, and allergies172, but for the 

majority of diseases, it is unknown if dysbiosis is causative or a consequence175. 

Methods for restoration of normal microbiomes, including fecal microbiota 

transplantation or ingestion of prebiotics or probiotics, are increasingly being studied. In 

particular, probiotics have shown promise in treatment of disease, although their claims 

of microbiome restoration are inconsistent180,181. Most probiotics contain lactic acid-

producing bacteria (LAB), such as Lactobacillus, Streptococcus, Bifidobacterium, or 

Enterococcus sp.182. Probiotics are thought to work through competition for nutrients, 

upregulation of intestinal mucin genes, blockage of pathogen attachment sites, 

reduction of gut permeability, destruction of pathogens by bacteriocins, reduction of 

bacterial endotoxin levels in the blood, promotion of commensal bacterial growth by 

SCFA production, and modulation of the host immune system through stimulation of 

phagocytosis by immune cells179,180. Moreover, recent studies have demonstrated the 

potential for the beneficial effects of probiotics to be further enhanced by genetic 

modification183.  

Gut microbiota and cardiopulmonary disease. The gut microbiome is 

emerging as a critical player in health of the cardiopulmonary system. Reports by our 

group and others have drawn associations between intestinal dysbiosis and obesity184, 

type 2 diabetes184, and hypertension185, all of which are considered major risk factors for 

the development of cardiopulmonary disease186. Likewise, infants with congenital heart 

defects showed reduced total bacterial count as compared to healthy infants187, and 
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atherosclerotic plaques were found to house microbes188. Additionally, increased 

plasma levels of trimethylamine N-oxide, a metabolite of Firmicutes in the gut, are 

associated with higher risk of major adverse cardiovascular events176. Furthermore, our 

understanding of the link between the gut and lung is evolving. Changes in the ratio of 

beneficial to harmful bacteria in the gut positively influenced lung immunity and reduced 

inflammation189. Consistent with this, a healthy gut microbiota is protective against 

respiratory infection190. These data support the idea that a dysregulated gut microbiome 

contributes to or is a consequence of cardiopulmonary disease. It is thought that part of 

the negative effects of the altered gut microbiome on cardiopulmonary health may be a 

result of chronic low-grade inflammation that occurs following translocation of bacteria 

or bacterial metabolites across a leaky intestinal barrier176. Normally, tight junction 

proteins closely regulate paracellular permeability, which minimizes bacterial 

translocation and allows only select macromolecules to pass between cells191. However, 

defects in the tight junction complexes of the IECs can allow bacterial access into the 

human host179. 

These findings are supported by clinical studies which suggest that consumption 

of probiotics improves cardiopulmonary health. Namely, probiotics have been reported 

to reduce BP192-199, decrease oxidative stress200-207, positively alter cholesterol 

concentrations192,193,208-210, and release ACE-inhibiting peptides211, all factors that affect 

the cardiopulmonary system. In addition, administration of probiotics has been 

successful in decreasing BP and delaying the development of HF in rats following MI212. 

Oral probiotics can also regulate lung immune responses182, and administration of 
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SCFAs has been shown to attenuate allergic airway disease190. Together, these studies 

suggest that probiotics may have favorable effects on the heart and lungs. 

Summary 

Cardiopulmonary disease touches every corner of the globe, and its effects are 

felt by families, communities, and society as a whole. The costs for management and 

care of individuals with cardiopulmonary disease are astronomical and rising; despite 

the tremendous amount of money spent on treatments, for patients, the prognosis is 

grim.  Thus, the investigation into novel targets for therapies is imperative. To this end, 

we propose to use innovative approaches to target both well-known and emerging 

contributors to the development of cardiopulmonary disease. The participation of RAS in 

the progression of these diseases is well-established, and therefore, we believe that 

therapies opposing the classical arm of this system will be beneficial. In addition, our 

knowledge of the role of the gut in cardiopulmonary-related diseases is evolving. In this 

regard, we believe that modulation of the gut microbiota may be protective. This 

dissertation will address the potential for the RAS and the gut microbiota to be inventive 

strategies for treatment of cardiopulmonary disease. 
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Figure 1-1.  Pathophysiology of heart failure. 
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Figure 1-2.  Pathophysiology of pulmonary hypertension. 
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Figure 1-3.  Renin-angiotensin system. 
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CHAPTER 2 
BENEFICIAL EFFECTS OF ANGIOTENSIN-(1-7) ON CD34+ CELLS FROM HEART 

FAILURE PATIENTS 

Introduction 

Heart failure (HF), a complex clinical condition in which cardiac output at late 

stages is insufficient for maintenance of the body’s metabolic requirements, remains a 

major cause of morbidity and mortality despite recent advances in the treatment of 

acute and chronic cardiac events213,214. Current treatments for HF are aimed at reducing 

the progression of the disease through medical management using pharmacotherapies 

including beta blockers, ACE inhibitors, Ang II receptor blockers (ARB), and 

antimineralcorticoids. In some instances, percutaneous or surgical interventions such as 

angioplasty, bypass surgery, and transplant may be necessary. Despite these 

therapies, the prognosis for patients diagnosed with HF is poor138. One new avenue for 

treatment of HF has been the investigation into use of cell therapy. Thus far, the clinical 

trial results have been inconsistent215, but these moderate results may be attributed to 

technological hurdles, including cell type, cell dose, cell survival, and timing of 

administration143,144. Perhaps the largest limitation remains the fact that, often, 

progenitor cells in patients with cardiovascular disease are dysfunctional145, minimizing 

the potential benefits of autologous stem cell transfer. 

CD34+ hematopoietic stem cells have been studied in regards to their role in 

cardiac repair during HF. CD34+ cells, also known as endothelial progenitor cells 

(EPCs), play a vital role in vascular maintenance146 and also function to provide 

paracrine support139 to injured vasculature and tissue. Other studies indicate that CD34+ 

cells can also promote neovascularization and participate in cardiac repair216. In 

humans, CD34+ cell numbers have been shown to increase directly following an acute 
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MI151 and CD34+ cells are elevated in patients with early HF. Together, these suggest 

the participation of CD34+ cells in an endogenous compensatory mechanism for 

revascularization. With the progression of HF, CD34+ numbers were observed to 

decline150. These differences in CD34+ cell number over time were further investigated. 

In a study of circulating progenitors, CD34+ cells best correlated with cardiovascular 

risk160, and reduced circulating CD34+ cells have also been shown to predict adverse 

cardiovascular risk in patients with type 2 diabetes 217.In addition, studies have shown 

that CD34+/CD133+ cell function is decreased in ischemic cardiomyopathy154 and 

CD34+ cell function is reduced in patients with vascular complications from diabetes218-

220. Collectively, this data suggests that CD34+ cells contribute to cardiovascular health 

and that their number and function may be decreased during disease states. 

The RAS is crucial in regulating many physiological processes of the 

cardiovascular system, and as such, is an obvious target for treatment of cardiovascular 

disease. ACE produces Ang II, a small peptide which mediates its effects through the 

activation of either of its two receptors: AT1R or AT2R. Ang II can also be converted 

into Ang-(1-7) by ACE2 enzymatic activity, and Ang-(1-7) then exerts its actions via 

binding to the Mas receptor. Under normal physiologic conditions, a balance between 

the deleterious [ACE/Ang II/AT1R] and protective [ACE2/Ang-(1-7)/MasR] axes is 

critical for maintaining cardiovascular homeostasis.  However, upregulation of the 

deleterious axis leads to vasoconstriction, hypertrophy, fibrosis and cardiac remodeling 

whereas upregulation of the protective components has vasodilatory, anti-hypertrophic, 

anti-proliferative, and anti-fibrotic effects221.  These RAS axes have been shown to be 

imbalanced during HF, with increased Ang II and reduced Ang-(1-7) levels in the 
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plasma105 and elevated Ang II in failing human hearts105. Further, inhibition of the 

vasodeleterious axis through treatment with ACE inhibitors and ARBs222 or 

enhancement of the vasoprotective components ACE2 and Ang-(1-7) is 

cardioprotective46,47,72,77,89,130,223,224, underscoring the importance of the RAS as a target 

for HF treatment. As previously mentioned, ACE inhibitors and ARBs are commonly 

used in managing patients with HF; however, the continued expansion of HF warrants a 

new approach for targeting the RAS. 

In this regard, the beneficial effects of Ang-(1-7) on progenitor cells are currently 

under investigation, and the outcomes thus far have been promising. Short term Ang-(1-

7) treatment increases levels of bone marrow-derived mesenchymal stem cells as well 

as the number of circulating EPCs in db/db mice 170. In addition, Ang-(1-7) facilitates 

proliferation of CD34+ and mononuclear cells in vitro165. Moreover, circulating Ang-(1-7) 

stimulates cardiac progenitor cells, thereby attenuating the development of HF169,225. 

Our recent studies indicate that incubation with Ang-(1-7) results in enhanced vascular 

repair-relevant functions in diabetic CD34+ cells226. Furthermore, Ang-(1-7) reverses the 

vasoreparative dysfunction of CD34+ and bone marrow-derived cells from diabetic 

patients by stimulating nitric oxide (NO) bioavailability, reducing NADPH oxidase 

activity, improving migratory capacity, and restoring in vivo homing efficiency to 

ischemic areas147. These studies suggest that Ang-(1-7) may also provide similar 

benefit to CD34+ cells during HF. 

Although alterations in the numbers of CD34+ progenitor cells have been 

implicated in patients with HF227, there is a paucity of information regarding the 

characteristics of these cells. Further, an increasing body of literature exists 



 

55 

documenting the benefits of Ang-(1-7) for normal and diabetic CD34+ cells, but the 

effects of Ang-(1-7) on CD34+ cells from HF patients is unknown. Therefore, in this 

study we have performed a detailed analysis of CD34+ progenitor cells isolated from 

patients with HF and have investigated the effects of Ang-(1-7) on these cells.  

Methods 

Patient Selection and Characterization 

Peripheral blood was collected from New York Heart Association (NYHA) class 

II-IV HF patients as well as from reference subjects (controls). This study was 

conducted under approval from the Institutional Review Board (IRB) of the University of 

Florida. Participants gave written informed consent to participate in this study, and the 

study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.  

Patients were consented to participate if they met the following criteria: older than 18 

years of age, significant coronary artery disease (70% luminal diameter narrowing of at 

least one major coronary artery), left ventricular (LV) ejection fraction less than 45%, on 

maximal medical therapy for angina symptoms, and hemodynamically stable as defined 

by a systolic blood pressure greater than 80 mmHg. Patients were excluded from this 

study if they had atrial fibrillation, atrial flutter and/or uncontrolled arrhythmias, LV 

thrombus, platelet count M <100 k/mm3, white blood cells <2 k/mm3, stroke within 60 

days of study enrollment, history of malignancy in the last five years, history of HIV, 

Hepatitis B or C, or hepatic dysfunction as defined by AST (aspartate aminotransferase) 

and/or ALT (alanine aminotransferase) B 1.5 times the upper limit of normal. Pertinent 

characteristics of the patients are described in Table 2-1.   
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Isolation of Human CD34+ Cells from Peripheral Blood of HF and Control Donors 

Peripheral blood (50-150 mL) was collected from patients and control donors 

using blood collection tubes with EDTA (Thermo Fisher Scientific, Waltham, MA, USA, 

#265732).  The blood was diluted 1:1 with 2% fetal bovine serum (FBS), which was 

subsequently carefully layered on top of Ficoll-Paque Plus (GE Healthcare, Little 

Chalfont, United Kingdom; 17-1440-03) at a ratio of 1:2 (Ficoll:blood) in 50 mL 

disposable tubes. After density gradient centrifugation at room temperature in a 

swinging bucket rotor for 30 min at 2200 rpm, the buffy coat containing leukocytes was 

collected. Leukocytes were washed twice with buffer (2% FBS, 1 mM EDTA, PBS), and 

red blood cell contamination was removed by incubating with ammonium chloride 

solution (Stem Cell Technologies, Vancouver, Canada, #7850) on ice for 15 min. 

Following two more washes, leukocytes were enriched for CD34+ cells by positive 

selection using human CD34+ cell enrichment kit (Stem Cell Technologies, #18056) per 

manufacturer instructions. In selected studies, CD34+ cells were maintained in culture in 

Stem Span SFEM media (Stem Cell Technologies, #9600) supplemented with cytokine 

cocktails (Stem Cell Technologies, #02697) in an incubator at 370C with 5% CO2. It is 

critical to note that the amount of blood, and thus CD34+ cells, from each patient was 

highly variable and that the number of CD34+ cells from many patients was severely 

limited. As a result, we were not able to perform all experiments with all patient 

samples.  

Quantification of CD34+ Cells from Whole Blood 

This study was performed in collaboration with Dr. Sugata Hazra. Within 24 h of 

blood collection, 100 µL of blood from each donor was used to count CD34+ cells by BD 

Procount progenitor cell enumeration kit (BD Biosciences, San Jose, CA, USA, 
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#340498) per manufacturer instructions. Briefly, 50 µL of blood from each donor was 

added to one tube with a reagent containing fluorchrome-labeled antibodies to CD34+, 

and 50 uL was added to another tube containing a control reagent to assess the amount 

of nonspecific antibody binding. After incubation in the dark for 15 min, the blood was 

lysed for 30 min and subsequently analyzed on a LSR II flow cytometer (BD 

Biosciences). The data was analyzed by FCS Express (BD Biosciences) and plotted as 

number of CD34+ cells per µL of blood.  

Colony Formation Assay 

This study was performed in collaboration with Dr. Sugata Hazra. An equal 

number of leukocytes isolated from control and HF donors was suspended in Iscove’s 

Modified Dulbecco’s Medium with 2% FBS followed by mixing with MethoCult medium 

(Stem Cell Technologies, #H4434) and plating on 35 mm dishes with a blunt end 

needle. The dishes were kept in an incubator at 370C with 5% CO2, and the colonies 

were counted with an inverted microscope after ten days of incubation. Colonies were 

identified by comparing experimental colonies to the descriptions and images in the 

manufacturer protocol (Stem Cell Technologies). Burst-forming unit-erythroid (BFU-E) is 

a colony containing at least 200 erythroblasts in single or multiple clusters. Colony-

forming unit-granulocyte, macrophage (CFU-GM) produces a colony with at least 40 

granulocytes, macrophages or cells of both lineages. Colony-forming unit-granulocyte, 

erythroid, macrophage, megakaryocyte (CFU-GEMM) usually produces large colonies 

over 500 cells including erythroblasts and cells of at least two other recognizable 

lineages.  
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Cell Migration Assay  

Cell migration was measured using the QCM Chemotaxis Migration Chamber 

(Millipore, Billerica, MA, USA, #ECM512). Briefly, freshly isolated CD34+ cells were 

suspended in PBS, and 20,000 cells were placed in each well (in triplicate) of the top 

chamber. 100 nM stromal cell-derived factor 1α (SDF-1α, R&D Systems, Minneapolis, 

MN, USA, #350-NS-010) or PBS was added to the bottom chamber. After incubation for 

4 h at 370C, cells that had migrated to the bottom chamber were lysed, mixed with a 

fluorescent dye, transferred to a black 96 well plate, and quantified by measuring 

fluorescence at 480 nm excitation/520 nm emission with a spectrophometer 

(SynergyMx multi-mode microplate reader, Biotek Instruments, Inc., Winooski, VT, 

USA). Data was expressed as percentage increase in migration toward SDF-1α 

(difference between PBS and SDF-1α wells). For determination of the effects of Ang-(1-

7) on migration, freshly isolated CD34+ cells were pretreated with 100 nM Ang-(1-7) 

(Bachem, Bubendorf, Switzerland, #H-1715) for 1 h followed by washing via 

centrifugation to remove excess Ang-(1-7). Cells were then added to the migration 

chamber as detailed above. 

Measurement of Nitric Oxide Production  

NO levels in CD34+ cells were measured by fluorescence intensity of 4-amino-5-

methylamino-2-difluorofluorescein diacetate (DAF-FM, Thermo Fisher Scientific, #D-

23844), which fluoresces upon interaction with NO. Briefly, 20,000 freshly isolated 

CD34+ cells (in triplicate) were used for each treatment. CD34+ cells were incubated 

with 20 µM DAF-FM in Dulbecco’s PBS with Ca2+ and Mg2+ (Mediatech, Inc., Manassas, 

VA, USA, #21-030-CV) supplemented with glucose (1 mg/mL) for 30 minutes in the dark 

followed by the addition of 1 mM L-arginine and stimulant (100 nM SDF-1α, 100 nM 
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Ang-(1-7), or untreated) for 30 min. After washing the cells to remove excess DAF-FM, 

fluorescence was measured at 485 nm (excitation) and 528 nm (emission) using a 

spectrophotometer (SynergyMx). Untreated cells were reported as basal NO production, 

and treated cells were reported as percentage increase in DAF-FM fluorescence 

between basal levels and SDF-1α or Ang-(1-7) treatments. 

Measurement of Reactive Oxygen Species 

Basal levels of reactive oxygen species (ROS) production were measured using 

dihyroethidium (DHE, Sigma-Aldrich, #D7008), which produces the fluorescent DNA 

intercalator ethidium after interaction with superoxide anions. Briefly, 20,000 freshly 

isolated CD34+ cells (in triplicate) were incubated with 5 uM DHE in Dulbecco’s PBS 

with Ca2+ and Mg2+ supplemented with 1 mg/mL glucose for 15 min in the dark. For 

measurement of ROS production following Ang-(1-7) treatment, Ang-(1-7) was 

subsequently added to some cells at a final concentration of 100 nM for 30 min, 

followed by washing of all cells twice and measurement of fluorescence at 488 nm 

(excitation) and 585 nm (emission) using a spectrophotometer (SynergyMx). Untreated 

cells were reported as basal ROS production, and treated cells were reported as 

percentage increase in DHE fluorescence between basal levels and Ang-(1-7) 

treatment. 

Gene Expression by Real Time RT-PCR 

Total RNA was extracted from CD34+ cells with TRIzol (Life Technologies, 

Carlsbad, CA, USA, #15596-018) per manufacturer protocol, and RNA purity was 

evaluated by 260/280 ratio measured with a spectrophotometer. 1 μg of total RNA was 

transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA, #170-8891) 

according to manufacturer instructions, and quantitative real-time polymerase chain 
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reaction (qPCR) was performed using ABI Master Mix (Applied Biosystems, Foster City, 

CA, USA, #4305719). FAM-labeled primers (Applied Biosystems) were used: ACE 

(Hs01104600_m1), ACE2 (Hs01085333_m1), MasR (Hs00267157_s1), AT2R 

(Hs00169126_m1). All samples were normalized to 18s (Hs99999901_s1) cDNA. All 

cDNA samples were run in duplicate. qPCR was performed on an ABI 7500 Fast PCR 

(Applied Biosystems) instrument for 40 cycles.  

Acetylation of Human Cardiac Progenitor Cells 

In order to study the in vitro effects of Ang-(1-7) on epigenetic and translational 

mechanisms, we used human cardiac progenitor cells (hCPCs). Dr. Yanfei Qi derived 

the hCPCs from an atrial tissue biopsy from a pediatric patient with congenital heart 

disease at the University of Florida (IRB #201200062). Following isolation of hCPCs, Dr. 

Qi analyzed the cell population by FACS and confirmed that 93% of the population was 

c-kit+, a marker of CPCs 228. hCPCs were then cultured in mixed media [375 mL M199 

(Thermo Fisher Scientific, #10-060-CV), 125 mL EBM-2 (Lonza, Basel, Switzerland, 

#CC-3156)] supplemented with 10% FBS, 2% penicillin-streptomycin (Thermo Fisher 

Scientific, #15140122), and 1% non-essential amino acid solution (Lonza, #13-114E) 

and plated on fibronectin in an incubator at 370C in 5% CO2. For the assay, hCPCs 

were plated in six well dishes, and cells underwent treatment once they were 

approximately 80% confluent. Cells were treated with 200 nM trichostatin A (TSA, 

Sigma-Aldrich, #T1952) alone or in combination with 1 µM Ang-(1-7) for 10, 20, 40, or 

60 minutes in an incubator at 370C. TSA is a histone deacetylase inhibitor that was 

used to bring acetylation measurements up to detectable levels. After treatment, wells 

were rinsed with cold PBS. Ice cold radioimmunoprecipitation assay (RIPA) buffer with 

protease inhibitors (Sigma-Aldrich, #P8340) was then added to each well, and cells 
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were scraped, transferred to 1.5 mL Eppendorf tubes, and frozen at -200C until use. 

This protocol was repeated on two separate occasions for an n of 2.  

Protein Quantification and Western Blot 

The amount of protein in hCPC samples (treated with TSA alone or TSA plus 

Ang-(1-7)) was quantified by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, 

CA, USA, #500-0006). 15 µg of protein from each sample was mixed with loading buffer 

containing β-mercaptoethanol and loaded into a SDS-PAGE 4-20% gradient gel. 

Proteins were transferred to nitrocellulose membrane (Bio-Rad Laboratories, #162-

0115) by wet transfer (100 V for 1.5 h). Membranes were subsequently blocked with 5% 

nonfat milk in Tris-buffered saline (TBS) with 0.1% Tween-20 (TBST) for 1 h at room 

temperature, followed by overnight incubation at 40C with various primary antibodies 

targeting histone H3 acetylation sites (rabbit polyclonal antibodies, Cell Signaling 

Technology, Danvers, MA, USA, #9927S), including histone H3 lysine 9 (H3K9; diluted 

1:5000), H3K18 (diluted 1:2000), and H3K27 (diluted 1:750). All histone H3 primary 

antibodies were diluted in 5% bovine serum albumin (BSA) in TBST. GAPDH (Sigma-

Aldrich, #G8795), used as a loading control, was diluted 1:2400 in 5% milk for 1 h at 

room temperature. Membranes were then washed with TBST three times for 5 min, 

followed by 1 h incubation with a secondary antibody conjugated to horseradish 

peroxidase diluted in 5% milk/TBST. Anti-rabbit secondary (GE Healthcare, #NA934V) 

was used at 1:7500 for H3K9, at 1:4000 for H3K18, and 1:2000 for H3K27. Anti-mouse 

secondary (GE Healthcare, #NA931V) was used at 1:3000 for GAPDH. Membranes 

were then subjected to a chemiluminescence detection system (PerkinElmer, Waltham, 

MA, USA, #NEL10400EA) followed by exposure to autoradiography film (Denville 

Scientific Inc., Holliston, MA, USA, #E3018). Densitometry was performed using GS-
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800 (Bio-Rad, #170-7980), and data from two experiments was averaged and 

normalized to the 10 min time point. 

Statistical Analyses 

All results are presented as mean ± standard error of the mean (SEM). To 

compare between two groups, student’s t-test was done. For comparison between three 

or more groups, one way ANOVA followed by Tukey’s post-hoc test was performed. 

The statistical analyses were performed using GraphPad Prism5 (GraphPad Software, 

Inc. La Jolla, CA). P<0.05 was considered as significant. 

Determination of Total Protein 

Protein isolation and precipitation. hCPCs were treated with 100 nM Ang-(1-7) 

for 24 h, followed by two washes with ice cold PBS. Cells were lysed with buffer [8M 

urea, 2% Triton X-100, 100 mM dithiothreitol (DTT) in PBS] supplemented with protease 

inhibitors. Cells were scraped, transferred to Eppendorf tubes, and spun at 14,000 rpm 

for 15 min. Bio-Rad Protein Assay was performed on the supernatant to determine 

protein concentration. One replicate of each sample, using 150 µg protein each, was 

precipitated by adding one volume of 20% trichloroacetic acid (TCA) on ice for 1 h, 

followed by addition of four volumes of 100% cold acetone and incubation at -200C 

overnight. Samples were then spun at maximum speed for 20 min at 40C, and washed 

twice with ice cold 80% acetone. Pellet was left in a small volume of 80% acetone and 

stored at -800C until iTRAQ labeling. 

Protein digest, iTRAQ labeling, and strong cation exchange fractionation. 

Protein analysis with iTRAQ, high performance liquid chromatography (HPLC), and 

mass spectrometry were performed by the Interdisciplinary Center for Biotechnology at 

the University of Florida. Briefly, after protein precipitation, the pellet of each sample 
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was dissolved in 1% SDS, 100 mM triethylammonium bicarbonate, pH 8.5. The samples 

were reduced, alkylated, trypsin-digested and labeled using the iTRAQ Reagents 

Multiplex kit according to manufacturer’s instructions (AB Sciex Inc., Foster City, CA, 

USA). The samples T1 to T2 were labeled with iTRAQ tags 113 and 119, respectively. 

After labeling, the samples were mixed and diluted into 0.1% trifluoricacetic acid, 

followed by loading on a MacroSpin Vydac C18 reverse phase minicolumn. The 

washing and elution were conducted following instructions from the manufacturer (The 

Nestgroup Inc., USA). The eluates were dried down and dissolved in strong cation 

exchange (SCX) solvent A (25% v/v acetonitrile, 10 mM ammonium formate, pH 2.8). 

The peptides were fractionated on an Agilent HPLC system 1100 using a polysulfoethyl 

A column (2.1 x 100 mm, 5 µm, 300 Å, PolyLC, Columbia, MD, USA). Peptides were 

eluted at a flow rate of 200 µL/min with a linear gradient of 0–40% solvent B (25% v/v 

acetonitrile, 500 mM ammonium formate) over 120 min, followed by ramping up to 

100% solvent B in 5 min and holding for 10 min. The absorbance at 280 nm was 

monitored, and a total of 12 fractions were collected.  

Reverse phase nanoflow HPLC and tandem mass spectrometry. Each SCX 

fraction was lyophilized and redissolved in Solvent A (3% acetonitrile v/v, 0.1% acetic 

acid v/v) plus 0.01% trifluoroacetic acid. The peptides were loaded onto a C18 capillary 

trap cartridge (LC Packings) and then separated on a 15-cm nanoflow C18 column 

(PepMap 75 µm id, 3 µmm, 100 A) (LC Packings) at a flow rate of 200 nL/min. Peptides 

were eluted from the HPLC column by a linear gradient from 3% solvent B (96.9% 

acetonitrile v/v, 0.1% acetic acid v/v) to 40% solvent B for 2 hours, followed by ramping 

up to 90% solvent B in 10 min. Peptides were sprayed into a LTQ Orbitrap XL mass 
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spectrometer (Thermo Fisher Scientific, Bremen, Germany), which was operated in a 

data-dependent acquisition mode where a MS scan followed by ten MS/MS scans of the 

highest abundance peptide ions were acquired in each cycle. Survey scan MS spectra 

(from m/z 300 – 2000) were acquired in the orbitrap with resolution R=60,000 at m/z 

400. MS/MS of the 10 most intense ions using HCD was acquired at 7500 at 400 m/z 

resolution with a 30,000 signal threshold, 5-ms activation time at 35 normalized collision 

energy, and dynamic exclusion enabled for 30 s with a repeat count of 1. Typical mass 

spectrometric conditions include a spray voltage of 2.2 kV, no sheath and auxiliary gas 

flow, a heated capillary temperature of 200 °C, a capillary voltage of 44 V, a tube lens 

voltage of 165 V, and an ion isolation width of 1.0 m/z. 

Mass spectrometry data analysis. The MS/MS data was processed by a 

thorough search considering biological modifications against Uniprot fasta database 

(downloaded on Jan 19, 2014) using the Paragon algorithm229 of ProteinPilot v2.0.1 

software suite (AB Sciex Inc., USA). Fixed modification of 

methylmethanethiosulfatelabeled cysteine, fixed iTRAQ modification of free amine in the 

N-terminus and lysine, and variable iTRAQ modifications of tyrosine were considered. 

Parameters such as trypsin digestion, precursor mass accuracy and fragment ion mass 

accuracy are built-in settings of the software. The raw peptide identification results from 

the Paragon™ Algorithm were further processed by the ProGroup™ Algorithm. The 

ProGroup Algorithm uses the peptide identification results to determine the minimal set 

of confident proteins. For each protein identification, two types of scores are reported, 

i.e., unused ProtScore and total ProtScore. The total ProtScore is a measurement of all 

the peptide evidence for a protein and is analogous to protein scores reported by other 
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protein identification software. The unused ProtScore is a measurement of all the 

peptides evidence for a protein that is not better explained by a higher ranking protein. 

The Unused ProtScore prevents reuse of the same peptide evidence to support the 

detection of more than one protein. Thus, it is the real indicator of protein confidence. 

The software calculates a percentage confidence which reflects the probability that the 

hit is a false positive, so that at the 99% confidence level, there is a false positive 

identification rate of 1%. The low confidence peptides do not identify a protein by 

themselves, but may support the presence of a protein identified using other peptides 

229. Performing the search against a concatenated database containing both forward 

and reversed sequences allowed estimation of the false discovery level. 

For protein relative quantification using iTRAQ, only MS/MS spectra unique to a 

particular protein and where the sum of the signal-to-noise ratio for all of the peak pairs 

greater than nine were used for quantification (software default settings, AB Sciex, 

USA). To determine the effects of Ang-(1-7) treatment on changes in protein levels, the 

intensity of signal for each protein after 24 h of Ang-(1-7) treatment was divided by the 

signal intensity at baseline. The resulting fold changes were recorded and proteins up- 

or downregulated more than 1.5 fold were analyzed using Ingenuity Pathway Analysis 

(IPA) software (Qiagen, Redwood City, CA, USA). The most significant canonical 

pathways were calculated by Fisher’s exact test right-tailed, and this significance 

represents the probability that molecules from our data associate with the canonical 

pathway rather than by random chance. Z-score assesses how well the observed and 

predicted up- and down-regulated patterns match. Representations of the top three 

canonical pathways were then generated, with proteins represented as nodes and the 
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line between them representing a biological relationship. Node shape denotes protein 

attributes such as enzyme, receptor, peptidase, cytokine, transcription factor, etc. Node 

color indicates the degree to which the protein is up- or downregulated; dark red is 

equivalent to more up-regulated, and dark green is equivalent to more downregulated. 

The most significant protein networks were also identified, and representations of the 

top two networks were generated using the same node markings as described above. 

Results 

CD34+ Cells from HF Patients Exhibit Reduced Number, Impaired Migration, and 
Altered Colony-Forming Ability 

In this study, we demonstrated that the absolute number of CD34+ cells in whole 

blood was reduced (p<0.05) by 47% in HF patients (2.98 ± 1.5 cells/µL blood) 

compared to that of controls (5.59 ± 0.5 cells/µL of blood). In addition, we observed a 

progressive reduction in number of CD34+ cells with increasing severity of HF (class II: 

3.83 ± 0.86 cells/µL blood; class III: 2.69 ± 1.07 cells/µL blood; class IV: 1.28 ± 0.02 

cells/µL blood; Figure 2-1). We then determined if there were differences in the ability of 

CD34+ cells from HF patients to migrate and differentiate. HF patient CD34+ cells 

demonstrated 76% reduction in migratory response to SDF-1α compared to CD34+ cells 

from reference donors (9.71 ± 8.6 % increase towards SDF-1α in HF vs 40 ± 15.9 % 

increase towards SDF-1α in controls; p<0.05; Figure 2-2). Increasing severity of HF also 

appeared to have an effect on the ability of CD34+ cells to migrate towards SDF-1α in 

vitro, with the cells from class IV individuals having almost no migratory capabilities 

(Figure 2-2). Further, isolation of mononuclear cells highlights alterations in the 

differentiation capabilities of CD34+ cells from HF patients in comparison to controls. HF 

patient mononuclear cells differentiated into 65% fewer BFU-E colonies (63 ± 3.6 



 

67 

colonies with control cells vs 22.7 ± 14.6 colonies with HF cells; p<0.05; Figure 2-3A) 

and substantially more CFU-GEMM colonies (3 ± 1 colonies with control cells vs 21.6 ± 

17.3 colonies with HF cells; Figure 2-3B) compared to reference individuals. However, 

the number of observed CFU-GM colonies remained similar between reference and HF 

individuals (Figure 2-3C). 

CD34+ Cells from HF Patients Demonstrate Aberrant Production of Nitric Oxide 
and Reactive Oxygen Species  

Altered NO bioavailability and increased oxidative stress, both of which result in 

endothelial dysfunction, are well-studied in HF patients230. We investigated if these 

parameters are also affected in CD34+ cells from HF patients. Basal NO levels in CD34+ 

cells from HF patients were 34% lower than in control CD34+ cells (5192 ± 406.3 RFU in 

control vs 3448.4 ± 184.1 RFU in HF; p<0.001, Figure 2-4A). Because previous work 

has reported that SDF-1α-induced migration is dependent on NO synthesis231,232, we 

investigated if HF affects SDF-1α-induced NO production in CD34+ cells. NO 

bioavailability in response to SDF-1α was reduced by 56% in HF patient CD34+ cells 

(47.7 ± 4.5 RFU in control vs 21.1 ± 12.5 RFU in HF; p<0.05, Figure 2-4B). Studies 

have shown that NO bioavailability is impaired by excessive generation of ROS233; thus, 

we measured ROS production. Basal levels of ROS tended to be 69% higher in CD34+ 

cells from HF patients compared to controls (1036.3 ± 184.6 RFU in control vs 1755.9 ± 

874.7 RFU in HF; Figure 2-5). 

CD34+ Cells from HF Patients Display Altered Renin-Angiotensin System Gene 
Expression  

The involvement of the RAS in the development of cardiovascular disease is well 

known, and the recent discovery of beneficial components of the RAS has highlighted 

the concept that a balance between vasoprotective and vasodeleterious RAS 
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components is critical for the health of the cardiovascular system. Thus, we measured 

the gene expression of key members of the RAS. ACE, a central enzyme of the 

vasodeleterious RAS axis, was undetectable in control cells, but increased in CD34+ 

cells from HF patients (2-dCt: 1.66x10-4, Figure 2-6A). In contrast, expression of ACE2 

(Control 2-dCt: 4.21x10-3 ± 1.8x10-3 vs HF 2-dCt: 8.26x10-4 ± 5.3x10-4, Figure 2-6B) and 

Mas (Control 2-dCt: 6.97x10-5 ± 3.6x10-5 vs HF 2-dCt: 1.07x10-5 ± 6.9x10-6,Figure 2-6C), 

two important members of the vasoprotective axis RAS, was significantly reduced in 

CD34+ cells isolated from HF patients compared with controls. In addition, expression of 

AT2R, a receptor for Ang II, was significantly upregulated in the CD34+ cells from HF 

patients (Control 2-dCt: 4.03x10-6 ± 2.2x10-6 vs HF 2-dCt: 2.41x10-3 ± 7.4x10-4, Figure 2-

6D).  

Ang-(1-7) Improves Migratory Ability, NO Bioavailability, and ROS Production of 
CD34+ Cells 

We observed dysfunction in the repair functions of CD34+ cells from HF patients 

that was associated with an imbalance of components of the RAS. Thus, we were 

interested if incubation with Ang-(1-7), a peptide from the beneficial axis of the RAS, 

would restore the reparative capabilities of these cells. In fact, pretreatment of CD34+ 

cells with Ang-(1-7) improved the SDF-1α-induced migratory abilities of CD34+ cells 

from both controls (147% increase, Figure 2-7A) and HF (89% increase, Figure 2-7B) 

patients. In addition, pretreatment of CD34+ cells with Ang-(1-7) increased NO 

bioavailability by 6.8% in CD34+ cells from control individuals and 15.3% in (Figure 2-8) 

in those from HF patients. It is interesting to note that although basal NO levels were 

lower in HF patient CD34+ cells compared to controls (Figure 2-4A), CD34+ cells from 

HF patients exhibited a more robust response to Ang-(1-7) treatment than did controls. 
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Further, we found that Ang-(1-7) treatment reduced superoxide production by 12% in 

CD34+ cells from both HF patients and controls (Figure 2-9). 

Ang-(1-7) Treatment Induces Alterations in Histone Acetylation and Protein 
Expression 

The ability of Ang-(1-7) to enhance the function of CD34+ cells from both HF 

patients and control individuals raises the question of mechanism of action. We 

hypothesized that these alterations in function could be a result of epigenetic and/or 

translational changes. Given the difficulty in obtaining a significant number of CD34+ 

cells with which to perform multiple experiments with consistency, we decided to use 

hCPCs to address the question of Ang-(1-7) mechanism of action. We have previously 

shown that hCPCs, which are thought to promote cardioprotection, respond to Ang-(1-7) 

by exhibiting enhanced proliferative and tube-forming capabilities. Therefore, in hCPCs, 

we measured both histone H3 acetylation and protein expression following incubation 

with Ang-(1-7). In regards to histone acetylation, few differences in acetylation at 

histone H3 lysine 9 (H3K9) were seen between control and Ang-(1-7)-treated cells 

(Figure 2-10A). However, acetylation at histone H3 lysine 18 (H3K18) trended to 

increase at all time points in Ang-(1-7)-treated cells compared to controls (10 min TSA: 

1.0 vs 10 min TSA + Ang-(1-7): 1.445 ± 0.38; 20 min TSA: 0.843 ± 0.36 vs 20 min TSA 

+ Ang-(1-7): 1.861 ± 0.34; 40 min TSA: 1.289 ± 0.22 vs 40 min TSA + Ang-(1-7): 3.521; 

60 min TSA: 1.581 ± 0.11 vs 60 min TSA + Ang-(1-7): 3.132 ± 0.35; Figure 2-10B). 

Additionally, the differences observed in the 40 and 60 min time points were greater 

than those seen at the earlier time points (173% and 98% increased above TSA alone, 

respectively). Interestingly, acetylation at histone H3 lysine 27 (H3K27) trended higher 

following Ang-(1-7) treatment at 10, 20, and 40 min, but appeared reduced compared to 
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controls at the 60 min point (10 min TSA: 1.0 vs 10 min TSA + Ang-(1-7): 1.652 ± 0.01; 

20 min TSA: 0.912 ± 0.42 vs 20 min TSA + Ang-(1-7): 2.216 ± 0.30; 40 min TSA: 2.061 

± 0.60 vs 40 min TSA + Ang-(1-7): 2.787; 60 min TSA: 4.147 ± 1.54 vs 60 min TSA + 

Ang-(1-7): 2.417 ± 0.33; Figure 2-10C). 

 In order to measure changes in protein expression, we performed mass 

spectrometry analysis on human cardiac progenitor cells (hCPCs) incubated with Ang-

(1-7) for 24 h. We identified 453 proteins that were upregulated following Ang-(1-7) 

treatment, and 57 that were downregulated. The 29 proteins that were upregulated 

more than three fold and the 25 proteins that were downregulated more than three fold 

are listed in Table 2-2 and Table 2-3, respectively. The remaining proteins can be found 

listed in Appendix A-1. The two most significant protein networks identified around 

fibronectin [FN1] (Figure 2-11), and 60s ribosomal subunit, RhoA kinase, and actin 

(Figure 2-12). The top ten statistically significant pathways (Table 2-4) include pathways 

such as eukaryotic initiation factor (EIF) 2 signaling, epithelial adherens junction 

signaling, caveolar-mediated endocytosis signaling, actin cytoskeleton signaling, and 

integrin signaling. Figure 2-13 shows the EIF2 signaling pathway, Figure 2-14 shows 

the epithelial adherens junctions pathway, and Figure 2-15 shows the calveolar-

mediated endocytosis signaling pathway. The intensity of node color in each figure 

depicts the degree of upregulation (red) or downregulation (green). For example, EIF2γ 

is more highly upregulated (3.022 fold, dark red) than PP1c (1.729 fold, light red), and 

40s ribosomal subunit is downregulated (3.687 fold, dark green). 

Discussion 

The novel findings of this study are as follows: (1) HF patients exhibit a reduction 

in absolute numbers of CD34+ cells compared with reference individuals, and patients 
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with advanced stages of HF have a more drastic reduction in CD34+ cell numbers; (2) 

The migratory capacity of CD34+ cells is impaired in HF patients compared with 

reference controls, with a more dramatic reduction in migratory response associated 

with increasing severity of HF; (3) CD34+ cell dysfunction in HF patients is associated 

with altered capability to differentiate, reduced NO bioavailability, increased generation 

of ROS, and altered expression of key components of the RAS; and (4) Most 

importantly, pretreatment of CD34+ cells with Ang-(1-7) restores crucial functional 

capabilities (improved migration, increased NO bioavailability, and reduced ROS) of the 

dysfunctional CD34+ cells isolated from HF patients and controls. These findings greatly 

enhance our understanding of CD34+ progenitor cell dysfunction in HF. Furthermore, 

our findings suggest that Ang-(1-7) could be used as a potential therapeutic to improve 

progenitor cell dysfunction in HF patients.  

Previous work has reported that the number of CD34+ cells is reduced in NYHA 

class III-IV HF patients compared to NYHA classes I-II, whereby NYHA class I patients 

actually showed an increased level of circulatory CD34+ cells above controls150.  

Increased levels of CD34+ cells have also been reported in individuals in both NYHA 

class I or class II234. Our study corroborates these observations. In the present study, 

we did not have any patients in NYHA class I. However, we demonstrate here that the 

numbers of CD34+ cells in NYHA class II individuals are slightly higher compared to 

controls, whereas CD34+ cell numbers are significantly reduced in NYHA class III and 

class IV individuals. This reduction in CD34+ cell number may contribute to the 

progressive symptoms seen in HF. It is interesting to note that although we observed 

increased numbers of CD34+ cells in patients with NYHA class II HF, these cells 
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displayed a substantial reduction in migratory capacity (Figure 2-2). This may suggest 

that the rise in CD34+ cell number is in response to a reduction in CD34+ cell function. 

Namely, the CD34+ cells are being overproduced in an attempt to make up for any loss 

in their functional capacity. Certainly, this is an idea that needs to be investigated further 

before any conclusions can be made. 

In addition to deficiencies in cell number, bone marrow dysfunction is indicated in 

chronic HF patients, as observed by reduction in the number of several hematopoietic 

lineages such as BFU-E, CFU- erythroid (CFU-E) and CFU-megakaryocyte (CFU-M)235. 

In the present study, we have demonstrated that number of BFU-E colonies formed by 

CD34+ cells from patients with HF is reduced compared with reference individuals. 

However, our colonies did not include CFU-E and CFU-M, and thus, we could not 

compare those. In looking at other lineages, we report similar numbers of CFU-GM 

colonies for HF and control donors as well as increased CFU-GEMM colonies arising 

from the CD34+ cells from HF patients. The enhanced differentiation capacity for certain 

lineages in CD34+ cells from individuals with HF could be attributed to the mixed patient 

cohort (NYHA classes II-III) that was utilized for the experiment. Thus, a reduction in 

colony numbers for patients with severe HF may be masked by the normal 

differentiation capacities of CD34+ cells from patients with less severe disease. 

Additionally, our results could be complicated by the differing HF etiologies within each 

patient cohort.  

Impaired migratory capacity of progenitor cells has been indicated in several 

diseases such as diabetes, hypertension and hypercholesterolemia148,236-238. In addition, 

CD34/CD45/CD133/CXCR4 progenitor cells have demonstrated reduced migratory 
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capabilities five days following acute MI239. Also, CD34+/KDR+ cells from chronic HF 

patients had impaired migration240. Similarly, we investigated the migratory response 

towards SDF-1α of CD34+ cells in different classes of HF patients. Here, we provide 

direct evidence that progenitor cell migration is severely impaired in HF individuals. 

Most strikingly, CD34+ cells from NYHA class IV patients show no response to SDF-1α. 

This migratory dysfunction could be a result of a number of contributing factors. First, 

SDF-1α is known to bind the CXCR4 receptor on CD34+ cells to facilitate their migration 

from the bone marrow241,242. Although there is no evidence thus far to suggest 

alterations in CXCR4 receptor expression during HF, the reduced migratory response of 

CD34+ cells in HF could be due to reduced expression of CXCR4 receptors on CD34+ 

cells. Second, it is well established that endothelial nitric oxide synthase and NO play 

crucial roles in progenitor cell migration243 and NO donors are able to correct progenitor 

cell dysfunction244. As reduced NO bioavailability is evident in HF individuals245,  we 

measured NO levels in the CD34+ cells. To our knowledge, the present data is the first 

to report that CD34+ cells from HF patients have reduced levels of basal NO and SDF-

1α-induced NO levels, which could affect the ability of CD34+ cells to migrate. 

Interestingly, NO has been shown to regulate the transcription of CXCR4, a receptor for 

SDF-1α246. Perhaps upregulation of CXCR4 is one mechanism by which NO donors 

enhance progenitor cell migration, and thus, how Ang-(1-7) may improve migration in 

CD34+ cells. Third, increased oxidative stress leads to endothelial dysfunction in HF247 

and also impairs progenitor cell function248. We demonstrate here that basal ROS levels 

are increased in CD34+ cells isolated from HF individuals, a finding that may explain 

reduced NO bioavailability in CD34+ cells249. In diabetes, the increase in superoxide 
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production results from dysfunctional eNOS regulation249, a finding that we would need 

to confirm in our study. Lastly, integrins, especially α4β1, and proteases such as MMP-2 

and MMP-9 play a major role in progenitor cell migration from bone marrow250,251. Thus, 

alterations in protease activity or the interaction of integrins with cell adhesion 

molecules could also explain altered migration capacity. Additional experiments are 

needed to verify these possibilities in HF patient CD34+ cells.  

Our study highlights the molecular changes in the RAS of CD34+ cells from HF 

patients that may underlie some of the HF pathologies. Previous studies have shown 

alterations in RAS components in the heart and brain during HF. Studies of animals with 

HF show increased ACE in the heart47 and in regions of the brain252 Similarly, ACE 

expression is increased in human failing hearts98,100,253. Whereas measurement of ACE 

expression appears to be consistent, some controversies regarding ACE2 expression 

exist within clinical and animal studies. These inconsistencies may be attributed to 

differences in HF etiologies. For example, rats with HF have decreased ACE2 and Mas 

expression in the heart47. However, some clinical studies noted no changes in ACE2 

expression in the myocardium of severe HF patients100, whereas others report 

upregulated ACE2 levels98,253,254. Regardless of differences, most studies corroborate 

the idea that levels of RAS components change during HF. In our study, we did not test 

the RAS expression in the heart, but we did detect an imbalance in the vasoprotective 

versus vasodeleterious axes of the RAS in CD34+ cells from HF patients. Specifically, 

HF patient CD34+ cells exhibited increases in ACE and AT2R mRNA expression and 

decreases in the expression of ACE2 and Mas. This is consistent with a study 

suggesting that ACE2 expression is also decreased in CD34+ cells from diabetic 
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patients147. Interestingly, CD34+ cells from both HF and diabetic patients are 

dysfunctional and exhibit lower ACE2 expression. Whether the reduction in ACE2 is 

causative of CD34+ cell dysfunction remains to be investigated. Additionally, the link, if 

any, between altered RAS expression in the heart and CD34+ cells needs to be studied 

further. 

The most critical part of our study is the demonstration that pretreatment of the 

CD34+ cells with Ang-(1-7) partially corrects progenitor cell dysfunction. Several 

experimental observations have demonstrated that the protective ACE2/Ang-(1-7)/Mas 

axis has a beneficial role in cardiovascular function. In particular, Ang-(1-7) has anti-

inflammatory255, antioxidant256, and vasodilatory properties257, and it is also associated 

with NO release258 and attenuation of oxidative stress259,260. Further, Ang-(1-7) improves 

cardiac function in different animal models of HF such as MI, cardiomyopathy and 

models with metabolic syndrome90,261-263, in addition to reducing development of HF 

after MI225. In addition, ACE2 overexpressing mice show cardioprotection against MI74. 

In this case, our data suggest that the cardioprotective effects of Ang-(1-7) may be, in 

part, a result of its actions on CD34+ cells. Our group has previously demonstrated that 

Ang-(1-7) restores the function of CD34+ cells from diabetic patients147. 

It is worth noting that we observed benefits of Ang-(1-7) treatment despite a 

reduction in Mas receptor mRNA expression in CD34+ cells. Interestingly, our study is 

not the first to show effects of Ang-(1-7) treatment on CD34+ cells that have reduced 

Mas mRNA expression147. Ang-(1-7) benefit may be through a number of mechanisms. 

First, Mas is expressed, even at low levels, which would allow binding of Ang-(1-7) and 

downstream action. Second, we tested Mas mRNA prior to Ang-(1-7) treatment. 
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Therefore, it is possible that Ang-(1-7) stimulates the externalization of Mas. Previous 

studies do not support this hypothesis, as they have shown internalization of Mas by 

Ang-(1-7) in HEK 293T cells264; however, this mechanism has not been studied in 

CD34+ cells. Third, Ang-(1-7) may be acting via an alternate receptor. For example, 

others have shown that Ang-(1-7) can activate AT2R265-267, and there is even emerging 

evidence that Mas interacts with AT2R 268. Our observation of increased levels of AT2R 

in CD34+ cells makes this last scenario very probable. 

These data raise the question: By what mechanism(s) is Ang-(1-7) beneficial? 

For this, the analysis of Ang-(1-7) effects on histone H3 acetylation and protein 

expression have been enlightening. To our knowledge, our study is the first to report 

Ang-(1-7) influence on histone H3 acetylation. The role of epigenetic modification of 

DNA in HF is only emerging, but already, it is apparent that histone acetylation is a 

crucial factor. Histone acetylation is a means by which cells control gene expression. 

Histone acetyltransferases (HATs) acetylate lysine amino acids on histone proteins, an 

action that decondenses the chromatin and allows for transcriptional activation. This 

process is counter-regulated by histone deacetylates (HDACs) that remove the acetyl 

groups, resulting in condensed chromatin and gene silencing. Studies have shown that 

acetylation is involved in the cardiac remodeling process269. Specifically, HDAC 

inhibition has been shown to inhibit hypertrophy, autophagy, apoptosis, fibrosis, and 

inflammation, while also improving contractility and myocardial performance after MI270. 

Interestingly, Ang II has been shown to activate HDAC1 and HDAC2 in cardiac 

fibroblasts and induce their proliferation and migration271. Inhibition of these HDACs 

attenuates this proliferation and migration in addition to reducing MMP expression and 
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production of extracellular matrix proteins. Thus, it appears that at least some of the 

pathological activity of Ang II occurs via histone deacetylation, whereas our study 

suggests that Ang-(1-7) may act by enhancing acetylation. It is unknown whether this 

increase in acetylation is due to inhibition of HDACs or activation of HATs. Additionally, 

we can only speculate that Ang-(1-7) benefit may be partially via this mechanism; 

further studies need to be performed before a direct link can be made between Ang-(1-

7) effects on histone acetylation and effects on fibrosis, hypertrophy, etc. Moreover, 

epigenetic regulation is complicated, and Ang-(1-7) may affect various cell types 

differently.  

Our study has also identified protein networks and biological pathways that are 

affected by Ang-(1-7) actions. One important protein network was found to be highly 

connected to fibronectin (Figure 2-11), although upregulation of fibronectin was minimal 

(1.56 fold, Appendix A-1). Fibronectin, a glycoprotein, has been reported to play a role 

in pathological cardiomyocyte hypertrophy272. Interestingly, Ang II has been shown to 

stimulate fibronectin expression in the LV via direct action on non-myocytic cardiac 

cells273. We identified another protein network that had important ties to 60s ribosomal 

subunit, RhoA kinase, and actin, proteins also linked to hypertrophy. In general terms, 

increased ribosomal biogenesis, including that of the 60s subunit, is necessary for 

ramping up protein synthesis required for cardiac hypertrophy274. More specifically, Ang 

II leads to enhanced ribosomal expression and protein synthesis in the LV275. In addition 

to ribosomal biogenesis, cardiac hypertrophy requires the organization of actin into 

myofibrils. In this regard, Ang II can directly stimulate actin expression in 

cardiomyocytes276 and also induce actin organization through activation of RhoA 
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kinase277. Ang II also acts through the RhoA/Rock pathway to induce migration and 

collagen synthesis of lung fibroblasts278, actions that can be suppressed by ACE2 and 

Ang-(1-7). It seems contradictory to report that incubation with Ang-(1-7) resulted in 

upregulation of proteins such as fibronectin, RhoA, and actin, which have all been 

previously shown to increase with Ang II treatment. However, these studies may not be 

directly comparable, given differences in length of Ang II and Ang-(1-7) treatments as 

well as in vitro versus in vivo differences. Further, Ang-(1-7) may behave differently in 

the presence of Ang II or in diseased microenvironments. For example, Ang-(1-7) 

inhibits Ang II-induced RhoA stimulation, but Ang-(1-7) given alone activates RhoA278 

via the Ang II receptor, AT1R. It is possible that these other conflicting results may be 

explained by the ability of Ang-(1-7) to act through AT1R. It is also entirely probable that 

Ang-(1-7) affects cardiac progenitor cells differently than it does other cell types. We 

should also consider the possibility that some of the observed alterations in proteins 

may be induced by interactions between the hCPCs and the fibronectin on which the 

cells were cultivated. 

Incubation with Ang-(1-7) also resulted in upregulation of proteins in particular 

signaling pathways, each of which has implications in cardiovascular health. For one, 

EIF2 signaling is important in the endoplasmic reticulum stress response279 and in 

regulation of proinflammatory cytokine expression280, both of which are associated with 

development of heart disease281,282. For another, the epithelial adherens junction 

signaling promotes cell-cell adhesion, and reduction in expression of adherens junction 

proteins contributes to the pathology of HF283. Specifically, the proteins from this 

pathway that were identified as upregulated, such as F-actin, Tubulin, ARP2/3, are 
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members of the scaffold for junction proteins E-cadherin and nectin. Thus, these 

proteins allow for the formation of mature adherens junctions284, which are critical to 

maintaining normal cardiac function. Lastly, we discovered a connection between Ang-

(1-7) and caveolar-mediated endocytosis signaling. This is particularly interesting given 

previous data showing that the caveolae are important for signaling in the heart285. 

Others have reported that reduced caveolin-1 is associated with cardiomyopathy and 

PH286 and deficiency PTRF, a caveloae protein, results in cardiac dysfunction287. 

Remarkably, we found that Ang-(1-7) treatment increases both caveolin-1 and PTRF 

expression. Perhaps regulation of caveolae is one mechanism by which Ang-(1-7) is 

beneficial to heart failure. This idea is supported by previous studies showing Ang-(1-7) 

stimulation of Mas receptor internalization, at least in part by caveolae264. 

Collectively, this data suggests that manipulation of the RAS in CD34+ cells may 

enhance the function of progenitor cells for treatment of HF However, there are 

numerous caveats to this study that need to be addressed before such treatment may 

be possible. First, because it was a human study, our patients had a wide variety of 

etiologies and symptom severity. As a result, we collected different volumes of blood 

from each patient, at the discretion of their attending physician. Additionally, as we 

reported, patients presenting with more severe disease had fewer CD34+ cells. 

Consequently, we were unable to have enough cells from each patient to run all of our 

experiments. Ideally, we would perform all experiments in all patients and subsequently 

compare those tests within the same individual. Secondly, because we had a limited 

number of patients, we combined migration, NO, and ROS data from all patients rather 

than separating according to NYHA classification. Having more patients in each 
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category would have allowed us to determine if these measures of dysfunction are 

progressive, and if dysfunction in any of these parameters precedes the dysfunction of 

the others. Third, one of the limitations of autologous stem cell transfer is the 

dysfunction of the patient cells. We have shown here that CD34+ cell function can be 

improved by incubation for Ang-(1-7). However, the amount of time cells spent 

incubated with Ang-(1-7) here was relatively short, and the parameters tested were in 

vitro. It remains to be seen what in vivo effects, if any, CD34+ cells treated in vitro would 

have. We may find that long-term overexpression of Ang-(1-7) in CD34+ cells has more 

potential as a therapy. Nevertheless, this investigation demonstrated that CD34+ cells 

demonstrate RAS imbalance in HF, consistent with studies of other tissues. 

Furthermore, the discoveries made here will allow us to design treatments for HF that 

will enhance the endogenous repair capabilities of each individual. 
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Figure 2-1.  Reduced number of CD34+ cells in HF patients. FACS analysis of the 

absolute number of CD34+ cells per µL of whole blood demonstrates reduced 
numbers of CD34+ cells of NYHA classes II-IV in comparison to reference 
controls (n=2-4/group). Data are presented as mean ± SEM. *p<0.05.    

 

 
Figure 2-2.  Reduced migratory capacity of CD34+ cells in HF patients. Migratory 

response of CD34+ cells towards stromal cell derived factor-1 (SDF-1α) 
measured by modified Boyden chamber assay reveals reduced migration of 
CD34+ cells of NYHA classes II-IV in comparison to reference controls (n=2-
7/group). 20,000 cells were seeded in each chamber. Data are presented as 
mean ± SEM. *p<0.05. 

 



 

82 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2-3.  Altered colony-forming capability of CD34+ cells in HF patients. 

Quantification of A) BFU-E, B) CFU-GEMM, and C) CFU-GM colonies formed 
in semisolid medium demonstrate a reduction in the ability of CD34+ cells 
from HF patients (NYHA classes II-IV) to form BFU-E colonies in comparison 
to reference controls (n=3-5/group). Data are presented as mean ± SEM. 
*p<0.05.    
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Figure 2-4.  Decreased nitric oxide bioavailability of CD34+ cells in HF patients. A) Basal 

(n=3-4/group) and B) Stromal cell-derived factor 1 α (SDF-1α)-induced nitric 
oxide (n=8-9/group) production assessed by DAF-FM fluorescence indicates 
reduced bioavailability of CD34+ cells from HF patients (NYHA classes II-IV) 
in comparison to reference controls. Data are presented as mean ± SEM. 
*p<0.05. RFU: relative fluorescence units. 

 
 

 
 
Figure 2-5.  Increased reactive oxygen species (ROS) production in CD34+ cells in HF 

patients. Basal ROS levels measured by DHE fluorescence demonstrate 
higher ROS production in CD34+ cells from HF patients (NYHA classes II-IV) 
in comparison to reference controls (n=4-5/group). Data are presented as 
mean ± SEM. RFU: relative fluorescence units. Data shows trend, but is non-
significant. 
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Figure 2-6.  Altered gene expression of components of the renin-angiotensin system in 

CD34+ cells from HF patients. Real time RT-PCR analysis of gene expression 
of A) ACE, B) ACE2, C) MasR, and D) AT2R indicates reduced expression of 
vasoprotective ACE2 and MasR and increased expression of ACE and AT2R 
in CD34+ cells from HF patients (NYHA classes II-IV) in comparison to 
reference controls (n=4-18/group). Data are presented as mean ± SEM. 
*p<0.05.    
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Figure 2-7.  Pre-treatment of CD34+ cells with Ang-(1-7) enhances migratory capacity. 

Migratory response of CD34+ cells towards stromal cell derived factor-1α 
(SDF-1α) measured by modified Boyden chamber assay reveals improved 
migration of CD34+ cells from A) reference individuals and B) HF patients 
(NYHA classes II-IV) (n=3/group). Data are presented as mean ± SEM. 
*p<0.05.    
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Figure 2-8.  Pre-treatment of CD34+ cells with Ang-(1-7) improves nitric oxide 

bioavailability. Nitric oxide production assessed by percentage increase in 
DAF-FM fluorescence between untreated and Ang-(1-7)-treated cells 
indicates increased nitric oxide bioavailability in CD34+ cells from reference 
controls and HF patients (NYHA classes II-IV) following Ang-(1-7) treatment 
(n=6-10/group). Data are presented as mean ± SEM. *p<0.05 vs untreated 
cells.    

 

 
 
Figure 2-9.  Pre-treatment of CD34+ cells with Ang-(1-7) reduces reactive oxygen 

species (ROS) production. ROS levels measured by percentage decrease in 
DHE fluorescence between untreated and Ang-(1-7)-treated cells 
demonstrate lower ROS production in CD34+ cells from reference controls 
and HF patients (NYHA classes II-IV) (n=5-8/group). Data are presented as 
mean ± SEM. *p<0.05 vs untreated cells.    
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Figure 2-10.  Acetylation of human cardiac progenitor cells (hCPCs) in response to Ang-
(1-7) treatment. hCPCs were treated with 200 nM trichostatin A (TSA) alone 
(blue) or in combination with 1 µM Ang-(1-7) (green) for 10, 20, 40, and 60 
min. TSA was used to enhance the detection of changes in acetylation. After 
treatment, cells were harvested, proteins extracted, and SDS-PAGE used to 
separate proteins. Expression of A) H3K9, B) H3K18, and (C) H3K27 were 
detected by immunoblotting, using GAPDH as a loading control. Protein 
acetylation intensity was quantified by densitometry using ImageJ. Data is 
presented as relative fold change of acetylation level compared to GAPDH, 
normalized to the 10 min TSA time point. Data is expressed as mean ± SEM 
from two independent experiments. Data shows trends, but significance 
cannot be tested due to n = 2. 
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Figure 2-11.  The most significant protein network affected by Ang-(1-7) treatment 

identifies around fibronectin [FN1] (indicated by blue star). Each node 
represents a protein, and the lines between nodes indicate protein 
relationships. The intensity of node color depicts the degree of upregulation 
(dark red: more highly upregulated, light red: less highly upregulated). 
Uncolored nodes have a relevance to this network, but were not differentially 
expressed in our study. 
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Figure 2-12.  The second-most significant protein network affected by Ang-(1-7) 

treatment identifies around 60s ribosomal subunit, RhoA kinase, and actin 
[ACTB] (indicated by blue stars). Each node represents a protein, and the 
lines between nodes indicate protein relationships. The intensity of node color 
depicts the degree of up- (dark red) or down- (dark green) regulation. 
Uncolored nodes have a relevance to this network, but were not differentially 
expressed in our study
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Figure 2-13.  Proteins in the EIF2 signaling pathway affected by Ang-(1-7) treatment. Each node represents a protein, and 

the lines between nodes indicate protein relationships. The intensity of node color depicts the degree of up- 
(dark red) or down- (dark green) regulation. Uncolored nodes have a relevance to this network, but were not 
differentially expressed in our study. Green boxes highlight the names of various proteins that had altered 
expression in our study.
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Figure 2-14.  Proteins in the epithelial adherens junctions pathway affected by Ang-(1-7) 

treatment. Each node represents a protein, and the lines between nodes 
indicate protein relationships. The intensity of node color depicts the degree 
of up- (dark red) or down- (dark green) regulation. Uncolored nodes have a 
relevance to this network, but were not differentially expressed in our study. 
Green boxes highlight the names of various proteins that had altered 
expression in our study. 
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Figure 2-15.  Proteins in the calveolar-mediated endocytosis signaling pathway affected 

by Ang-(1-7) treatment. Each node represents a protein, and the lines 
between nodes indicate protein relationships. The intensity of node color 
depicts the degree of up- (dark red) or down- (dark green) regulation. 
Uncolored nodes have a relevance to this network, but were not differentially 
expressed in our study. Green boxes highlight the names of various proteins 
that had altered expression in our study.
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Table 2-1.  Baseline characteristics of study participants 

 HF Patients (n=31) 

Demographics  
Age, y, mean ± SEM 60.0 ± 1.9 (31) 
Male, n (%) 28 (90.3) 
Female, n (%) 3 (9.7) 
Race  

Caucasian, non-Hispanic, n (%) 30 (97) 
African American, non-Hispanic, n (%) 1 (3) 

New York Heart Association class II, n. (%) 18 (58.1) 
New York Heart Association class III-IV, n (%) 13 (41.9) 

Physical Examination  
Weight, kg, mean ± SEM (n) 88.2 ± 3.6 (30) 
Pulse, mean ± SEM (n) 71.0 ± 1.7 (30) 
Body mass index, mean ± SEM (n) 29.1 ± 1.1 (29) 
Systolic blood pressure, mm Hg, mean ± SEM (n) 112.7 ± 3.1 (30) 
Diastolic blood pressure, mm Hg, mean ± SEM (n) 68.7 ± 2.2 (30) 

Medical Risk Factors or Comorbidities  
Coronary artery disease, n (%) 24 (77.4) 
Ischemic cardiomyopathy, n (%) 23 (74.2) 
Hypertension, n (%) 20 (64.5) 
Diabetes mellitus, n (%) 8 (25.8) 
Myocardial infarction, n (%) 6 (19.3) 
Hyperlipidemia, n (%) 20 (64.5) 
Atrial fibrillation, n (%) 9 (29.0) 

Type of Treatment  
ACE inhibitor or angiotensin receptor blocker, n (%) 23 (74.2) 
β-Blocker, n (%) 29 (93.5) 
Mineralocorticoid receptor antagonist, n (%) 5 (16.1) 
Diuretic, n (%) 23 (74.2) 
Statin, n (%) 26 (83.9) 
Cardiac glycoside, n(%) 12 (38.7) 
Implantable cardioverter-defibrillator, n (%) 11 (35.5) 

Complete blood count  
White blood cells, thou/cu mm, mean ± SEM (n) 8.3 ± 0.6 (18) 
Hemoglobin, g/dL, mean ± SEM (n) 14.0 ± 0.3 (19) 
Hematocrit, %, mean ± SEM (n) 42.9 ± 0.9 (19) 
Platelets, thou/cu mm, mean ± SEM (n) 209.1 ± 14.6 (19) 

Basic Metabolic Panel  
Sodium, mmol/L, mean ± SEM (n) 139.0 ± 0.6 (24) 
Potassium, mmol/L, mean ± SEM (n) 3.9 ± 0.1 (24) 
Chloride, mmol/L, mean ± SEM (n) 100.8 ± 0.9 (24) 
Carbon Dioxide, mmol/L, mean ± SEM (n) 26.9 ± 1.0 (24) 
Urea Nitrogen, mg/dL, mean ± SEM (n) 18.7 ± 2.0 (24) 
Creatinine, mg/dL, mean ± SEM (n) 1.1 ± 0.1 (24) 
Glucose, mg/dL, mean ± SEM (n) 144.3 ± 21.0 (24) 
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Table 2-1.  Continued  

 HF Patients (n=31) 

Basic Metabolic Panel  
Calcium, mg/dL, mean ± SEM (n) 9.3 ± 0.1 (24) 
EGFR, mL/min/1.73M2, mean ± SEM (n) 58.3 ± 2.7 (24) 
Magnesium, mg/dL, mean ± SEM (n) 2.1 ± 0.0 (16) 
INR, mean ± SEM (n) 1.5 ± 0.1 (15) 

Abbreviations: ACE, Angiotensin converting enzyme; n, number of heart failure (HF) patients; (n), number 
of HF patients that had that particular lab result available; SEM, standard error of the mean. 
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Table 2-2.  Proteins upregulated ≥ 3 fold after Ang-(1-7) treatment of hCPCs. 

UniProt  Gene Name Fold Change Protein Name 

P00558 PGK1 4.574 Phosphoglycerate kinase 1  

Q9Y2D5 AKAP2 4.303 A-kinase anchor protein 2  

E7EMF1 ITGA2 3.629 Integrin alpha-2  

P68032 ACTC1 3.586 Actin, alpha cardiac muscle 1  

P27658 COL8A1 3.445 Collagen alpha-1(VIII) chain  

Q9UDY2 TJP2 3.365 Tight junction protein ZO-2  

P07203 GPX1 3.356 Glutathione peroxidase 1  

Q05682 CALD1 3.331 Caldesmon  

Q3KQV9 UAP1L1 
3.296 UDP-N-acetylhexosamine pyrophosphorylase-

like protein 1 

P04406 GAPDH 3.221 Glyceraldehyde-3-phosphate dehydrogenase 

O14828 SCAMP3 
3.218 Secretory carrier-associated membrane protein 

3  

P08758 ANXA5 3.173 Annexin A5  

P10620 MGST1 3.169 Microsomal glutathione S-transferase 1  

P36578 RPL4 3.166 60S ribosomal protein  

P46778 RPL21 3.152 60S ribosomal protein  

Q562M3 ACT 3.119 Actin-like protein  

Q13439 GOLGA4 3.106 Golgin subfamily A member 4  

P12956 XRCC6 3.093 X-ray repair cross-complementing protein 6  

P36871 PGM1 3.084 Phosphoglucomutase-1  

P04792 HSPB1 3.074 Heat shock protein beta-1  

Q14847 LASP1 3.065 LIM and SH3 domain protein 1  

H0Y827 FKBP10 3.060 Peptidylprolyl isomerase 

Q14315 FLNC 3.038 Filamin-C  

P41091 EIF2S3 3.023 Eukaryotic translation initiation factor 2 subunit 3  

P14314 PRKCSH 3.014 Glucosidase 2 subunit beta 

P07900 HSP90AA1 3.004 Heat shock protein HSP 90-alpha  

CCT4 P50991 3.004 T-complex protein 1 subunit delta  

SOD2 P04179 2.995 Superoxide dismutase [Mn], mitochondrial  

TUBB P07437 2.983 Tubulin beta chain 
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Table 2-3.  Proteins downregulated ≥ 3 fold after Ang-(1-7) treatment of hCPCs. 

UniProt  Gene Name Fold Change Protein Name 

Q5JTD0 TJAP1 -3.167 Tight junction-associated protein 1 

Q8IYU2 HACE1 -3.373 E3 ubiquitin-protein ligase HACE1 

P17813 ENG -3.398 Endoglin  

Q9NX02 NLRP2 -3.414 NACHT, LRR and PYD domains-containing 
protein 2  

P62847 RPS24 -3.687 40S ribosomal protein S24  

Q00839 HNRNPU -3.863 Heterogeneous nuclear ribonucleoprotein U  

P05060 CHGB -3.898 Secretogranin-1  

Q96K58 ZNF668 -3.942 Zinc finger protein 668 

P55084 HADHB -4.107 Trifunctional enzyme subunit beta, 
mitochondrial  

Q8IXL6 FAM20C -4.193 Extracellular serine/threonine protein kinase 
FAM20C  

P18206 VCL -4.299 Heat shock protein beta-1  

Q9HBG7 LY9 -4.525 T-lymphocyte surface antigen Ly-9 

Q8IY18 SMC5 -4.590 Structural maintenance of chromosomes 
protein 5  

Q5NDL2 EOGT -4.684 EGF domain-specific O-linked N-
acetylglucosamine transferase  

Q16643 DBN1 -4.812 Drebrin  

P02788 LTF -4.825 Lactotransferrin  

P19827 ITIH1 -4.874 Inter-alpha-trypsin inhibitor heavy chain H1  

Q9BW19 KIFC1 -5.019 Kinesin-like protein KIFC1  

P04275 VWF -5.612 von Willebrand factor  

P22059 OSBP -6.310 Oxysterol-binding protein 1  

P02768 ALB -7.927 Serum albumin  

P09913 IFIT2 -9.287 Interferon-induced protein with 
tetratricopeptide repeats 2  

Q01995 TAGLN -10.63 Transgelin  
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Table 2-4.  List of top ten most significantly altered canonical pathways. 

Ingenuity Canonical 
Pathways 

-log 
(p-value) 

# of 
molecules 

Molecules 

EIF2 Signaling 20.7 37 RPL24,RPL22,RPS23,RPS18,PPP1CB,
EIF4A2,HSPA5,RPL7A,RPS4X,RPL7,R
PS7,AKT1,MAP2K2,RPS20,RPS13,UB
A52,RPL21,ACTC1,RPS24,PABPC1,R
PL4,RPL3,ACTB,RPS10,EIF2S3,RPL9,
RPL15,RPL8,WARS,RRAS2,HNRNPA1
,EIF4A1,RPS27A,RPL5,RPL37,RPS25,
RPS14 

Epithelial Adherens 
Junction Signaling 

17.4 28 TUBA1B,MYH10,MYH9,MYL6,MYO7A,
ARPC5,MYH11,TUBB,AKT1,ACTR3,TU
BB4A,VCL,ACTC1,ACTN1,ACTR2,TUB
B3,LMO7,TUBB4B,ACTB,RRAS2,TUBB
6,CDC42,RHOA,ARPC2,ZYX,ACTN4,A
CTG1,CTNND1 

Caveolar-mediated 
Endocytosis 
Signaling 

16.1 20 ITGB1,FLNB,ARCN1,ACTB,COPA,ITG
A2,ITGA5,COPG2,COPB2,COPB1,CO
PG1,ALB,ITGA3,FLNC,FLNA,ITGAV,C
AV1,PTRF,ACTC1,ACTG1 

Actin Cytoskeleton 
Signaling 

15.6 32 MYH10,FN1,MYH9,MPRIP,MYL6,ARP
C5,PPP1CB,TRIO,MYH11,ITGA3,ACT
R3,MAP2K2,PPP1R12A,FLNA,EZR,VC
L,ACTC1,ACTN1,ITGB1,ACTR2,ACTB,I
TGA2,ITGA5,TTN,RRAS2,CDC42,CYFI
P1,ARPC2,RHOA,ACTN4,ACTG1,MSN 

Sertoli Cell-Sertoli 
Cell Junction 
Signaling 

14.1 27 SPTBN1,TUBA1B,MYO7A,TUBB,ITGA
3,TJAP1,AKT1,MAP2K2,TUBB4A,VCL,
ACTC1,ACTN1,ITGB1,TUBB3,TJP2,TU
BB4B,ACTB,ITGA2,ITGA5,RRAS2,TUB
B6,CDC42,SPTAN1,ACTN4,ACTG1,A2
M,PRKAR1A 

Remodeling of 
Epithelial Adherens 
Junctions 

13.9 18 TUBA1B,ACTR2,TUBB3,TUBB4B,ACT
B,ARPC5,TUBB,ACTR3,TUBB6,ARPC2
,ZYX,TUBB4A,ACTN4,VCL,ACTG1,AC
TC1,ACTN1,CTNND1 

Integrin Signaling 12.7 28 MPRIP,ARPC5,PPP1CB,ITGA3,AKT1,A
CTR3,MAP2K2,PPP1R12A,ITGAV,CAV
1,VCL,ACTC1,VASP,ACTN1,ITGB1,AC
TR2,ACTB,ITGA2,ITGA5,TTN,RRAS2,
CDC42,RHOA,ARPC2,ZYX,ACTN4,AC
TG1,CTTN 
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Table 2-4.  Continued. 

Ingenuity Canonical 
Pathways 

-log 
(p-value) 

# of 
molecules 

Molecules 

Germ Cell-Sertoli 
Cell Junction 
Signaling 

11.8 24 ITGB1,TUBA1B,TUBB3,TUBB4B,MYO7
A,ACTB,ITGA2,TUBB,ITGA3,AKT1,RR
AS2,MAP2K2,TUBB6,CDC42,RHOA,ZY
X,TUBB4A,ACTN4,VCL,ACTG1,A2M,A
CTC1,ACTN1,CTNND1  

Regulation of eIF4 
and p70S6K 
Signaling 

10.9 22 ITGB1,PABPC1,RPS23,RPS18,ITGA2,
RPS10,ITGA5,EIF2S3,EIF4A2,RPS4X,
RPS7,ITGA3,AKT1,RRAS2,MAP2K2,R
PS20,RPS13,EIF4A1,RPS27A,RPS25,
RPS24,RPS14 

RhoGDI Signaling 10.9 23 ITGB1,ACTR2,MYL6,ACTB,ARPC5,ITG
A2,GDI2,ITGA5,GNAI2,GNB1,ITGA3,A
CTR3,PPP1R12A,CDC42,ARPC2,RHO
A,EZR,CD44,ARHGDIA,ACTG1,CDH13
,ACTC1,MSN 
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CHAPTER 3 
ORAL DELIVERY OF LACTOBACILLUS PARACASEI CONFERS PROTECTION 

AGAINST PULMONARY HYPERTENSION 

Introduction 

PH is a progressive and devastating disease marked by narrowing of the 

pulmonary vasculature that is defined by a mean pulmonary arterial pressure of ≥ 25 

mmHg at rest15. This loss of luminal cross-section as a result of vasoconstriction, 

thrombosis, and vascular remodeling leads to increased pulmonary vascular 

resistance20. As a response to the high afterload, the RV enlarges to maintain normal 

blood flow. As the disease progresses, the heart is no longer able to compensate for the 

increased afterload, and the disease culminates in right heart failure and death. 

Unfortunately, many symptoms of PH are similar to other conditions, and thus, the 

diagnosis is often delayed until the disease has progressed16. In addition, the current 

therapies for PH are limited; most treatments target the vasoconstriction component of 

PH rather than vascular remodeling, which is a much larger factor in disease 

progression. Taken together, the prognosis for PH is poor16. Therefore, it is necessary 

to investigate novel targets for PH therapy.   

In this regard, emerging evidence is solidifying a role for inflammation in PH. For 

one, the invasion of inflammatory cells such macrophages and lymphocytes into vessel 

walls, and specifically plexiform lesions has long been known288. In addition, an influx of 

cytotoxic T cells into plexiform lesions has been observed289. Interestingly, T cells, 

including Tregs, appear to be protective, as CD8+ T cell deficiency correlated with worse 

survival in patients with PAH290. This may occur by downregulation of macrophage-

mediated inflammatory vascular remodeling291. Furthermore, increased inflammatory 

markers including macrophage inflammatory protein-1α, IL-1β, and IL-6 have been 
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reported292,293. Most recently, investigators have been paying attention to the 

association of PH with autoimmune disorders. For example, PH is known to 

development via manifestation of viral infections and collagen vascular diseases, both 

of which have links to autoimmunity294. In addition, 10-40% of patients with idiopathic 

PH have been reported to have circulating autoantibodies to endothelial cells and 

fibroblasts295. These autoantibodies may be produced by B cells, which have been 

shown to be activated in idiopathic PAH patients296. These data coupled with the fact 

that experimental PH demonstrated that inflammation precedes vascular remodeling 

strongly point to an association between immunity and development of PH, in which 

alterations in immunity are causative.  

The gut microbiota plays an important role in developing and maintaining the 

host immune system. Typically, commensal bacteria in the gut have mutually beneficial 

interactions with the intestinal epithelium and perform functions critical to the health of 

the host, including nutrient metabolism, pathogen defense, and modulation of the host 

immune system, among others. Changes to these commensal bacterial communities 

can allow the expansion of other bacterial species that may not be as beneficial to the 

host. This disequilibrium in the bacterial community, or dysbiosis, has previously been 

observed in diseases such as inflammatory bowel disease, cancer, and infectious 

diseases172. More recently, gut dysbiosis has been associated with cardiopulmonary 

and related metabolic disorders including hypertension, diabetes, obesity, lung 

inflammation, and allergies172,185,190.  

Administration of probiotics for modulation of the gut microbiota in 

cardiopulmonary disease is an evolving concept. This idea is supported by previous 
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data indicating beneficial effects of probiotics on the cardiopulmonary system: 1) 

Probiotics have been shown to regulate lung immune responses182 and decrease risk of 

asthma and respiratory infection190; 2) Oral administration of probiotic metabolites or 

diets that promote their generation attenuated allergic airway disease and protected 

against both emphysema and respiratory infection-induced pulmonary pathology190; and 

3) Probiotics have demonstrated positive effects on systemic blood pressure192-199 and 

delayed development of HF in rats212. Therefore, we propose that modulating the gut 

microbiota by oral administration of a probiotic strain of bacteria will have beneficial 

effects on PH pathophysiology. 

To that end, we have chosen the probiotic strain, Lactobacillus paracasei, to 

administer to PH rats. L. paracasei is a gram-positive facultative anaerobe found 

ubiquitously in the human gastrointestinal tract297 and is among the most commonly 

used probiotics298. L. paracasei has demonstrated the ability to stimulate the immune 

system299, modulate the physiology of the intestine300, and restore normal metabolism in 

a model of gastrointestinal disease301. Further, L. paracasei metabolites have shown 

anti-inflammatory properties302. We hypothesize that these positive actions of L. 

paracasei will be beneficial for treatment of PH.  

Methods 

Bacterial Culture and Lysis 

Lactobacillus paracasei (American Type Culture Collection (ATCC), Manassas, 

VA, USA, #27092) was cultured in de Man, Rogosa, and Sharpe (MRS) broth (Thermo 

Fisher Scientific, #DF0881-17-5) at 370C for 16 h without shaking. Pseudomonas 

aeruginosa (ATCC, #27853) was cultured in Remel Tryptic Soy Broth (Thermo Fisher 

Scientific, #R455052) at 370C for 16 h with shaking. To determine optimal lysis 
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conditions, L. paracasei was inoculated at 1% in MRS broth and incubated for 6, 18, or 

24 h at 370C. 1 mL of cells + media from each sample at the completion of the time 

point was transferred into a 1.5 mL sterile Eppendorf tube. Samples from the 6 and 24 h 

time points were then incubated with 10 mg/mL lysozyme for 30 min at 370C, while the 

18 h time point was not incubated with lysozyme. Next, 20 µL of each sample was 

mixed with 4X Laemmli sample buffer (#161-0737, Bio-Rad) containing 5% β-

mercaptoethanol. Equal volume of each sample (approx. 25 µL) was run on SDS-PAGE 

gel (100 V for 1.5 h) and stained by incubation with Coomassie blue for 30 min followed 

by 20 min destaining with water (Figure 3-1). We observed a substantially larger amount 

of protein present in the L. paracasei grown for 6 h and incubated with lysozyme (Figure 

3-1B) than in the cells grown for 24 h. Therefore, for all subsequent experiments, L. 

paracasei was grown for 6 h in MRS broth at 370C followed by lysis via 30 min 

incubation with 10 mg/mL lysozyme at 370C.  

For maintenance of L. paracasei over the course of the feeding experiment, 

every afternoon, 20 mL of MRS broth (in two 15 mL tubes) was inoculated at 1% from 

the culture grown the previous day. These seed cultures allowed the cells to be 

propagated from day to day. Once inoculated, L. paracasei was grown for 16 h at 370C 

without shaking. On the evening before each feeding of L. paracasei (every other night), 

1500 mL of MRS broth (in three 500 mL sterile bottles) were inoculated at 1% from L. 

paracasei seed cultures and cells were grown for 16 h at 370C. Directly prior to feeding, 

cells were transferred to plastic bottles, centrifuged at 8000 rpm for 10 min, pellets were 

washed with sterile PBS, followed by a final centrifugation for 10 min at 8000 rpm. 

Supernatant was removed, and cells were resuspended in the remaining 3-5 mL of 
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PBS. For feeding of P. aeruginosa, this same process was repeated except TSB broth 

was used instead of MRS broth, and P. aeruginosa was incubated with shaking for 16 h. 

Pulmonary Hypertension Experimental Design 

All animal procedures were approved by the University of Florida Institutional 

Animal Care and Use Committee and complied with the guidelines of the National 

Institutes of Health. Rats were housed at 22-230C with a 12:12 hour light-dark cycle and 

free access to rat chow and water. L. paracasei dosage and feeding frequency was 

determined by one time gavage with either a low (5x108 CFU, n=2) or high (1x1010 CFU, 

n=3) dose of L. paracasei, followed by collection of feces at baseline and 3, 6, 15, 19, 

24, 48, and 72 h. Amount of L. paracasei in the feces was measured by SYBR Green 

qPCR of DNA isolated from feces (see below). For all subsequent feedings, 1 mL L. 

paracasei or P. aeruginosa cells (1x1010 cells/mL) were immediately administered to the 

animals by oral gavage. 

PH was induced in 8 week old Sprague-Dawley (SD) rats (Charles Rivers 

Laboratories, Wilmington, MA, USA) by single subcutaneous injection of monocrotaline 

(MCT, 50 mg/kg, Sigma-Aldrich, #37024). Control animals were injected with a similar 

volume of sterile saline. A subset of MCT rats were orally gavaged with L. paracasei or 

P. aeruginosa (1x1010 CFU) every other day beginning one week prior to MCT 

administration and continuing for 21 days following MCT administration (Figure 3-2). 

Each group had n = 10 rats. 

Right Ventricular Systolic Pressure Measurement 

Animals were anesthetized with a subcutaneous injection of ketamine (70 

mg/kg)/xylazine (10 mg/kg)/acepromazine (2.5 mg/kg) mixture, and subsequently 

placed in a supine position, breathing room air. Next, right ventricular systolic pressure 
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(RVSP) was measured by inserting a fluid-filled silastic catheter into the right ventricle 

(RV) via the right descending jugular vein. RVSP is a well-accepted surrogate marker of 

pulmonary arterial pressure. Data was recorded after stabilization of the tracing using a 

liquid pressure transducer, which relayed catheter readings to a signal transduction unit 

(PowerLab, AD Instruments, Colorado Springs, CO, USA), The position of the catheter 

in the RV was confirmed by observing the waveform. The Chart program supplied with 

PowerLab was used to obtain RVSP, +dP/dt, and –dP/dt. After RVSP was measured, 

blood was collected from the inferior vena cava using a 10 mL syringe, the rats were 

euthanized, and heart, lungs, and gut were harvested for subsequent analysis. 

Hypertrophy and Histological Analysis 

To measure right ventricular hypertrophy (RVH), the RV was separated from the  

left ventricle (LV) plus ventricular septum (S), and the wet weights were determined. 

RVH was calculated by measuring the wet weight of the RV and LV plus S and 

expressing them as the ratio of RV/(LV+S). The RV was then fixed in 10% neutral 

buffered formalin for 24 h, embedded in paraffin, and stained with picrosirius red in 

order to analyze collagen content. 5-8 separate images were taken from non-

overlapping regions of the RV, and interstitial fibrosis was quantified for each animal 

(n=5-6 rats/group) using ImageJ (National Institutes of Health). These results were then 

averaged and analyzed for significance.  

To look for lung pathology, the lungs were excised along with the trachea. The 

right primary bronchus was tied off and the four lobes of the right lung distal to the 

ligature were cut and snap frozen in liquid nitrogen. The left lung was inflated by 

perfusing PBS through the trachea followed by 4% paraformaldehyde, after which the 

left primary bronchus was tied off.  The lungs were kept in 4% paraformaldehyde for 24 
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h, followed by replacement with PBS until processed. Paraffin-embedded lungs were 

then cut into 4 µm thick sections and stained for α-smooth muscle actin (1:600, Sigma-

Aldrich, #A5228) using the Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, 

CA, USA, #SK-6100), biotinylated anti-mouse IgG (rat adsorbed, Vector Laboratories, 

#BA-2001), and DAB Peroxidase Substrate (Vector Laboratories, #SK-4100). To 

determine pulmonary medial wall thickness, external diameter and medial wall thickness 

were measured in vessels with an external diameter <50 µm. Five vessels were 

measured for each rat (n=4 rats/group), and the percent medial wall thickness was 

calculated: % medial wall thickness = [(medial thickness x 2)/external diameter] x 100.  

To study gut pathology, the gut was harvested from the anesthetized animal. 

First, the skin and abdominal wall were held at abdominal midline and pulled gently 

away from the abdominal cavity with a pair of forceps followed by cutting along the 

midline to expose the intestines. The cecum was identified, as was the ileum, which is 

the part of the small intestine directly preceding the cecum. A 4-5 cm segment of ileum 

was cut and transferred to a sterile petri dish containing sterile and RNase-free PBS. A 

new 10-mL syringe was filled with sterile PBS, and an RNase-free gavage needle was 

attached to it. Using clean forceps, the needle was inserted about half a centimeter in 

the anterior opening of the ileal segment, and the gut contents was flushed out, making 

sure not to apply too much pressure during the flushing. Sections were cut into 2 

segments which were kept in 4% paraformaldehyde for 24 h followed by removal of 

paraformaldehyde and addition of PBS for storage until histological analysis. Next, the 

gut was evaluated for changes in morphology by observing paraffin-embedded sections 

of the ileum stained with hematoxylin-eosin (H&E). Villus length was measured from the 
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bottom of the crypt to the tip of the villus (n=5 rats/group). Goblet cell number/villus area 

was quantified (n=4-5 rats/group). ImageJ (National Institutes of Health) was used to 

measure length of villus, count number of goblet cells, and measure the area of each 

villus. All images were captured using an Olympus BX41 microscope with a digital 

camera DP71 (Olympus, Center Valley, PA), and all histological quantification was 

carried out by a third party unaware of group assignment.  

Real-Time RT-PCR Analysis 

Analysis of L. paracasei in fecal samples. For initial determination of L. 

paracasei dosage, following a single feeding of L. paracasei, DNA was isolated from 

150 mg of feces from each sample/time point using the ZR Fecal DNA MiniPrep kit 

(Zymo Research, Irvine, CA, USA, #D6010). Quantitative real-time polymerase chain 

reaction (qPCR) was performed with primers and reaction compositions previously 

reported by 303. A total reaction volume of 25 µL included 150 ng DNA, 12.5 µL of SYBR 

Green PCR Master mix (Roche Diagnostics, Indianapolis, IN, USA, #4673484001), and 

2 µM of each forward (ACATCAGTGTATTGCTTGTCAGTGAATAC) and reverse 

(CCTGCGGGTACTGAGATGTTTC) primer. Reactions were run for 10 min at 950C, 

followed by 40 cycles of denaturing for 15 s at 950C, annealing for 30 s at 600C, and 

elongation for 30 s at 720C in a StepOnePlusTM Real-Time PCR System (Applied 

Biosystems). A final elongation step was performed for 2 min at 720C. Data analysis 

was conducted with StepOne Software v2.3 (Applied Biosystems). Data were 

normalized to 16S (Forward: AGGATTAGATACCCTGGTA; Reverse: 

CRRCACGAGCTGACGAC) and represented as fold change from baseline.  

Analysis of proinflammatory cytokines in rat lungs. Total RNA was extracted 

from frozen lung tissue using TRIzol reagent (Life Technologies, #15596-018) according 
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to manufacturer instructions. RNA purity was evaluated by 260/280 ratio measured with 

a spectrophotometer. cDNA obtained using 1 µg sample RNA and High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, #4368814) was amplified by qPCR in a 

StepOnePlusTM Real-Time PCR System (Applied Biosystems). Taqman primers and 

universal PCR master mix (Applied Biosystems, #4304437) were used to determine 

gene expression levels of IL-1β (Rn00580432_m1), TGF-β (Rn00572010_m1), IL-6 

(Rn01410330_m1), and HMGB1 (Rn02377062_g1). Data were normalized to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Rn01775763_g1) cDNA and 

represented as fold change. All cDNA samples were run in duplicate.  

Feces Collection and Bacterial Analysis 

In a sterile environment, fecal samples were collected from control, MCT, and 

MCT + LP rats 21 days after MCT injection and prior to euthanasia. Samples were 

collected by holding the base of the rat’s tail while allowing its front paws to stay in 

contact with the cage. Once the animal is held by its tail, it will likely defecate. At this 

point, a sterile Eppendorf tube was held next to the anus of the animal, and the feces 

dropped directly into the tube without touching the fecal pellet. Fecal samples were kept 

in labeled tubes on ice until they could be stored at -800C awaiting analysis.  

DNA extraction and quantification. Bacterial DNA isolation and sequencing 

was performed by WrightLabs (Huntingdon, PA, USA). In short, the PowerFecal DNA 

Isolation Kit (Mo Bio Laboratories, Inc., was used to purify microbial genomic DNA from 

the rat feces according to manufacturer instructions. Briefly, 0.25 g of feces was 

homogenized using a 2 mL bead beating tube, which lyses microbial cells. A silica spin 

column is used to capture DNA, and then DNA was washed and eluted in 50 µL of 10 
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mM Tris. Total DNA was quantified using Qubit 2.0 (Invitrogen) Fluorometer, with the 

dsDNA High Sensitivity option. 

PCR amplification. Illumina iTag PCR was performed. Briefly, 25 µL of reaction 

volume for each sample included final concentrations of 1X PCR buffer, 0.8 mM 

dNTP’s, 0.625 U Taq, 0.2 M 515F forward primer, 0.2 M Illumina 806R reverse 

barcoded primer and approximately 10 ng of template DNA per reaction. The MJ 

Research PTC-200 thermocycler (Bio-Rad) was used to perform PCR with the following 

cycle conditions: 980C for 3 min, 35 cycles of 980C for 1 min, 550C for 40 s, and 720C 

for 10 min. Once PCR was finished, the samples were stored at 40C until visualization 

on a 1% CYBRsafe E-gel (Life Technologies). 

Library purification, verification, and sequencing. PCR products were pooled, 

purified from the gel using the Qiagen Gel Purification Kit (Qiagen, Frederick, MD, 

USA), and quantified using the Qubit 2.0 Fluorometer. Samples were combined in 

equimolar amounts. Libraries were quality checked with the 2100 Bioanalyzer DNA 

1000 chip (Aligent Technologies, Santa Clara, CA, USA) and stored at -200C until being 

shipped on dry ice to California State University (North Ridge, CA) for sequencing.  The 

Fragment Analyzer CE (Advanced Analytical Technologies Inc., Ames, IA) verified the 

size of the library pools, followed by quantification with the Qubit High Sensitivity dsDNA 

kit (Life Technologies). Pools were diluted to a final concentration of 1 nM and a 10% 

spike of PhiX V3 library (Illumina, San Diego, CA, USA), and then denatured for 5 min in 

equal volume of 0.1 N NaOH, followed by further dilution to 12 pM in Illumina’s HT1 

buffer. This pool was then loaded on an Illumina MiSeq V2 300 cycle kit cassette with 

16S rRNA library sequencing primers and set for 150 base, paired-end reads. 
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Quality filtering and OTU picking. The following protocol was performed by Dr. 

Elaine Sumners. Sequences were trimmed at a length of 150 base pairs and quality 

filtered at an expected error of less than 0.05% using CLC Genomics Workbench 9.5.4. 

After quality filtering, reads were analyzed using the CLC Genomics Workbench 9.5.4 

software package. Chimeric sequences were identified using CLC Genomics 

Workbench 9.5.4. A total of 845225 sequences were obtained after quality filtering and 

chimera checking. Three samples were excluded due to low number of reads to leave 

4-6 animals per group remaining for analysis. Open reference operational taxonomic 

units (OTUs) were picked using the CLC Genomics Workbench 9.5.4 algorithm, and 

taxonomy assignment was performed using the Greengenes 16S rRNA gene database 

(13-5 release, 97%)304. Reference-based and de novo OTU clustering were performed 

using a minimum occurance of 2 and a similarity percentage of 97%, and 2,680 OTUs 

were subsequently identified. Assigned taxonomy were organized into a BIOM 

formatted OTU table, which was summarized within CLC Genomics Workbench 9.5.4.  

Alpha and beta diversity analysis. The following analysis was performed by Dr. 

Elaine Sumners. Individual (within-sample) microbial diversity (alpha) rarefaction curves 

were generated within the CLC Genomics Workbench 9.5.4 sequence analysis package 

using an unrarified OTU table. Multiple rarefactions were conducted on sequences 

across all samples from minimum depth of 0 sequences, to a maximum depth of 48,000 

sequences, with a step size of 4,800 sequences/sample for 15 iterations. Alpha 

rarefactions were then collated and plotted using Chao1 and observed species richness 

metrics. Community (between-sample) similarity (beta diversity) was measured. For 

this, we applied the Bray-Curtis dissimilarity index, which considers bacterial taxon 
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presence and abundance, but also the unweighted Unifrac distance analysis (CLC 

Genomics Workbench 9.5.4) which takes into account the phylogenetic distances 

(relatedness) of the bacterial taxa but not their abundance. Principal coordinate analysis 

(PCoA) was applied on the resulting distance matrices and two-dimensional plots were 

generated using CLC Genomics Workbench 9.5.4 software. Significant differences in β-

diversity among treatment groups were calculated using permutational multivariate 

analysis of variance. 

Taxonomic comparisons. The following analysis was performed by Dr. Elaine 

Sumners. Assigned taxonomy were organized into a BIOM formatted OTU table, which 

was summarized within CLC Genomics Workbench 9.5.4. Bar plots were generated 

from summarized taxonomy outputs, in which the five most abundant phyla were 

displayed, with all remaining taxa grouped in an “other ” category. OTUs that were not 

classified at the kingdom taxonomic rank were discarded. Relative abundances were 

organized in a table format, and were plotted in Microsoft Excel. 

FITC-dextran Permeability Assay 

Control and MCT rats (n=4/group) were fasted overnight to allow for stomach 

emptying. Following this fasting, Fluorescein isothiocyanate (FITC)-labeled dextran (4 

kD, Sigma-Aldrich, #FD4-1G) was fed by oral gavage (44 mg/100 g body weight 

prepared as 100 mg/1 mL). Blood was collected via sublingual draw 4 h after feeding. 

FITC accumulation in the blood was measured using a spectrophotometer (SynergyMx, 

excitation: 490 nm, emission: 520 nm). Data were quantified using a standard curve 

with serial dilutions and represented as mean ± SEM. 
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ACE and ACE2 Activity 

Enzymatic activity of ACE and ACE2 was measured using continuous cleavage 

of fluorometric substrates specific for each enzyme in the presence of inhibitors for the 

enzyme not being tested. ACE2 substrate titration was performed by incubating 

recombinant human ACE2 (R&D Systems, #933-ZN-010) with 10 µM, 20 µM, 30 µM, 40 

µM, 50 µM, 60 µM, 70 µM of ACE2 substrate [Mca-APK(Dnp)-OH] (Enzo Life Sciences, 

Farmingdale, NY, USA, #BML-P163-0001) in order to determine the optimal amount of 

fluorogenic substrate (20 µM, Figure 3-3). We observed a linear increase in rhACE2 

activity with increasing amount of ACE2 substrate. We decided to use 20 µM of ACE2 

substrate for the remainder of our experiments, as it was the lowest concentration of 

substrate that displayed a reasonable signal. 

The protein concentration of the L. paracasei lysate was determined by Bio-Rad 

Protein Assay (Bio Rad Laboratories). For quantification of ACE2 activity, 30 µg of 

bacterial lysate or water (negative control) was incubated in black flat-bottomed 96-well 

plates in a 100 µL mixture of 1 µM captopril (ACE inhibitor), 20 µM ACE2 fluorogenic 

substrate, and ACE2 buffer (1 M NaCl, 75 mM Tris HCl, pH 7.5, 50 µM ZnCl2) for 4 h at 

370C in a spectrophotometer. To determine the effects of lysozyme on ACE2 activity, 

the same mixture as above was used, with the exception that recombinant human 

ACE2 (1:99 dilution) was used in place of bacterial lysate (Figure 3-4). We observed 

that incubation with lysozyme did not change the ability of ACE2 activity to be detected. 

This confirms that lysozyme can be used for bacterial lysis without having effect on 

measurement of ACE2 activity. For quantification of ACE activity, a 100 µL mixture of 5 

µM MLN-4760 (ACE2 inhibitor), ACE2 buffer, and 20 µM ACE [Mca-RPPGFSAFK(Dnp)-

OH] (R&D Systems, #ES005) was incubated for 4 h at 370C in a spectrophotometer. For 
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both ACE and ACE2 activity assays, fluorescence at 320 nm (excitation) and 405 nm 

(emission) was measured once every minute with a spectrophotometer (SynergyMx) 

over the course of the four hour incubation. Relative fluorescence units (RFU) were 

calculated using readings from minutes 30-180 and subtracting the first reading from 

each subsequent reading. All samples were run in duplicate, and data was graphed 

using the average of the duplicate readings.  

Measurement of Angiotensin-(1-7)  

30 µg of L. paracasei lysate was incubated (in triplicate) in the presence or 

absence of 10 mM Ang II for 30 min at 370C. 50 µL sample (in duplicate) was then 

subjected to Ang-(1-7) ELISA (Peninsula Laboratories International, San Carolos, CA, 

USA, #S-1330) as per manufacturer instructions. Briefly, sample was incubated with 

antiserum for 1 h. Subsequently, biotinylated tracer was added for incubation overnight 

followed by mixing with streptavidin-HRP. Ang-(1-7) levels were calculated by 

comparing to a standard curve of tetramethylbenzidine color change at 650 nm 

measured by spectrophotometer (SynergyMx). 

Statistical Analysis 

All data are expressed as mean ± SEM. Number of animals for each experiment 

is indicated in the figure legends. GraphPad Prism 6 (GraphPad, La Jolla, CA, USA) 

was used for all analyses and for graph generation. Data were analyzed for outliers 

using Grubbs’ test, and the remaining data were subjected to one-way analysis of 

variants (ANOVA) followed by Tukey’s multiple comparisons test, with p<0.05 

considered statistically significant. 
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Results 

Oral Feeding of Lactobacillus paracasei Prevents Development of Monocrotaline-
Induced Pulmonary Hypertension. 

In order to determine the amount and frequency of bacteria fed, rats were orally 

gavaged one time with a low (5x108 CFU) or high (1x1010 CFU) dose of L. paracasei, 

and L. paracasei levels were measured in fecal samples at various time points. Animals 

fed the low dose showed L. paracasei in the feces almost immediately (12.12 ± 8.07 

fold change at 3 h, Figure 3-5A; Table 3-1), with the highest levels of L. paracasei in the 

feces at 15 h (539.55 ± 266.69 fold change from baseline). By 48 h, L. paracasei levels 

had almost returned to those at baseline. High dose feeding resulted in a similar pattern 

of L. paracasei detection in feces, but with substantially higher L. paracasei levels in the 

feces. Specifically, eight hours following administration of the high dose, L. paracasei 

levels peaked (59.36 x 105 ± 34.9 x 104 fold change from baseline) and remained very 

high through 24 h (37.9 x 103 ± 340.62 fold change; Figure 3-5B). Even at 48 and 72 h 

after feeding, 257 and 79 times more L. paracasei, respectively, was found in the feces 

compared to baseline. Thus, for subsequent experiments, we decided to feed a high 

dose (1x1010 CFU) of L. paracasei once every 48 h. 

Oral gavage of L. paracasei (1 x 1010 CFU) was performed every other day, 

beginning one week prior to MCT administration and continuing for three weeks after 

administration (Figure 3-2). MCT-challenged animals showed substantial increases in 

RVSP (26.6 ± 1.1 mmHg in control vs 75.8 ± 3.9 mmHg in MCT, p<0.05, Figure 3-6A) 

and RV hypertrophy [RV/(LV+S), 0.26 ± 0.01 in control vs 0.61 ± 0.03 in MCT, p<0.05, 

Figure 3-6B] in comparison to controls. These changes were associated with elevated 

+dP/dt (2070.3 ± 87.3 in control vs 3133.5 ± 268.9 in MCT, p<0.05, Figure 3-7A) and    
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–dP/dt (-1390.5 ± 41.7 in control vs -2685.8 ± 146.1 in MCT, p<0.05, Figure 3-7B). Oral 

feeding of L. paracasei attenuated MCT-induced increases in RVSP (26%) and RVH 

(20%). In addition, L. paracasei feeding reduced +dP/dt to control levels, but had no 

effect on –dP/dt.   

We next tested if the effects of the L. paracasei feeding extend to control animals 

and if other bacterial strains would cause similar changes in cardiac function and 

hemodynamics. L. paracasei feeding to control animals confirmed that L. paracasei did 

not change cardiac function (Figure 3-8). Furthermore, feeding of the pathogenic 

Psuedomonas aeruginosa illustrated that ingestion of P. aeruginosa has no effect on 

cardiac function in either control or MCT-challenged animals (Figure 3-9), suggesting 

that the benefits of feeding L. paracasei are not universal to all bacteria. 

PH is associated with structural changes in the heart and lungs. MCT animals 

exhibited a 159% increase in RV fibrosis (4.47 ± 0.4% area in control vs 11.57 ± 0.6% 

area in MCT; Figure 3-10) and 29% increase in pulmonary vessel wall thickness (11.3 ± 

0.7% medial wall thickness in control vs 14.65 ± 0.9% medial wall thickness in MCT; 

Figure 3-11). In contrast, oral feeding of L. paracasei to MCT animals prevented MCT-

induced changes in cardiac fibrosis (56%) and pulmonary vessel wall thickness (12%).  

Oral Feeding of Lactobacillus paracasei Is Associated with Reduction in 
Proinflammatory Cytokines. 

Because probiotics have been shown to reduce systemic inflammation305, we 

hypothesized that feeding of L. paracasei would inhibit the production of 

proinflammatory cytokines. Analysis of proinflammatory cytokines in the lungs revealed 

enhanced inflammatory status in MCT animals, as measured by increased gene 

expression of interleukin (IL)-1β (0.87 ± 0.1 fold change in control vs 25.1 ± 17.7 fold 
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change in MCT; p<0.05; Figure 3-12A), high mobility group box 1 (HMGB1) (1.03 ± 0.1 

fold change in control vs 97.5 ± 77.9 fold change in MCT; p<0.05; Figure 3-12B), 

transforming growth factor (TGF)-β (0.99 ± 0.07 fold change in control vs 462.5 ± 431.5 

fold change in MCT; p<0.05; Figure 3-12C), and IL-6 (1.05 ± 0.3 fold change in control 

vs 17.4 ± 4.9 fold change in MCT; p<0.05; Figure 3-12D). Feeding with L. paracasei 

prevented MCT-induced elevations in IL-1β, HMGB1, and TGF-β, but had no effect on 

IL-6.   

Monocrotaline-Induced Dysbiosis and Gut Pathology Are Altered by Oral Feeding 
of Lactobacillus paracasei  

Mounting evidence supports a role for the gut microbiota and intestinal epithelium 

in maintaining body homeostasis. As previously mentioned, recent work in this area has 

demonstrated that alterations in gut microbiota and intestinal barrier are associated with 

multiple disease states172,190,306. In the current study, we compared the microbiota 

associated with control, MCT, and MCT + LP groups by 16S ribosomal DNA sequencing 

and subsequent bioinformatics analysis of fecal DNA collected three weeks after MCT 

injection. The distance between the fecal samples of the three groups was calculated 

using weighted UniFrac analyses, and three-dimensional scatterplots were generated 

by Principle Component Analysis (PCoA, Figure 3-13) for visualization. This method 

demonstrates a remarkable clustering of control and MCT + LP groups that appears to 

be separated from the MCT group. We next asked which genera of bacteria may have 

contributed to this altered microbiota composition. Whereas no differences in β-diversity 

exist between control and MCT animals, MCT animals fed with L. paracasei exhibited 

significant differences in gut microbial composition in comparison to MCT animals 

(p=0.014, Figure 3-14). Analysis of OTU abundance indicates trends to differences 
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between groups. For example, whereas the genera Bacteroides have relative 

abundance of 13 and 14% in control and MCT + LP groups, respectively, it is only 4% in 

MCT animals. In contrast, MCT animals contain much higher abundance of the order 

Bacteroidales (27%) in comparison to control (13%) and MCT + LP (3%), (Figure 3-14). 

More specifically, we identified two species of Ruminococcus that were decreased in 

MCT animals compared to both control and MCT + LP groups.  

In terms of the intestinal barrier, we measured the integrity of the intestinal wall 

via quantification of plasma FITC-dextran and found that MCT animals had increased 

gut permeability (control: 147.5 ± 20.9 ng/mL vs MCT: 298.3 ± 11.4 ng/mL, Figure 3-

15). Given these alterations in gut health, we determined if PH animals also had 

intestinal inflammation by looking for changes in the epithelial cell layer, namely villus 

length and goblet cell number. We observed an increase in ileal villus length (Figure 3-

16) and a reduction in goblet cell number (Figure 3-17) in MCT animals, indicative of 

intestinal inflammation. Feeding with L. paracasei prevented the increase in ileal villus 

length, but had no effect on goblet cell number.  

Lactobacillus paracasei Contains ACE and ACE2 Enzymatic Activity 

We have established that oral feeding of L. paracasei is beneficial for MCT-

induced PH. However, the question of how L. paracasei is protective still remains. In our 

initial characterization of L. paracasei, we measured the enzymatic activity of two 

enzymes known to have effects on the cardiopulmonary system: ACE and ACE2. We 

discovered that L. paracasei contains both ACE (Figure 3-17) and ACE2 (Figure 3-18A) 

activity, the latter of which results in increased levels of the beneficial peptide Ang-(1-7) 

(Figure 3-18B). These data suggest that one mechanism by which L. paracasei works 

could be through generation of the vasoprotective RAS peptide Ang-(1-7). 
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Discussion 

The major findings of this study are as follows: 1) Oral administration of L. 

paracasei attenuates the heart and lung pathology associated with PH; 2) L. paracasei 

feeding causes a reduction in lung inflammatory status; 3) PH is associated with 

profound gut pathology and microbial dysbiosis; 4) Oral administration of L. paracasei 

improves intestinal epithelial cell health and alters the composition of gut microbiota. 

These findings suggest that probiotic L. paracasei may be an effective therapy for PH. 

Injection of MCT, a pyrrolizidine alkaloid derived from the seeds of Crotalaria 

spectabilis plant, is a long-used and well-characterized model of PH307. Despite its wide 

use, the mechanism by which MCT induces PH is not well understood. In the liver, MCT 

is metabolized into dehydromonocrotaline (MCTP), in a reaction that depends on the 

actions of cytochrome P450307. It is thought that MCTP causes damage to pulmonary 

endothelial cells, which then triggers pulmonary arteriole inflammation and 

remodeling308. These processes may be a result of disrupted intracellular membrane 

trafficking and subsequent activation of factors that promote proliferation, oppose 

apoptosis, and deregulate NO signaling. In addition, inflammation and remodeling could 

be activated by activation of Smad and disregulation of BMP signaling309. However, 

questions have arisen regarding whether MCT toxicity is solely a consequence of 

pulmonary injury, or if its effects on the heart and liver also contribute to the 

pathology307. Irrespective of mechanism, the MCT model is characterized by enhanced 

endothelial cell apoptosis and changes in pulmonary arterial smooth muscle cell growth, 

namely increased proliferation and decreased apoptosis308. Further, infiltration of 

inflammatory cells such as macrophages, dendritic cells, and mast cells is a key 

contributor to MCT-induced vascular remodeling, and thus, PH development308. MCT 
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advantages as a model for PH include its reproducibility, low cost, and technical 

simplicity. However, it does not completely recapitulate human PH, as rats do not 

develop plexiform lesions, and it appears to mimic mild PH rather than the severe 

disease that is observed in humans308. One of the most important criticisms of the MCT 

model is that over 30 different interventions have been purported to prevent and even 

reverse its damage310, which suggests that its acute nature may not be translatable to 

human PH. It is important to keep these points in mind before drawing lofty conclusions 

from our study. We have demonstrated here the ability of probiotic bacteria to reduce 

lung inflammation and prevent vascular remodeling and may have identified a crucial 

link between the gut and lung. It will be critical to recapitulate our findings in other 

animal models of PH, including chronic hypoxia and genetic models such as BMPR2 

knock-out mice.  

The MCT-induced changes in lung proinflammatory cytokines we observed in our 

study highlight the contribution of inflammation to the development of PH. In fact, this 

involvement of cytokines and inflammatory cells in PH pathogenesis has been 

extensively researched by others. Studies have shown that inflammatory cells, including 

T and B lymphocytes, macrophages, dendritic cells, and mast cells, localize to 

pulmonary vascular lesions289,311 and further, that the perivascular inflammation score 

correlates with the thickness of the intima plus media of the artery wall312. In addition, 

proinflammatory cytokines have been implicated in development of PH pathophysiology. 

In PH patients, cytokines including IL-1β, IL-6, IL-8, MCP-1, and TNF-α were elevated in 

the serum311. Similarly, increased levels of IL-1α313, IL-1β313, TGF- β314, IL-6314, and 

TNF-α305 have been reported in the lungs of animals with PH, observations that are 
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corroborated by our current study. Cytokines are known to have actions on pulmonary 

vascular cells, namely increased proliferation, exaggerated contractility, and enhanced 

migration and differentiation311. Given such actions, it is likely that cytokines directly 

affect vascular remodeling. Indeed, we saw increases in lung cytokines and pulmonary 

vessel remodeling in MCT animals that were both attenuated by L. paracasei feeding. 

Unfortunately, vascular remodeling is one major cause of PH that has yet to be targeted 

in humans. However, treatments targeting inflammatory pathways in animal models 

have been successful in reversing advanced vascular remodeling311 and in preventing 

the progression of PH311,313. These data point to inflammation as a driver of vascular 

remodeling in PH and suggest that oral feeding of L. paracasei may be beneficial via 

reduction of inflammatory status and thus, inhibition of vessel remodeling. 

To our knowledge, these data are the first to implicate the gut in the 

pathogenesis of PH, although its specific contributions have not yet been identified. Our 

current study identified changes both in the intestinal epithelial barrier and in gut 

microbiota composition in MCT animals. Under physiologic conditions, the intestinal 

epithelium and the microbiota work together to maintain a mutually beneficial 

relationship, wherein the microbes use the host diet for energy and in turn, provide 

essential nutrients for the host. In addition, the microbiota is absolutely critical for proper 

development and modulation of the host immune system. Any disruption to the 

“physical” epithelial barrier or the “functional” immunological microbe barrier can be 

detrimental to the host. These negative alterations in barrier function can be abrupt or 

gradual, although little is known about what initiates the dysfunction315. In our study, we 

observed that PH animals had changes in the epithelium, including increased villus 
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length and decreased numbers of goblet cells, both indicators of intestinal 

inflammation316. While the reduction in goblet cell number has been well-established in 

inflammation, questions remain concerning the changes in villus length. For example,   

severity of intestinal inflammation in the mouse has been associated with enhanced 

regeneration and proliferation of epithelial cells in the small intestine, and thus, 

elongated crypts and villi316. However, other studies have reported blunting of or no 

change in villus length in response to various disease models317,318. These 

inconsistencies may be a result of different gut reactions to different diseases. It will be 

important to investigate the molecular mechanisms of MCT-induced elongation of villi by 

studying changes in proliferation or apoptosis. Additionally, what is the functional 

consequence of this elongation or is it simply a symptom of the disease? This same 

question can be asked in regards to the goblet cells. The reduction in goblet cells 

suggests that the mucus layer may also be reduced, although we did not measure the 

mucus layer directly. The mucus layer is crucial for maintaining a barrier that 

encourages the growth of commensal rather than pathogenic bacteria. Changes in the 

mucus barrier alone may be enough to alter the microbiota and intestinal epithelium. 

However, it is difficult to say whether alterations in microbiota are a cause or 

consequence of the disease, and whether these changes preceded or were subsequent 

to the pathology of the intestinal epithelium, all critical questions to be answered in the 

future.  

We can speculate on the mechanism(s) by which L. paracasei feeding attenuates 

PH pathology. The general benefits of probiotics appear to be strain dependent, but 

regardless, all probiotic effects arise either by interaction with the host or with the gut 
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microbiota. These effects may be due to the ability of beneficial bacteria to promote the 

non-immunologic gut defense barrier, produce bioactive or regulatory peptides, or 

improve the intestinal immunologic barrier. In regards to the physical intestinal barrier, 

studies in multiple disease models have reported changes in gut microbiota and 

intestinal permeability306,319-321. In our study, we observed PH animals to have both 

alterations in gut microbiota composition and increases in gut permeability, as 

measured by plasma levels of FITC-dextran. Administration of probiotics can alter the 

microecology of the gut, which is consistent with the current study. We report here that 

PH animals fed with L. paracasei exhibit a microbiota composition significantly different 

from PH animals. The enrichment profile of these microbes provides several clues to 

their implications in the disease process. For example, we observed that MCT animals 

had a reduction in the genera Bacteroides compared to both control and MCT + LP 

groups. Bacteroides are anaerobic gram-negative rods of the Bacteroidetes phylum that 

are commonly found in the human gut322. They are interesting genera in that they have 

roles both as commensal and pathogenic bacteria. When in the gut, they have a 

beneficial relationship with the host, directly modulating gut function, but once they are 

outside of the gut they can cause significant pathology322. In particular, Bacteroides 

fragilis modulates immune function, as their polysaccharide production causes 

activation of CD4+ T helper cells322. In addition, Bacteroides thetaiotaomicron has been 

shown to regulate the expression of host genes involved in fortification of the mucosal 

barrier and production of angiogenic factors323. Fascinatingly, B. thetaiotaomicron even 

increases the mRNA expression of RegIIIγ, a bactericidal lectin that leads to killing of 

gram-positive bacteria via its binding to peptidoglycan324. On the other hand, studies 



 

122 

have shown Bacteroides to be pathogenic. Whereas these effects are largely seen once 

Bacteroides is outside of the intestinal tract, some Bacteroides fragilis has also been 

implicated in destroying host enzymes on the brush border of microvillus and producing 

an enterotoxin that destroys tight junctions in intestinal epithelium322. In our study, the 

loss of Bacteroides in MCT animals may suggest that the MCT gut has lost some of 

these beneficial effects of Bacteroides. In addition, the increased permeability of the 

MCT gut could allow Bacteroides to enter the blood stream, at which point, Bacteroides 

could become pathogenic. Its pathogenicity has been seen in other models of gut 

inflammation, including inflammatory bowel disease, ulcerative colitis, and Crohn’s 

disease322.  

Whereas we observed no significant differences between any genera, we did 

identify two species of Ruminococcus that were significantly decreased in MCT animals 

compared to both control and MCT + LP animals. Although there are no studies to date 

regarding the species we detected, we can speculate about the implications of these 

changes. Ruminococcus, in the Firmicutes phylum, are a collection of obligate 

anaerobes which are commonly found in the gut microbiota of healthy infants, but 

significantly reduced in the guts of malnourished infants325,326. In addition, having a 

greater abundance of Rumiococcus in the gut may reduce susceptibility to acquisition of 

viral infections327. Ruminococcus have also been negatively correlated to childhood 

obesity and atopy328; however, another study demonstrated Ruminococcus to be 

significantly associated with obese Japanese adults 329, suggesting that the implications 

of Ruminococcus in the gut may change with age. Overall, these data suggest that 

Ruminococcus may be part of a favorable gut microbiota profile, which may be an effect 
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of its ability to reduce the oxidative state of the gut330, stimulate mucin production and 

degradation331, or produce the bacteriocin, ruminococcin A332. These characteristics of 

Ruminococcus may contribute to the beneficial effects of L. paracasei feeding on PH. 

The consequence of these microbial alterations could be multifactorial. First, 

changing gut microbes has been shown to normalize the increase in intestinal 

permeability333. Second, the altered gut microbiome could reflect the interactions of the 

probiotic with other bacterial populations. For example, following its introduction into the 

gut, Lactobacillus can compete with potentially pathogenic bacteria for nutrients and 

niche while also stimulating the growth of indigenous lactic acid bacteria that will also 

compete with pathogens334. As mentioned earlier, other benefits of probiotics may be 

accomplished through bioactive or regulatory peptides. Specifically, probiotic 

metabolites such as short chain fatty acids (SCFA) have demonstrated protection to a 

number of diseases. Their beneficial effects may be due to blood pressure reducing 

properties335, alterations of colonic contraction336,337, or inhibition of pathogen 

adherence and growth via ability to decrease lumen pH334. Additionally, extensive 

research on Lactobacillus demonstrates that it produces ACE-inhibiting peptides, and 

further, that small doses of these peptides have the capability to minimize remodeling of 

resistance arteries and the cardiac ventricles338. This is consistent with data from our 

study suggesting that L. paracasei benefits may be linked to its production of Ang-(1-7) 

via ACE2 cleavage of Ang II. This study is the first to report expression and enzymatic 

activity of ACE2 in any bacterial strain. We propose that the ability of L. paracasei to 

mitigate PH results from the contributions of its ACE2 activity, in addition to 

improvement of the gut barrier and production of bioactive peptides.  
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One final and major means by which L. paracasei administration may mediate 

attenuation of PH pathophysiology is via modulation of the immune system. As 

discussed previously, inflammation is a crucial contributor to the development of PH. 

Likewise, the necessity of indigenous microflora to development of a healthy immune 

system is well established. Thus, the benefits of L. paracasei administration may be 

due, in part, to its ability to impact immunity. Numerous studies have demonstrated the 

effects of Lactobacillus on innate and adaptive immunity. Strains of Lactobacillus have 

been shown to influence production of cytokines by intestinal epithelial cells339-341, 

stimulate IgA secretion to improve mucosal immunity342, activate phagocytosis and 

macrophage production343, modulate levels and function of Tregs344-348, and induce 

maturation of dendritic cells344,345,349. Interestingly, we found that administration of L. 

paracasei influenced inflammatory cytokine production in the lungs. Whether this is a 

consequence of reduced systemic inflammation will need to be investigated. 

These actions of Lactobacillus on immunity likely affect systemic inflammation, 

which in itself may diminish PH pathology. However, mounting evidence also supports a 

link between the gut and lungs. For example, individuals with chronic lung diseases 

often also have chronic intestinal disease350,351. Additionally, alterations in gut 

microbiota composition has been associated with increased risk of lung diseases 

including allergic airway disease352 and asthma353,354, and depletion or absence of gut 

microbiota leads to worse outcomes after respiratory infection. Moreover, structural 

changes in the intestinal mucosa have been observed in individuals with asthma355.  

Conversely, oral administration of probiotics result in reduced incidence of asthma354, 

protection against respiratory infections356-358, and improved resistance to 
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pneumonia359. Oral feeding of the beneficial microbial metabolite SCFAs is beneficial in 

allergic airway disease360 and bacterial361 or viral362 pulmonary infection. Likewise, a 

diet that promotes generation of SCFAs was protective against lung inflammation and 

emphysema363. Despite all of these associations between the gut microbiota and the 

lungs, little evidence exists to establish a direct connection, as studies of these kinds 

are technically challenging. However, studies have demonstrated that both gut and lung 

Bacteroidaceae levels were enhanced with ingestion of a high fiber diet360. Further, gut 

bacteria have been shown to be physically capable of transferring to the lungs through 

aspiration364 and even via translocation during disease states if the intestinal epithelial 

barrier has been compromised365. While this lung-gut connection is only beginning to 

emerge, these studies indicate the potential for L. paracasei to attenuate lung pathology 

either through immunomodulatory actions on systemic inflammation or by direct 

interaction with the lungs. 

This current study is the first to investigate a role for the gut in pathophysiology 

and treatment of PH. These data are enlightening, but raise many more questions. For 

example, it is unknown how long the effects of the probiotic will last without continual 

feeding or what effects the feeding would have on prolonging animal survival. We also 

note that it is unclear whether L. paracasei has direct beneficial effects on the heart or if 

the attenuation in cardiac pathology is secondary to L. paracasei-induced improvement 

in lung injury. In addition, this work only investigated the ability of L. paracasei to 

prevent progression of PH; in order to surpass the benefits of the current therapies for 

PH, this treatment should be capable of reversing PH lung pathology, at least in part. 

Furthermore, to expand our knowledge of the link between the gut and the lungs, more 



 

126 

studies on both of their microbiomes need to be completed, including determining 

location of L. paracasei colonization of the gut. Lastly, the MCT model of PH is an 

inflammatory model; thus, the effects of L. paracasei administration on other models of 

PH should be investigated in order to determine its effectiveness for other PH etiologies. 

Similarly, given the differences in functions between probiotic strains, it would be 

prudent to compare the efficacy of L. paracasei to other probiotic strains, both singly 

and in combination. It is likely that combinations of probiotics with non-redundant 

functions may have the most benefit for cardiopulmonary disease. Answering these 

questions will allow the field to move forward with the study of probiotics for treatment of 

PH patients.  

  



 

127 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1.  Comparison of lysis methods for Lactobacillus paracasei. L. paracasei was 

grown for (A) 18 hrs in the absence of lysozyme or for (B) 6 hrs or (C) 24 hrs 
in the presence of lysozyme, followed by equal loading by volume onto an 
SDS-PAGE gel and staining with Coomassie blue. 
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Figure 3-2.  Experimental design. SD: Sprague-Dawley rats. 
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Figure 3-3.  Determination of optimal fluorogenic substrate concentration for ACE2 

activity assay. Recombinant ACE2 protein was incubated with 10 µM, 20 µM, 
30 µM, 40 µM, 50 µM, 60 µM, 70 µM fluorogenic substrate for 1 h. RFU: 
relative fluorescence units. rhACE2: recombinant human ACE2. 

 

 
Figure 3-4.  Effects of lysozyme on ACE2 activity. Recombinant ACE2 protein with or 

without 10 mg/mL lysozyme was incubated with 20 µM fluorogenic substrate 
for 30 min. RFU: relative fluorescence units; rhACE2: recombinant human 
ACE2. 
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Figure 3-5.  Lactobacillus paracasei gene expression in rat feces after single oral dose 

of L. paracasei. A) 5x108 CFU (low, n=2) or B) 1x1010 CFU (high, n=3) dose 
of L. paracasei. Fecal samples were collected at baseline and then 3, 6, 15, 
19, 24, 28, and 72 h after L. paracasei administration. SYBR green qPCR 
was performed, and L. paracasei levels were first normalized to 16S 
expression and subsequently reported as fold change from baseline. 

 
 
 
 
 
 
 
 
 
 
 
 



 

131 

 
Figure 3-6.  Oral feeding of Lactobacillus paracasei (LP) attenuates MCT-induced PH. 

A) Right ventricular systolic pressure (RVSP) of MCT-challenged SD rats 
untreated or fed with LP. Control rats were not fed with LP. B) Measurement 
of RV hypertrophy, calculated as the ratio of RV weight to left ventricle (LV) 
plus interventricular septum weight [RV/(LV+S)]. Data are mean ± SEM and 
were assessed by 1-way ANOVA followed by Tukey’s multiple comparisons 
test. *p<0.05 vs control; #p<0.05 vs MCT. n=6-8 animals/group.  

 

 
Figure 3-7.  Oral feeding of Lactobacillus paracasei (LP) attenuates MCT-induced 

changes in cardiac contractility. Measurement of A) +dP/dt and B) -dP/dt in 
MCT-challenged SD rats untreated or fed with LP. Control rats were not fed 
with LP. Data are mean ± SEM and were assessed by 1-way ANOVA 
followed by Tukey’s multiple comparisons test. *p<0.05 vs control; #p<0.05 vs 
MCT. n=6-8 animals/group.  
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Figure 3-8.  Lactobacillus paracasei (LP) has no effect on cardiac function in control 

animals. A) Right ventricular systolic pressure (RVSP) of SD rats untreated 
(control) or fed with LP. B) Measurement of RV hypertrophy, calculated as the 
ratio of RV weight to left ventricle (LV) plus interventricular septum (S) weight 
[RV/(LV+S)]. Measurement of C) +dP/dt and D) -dP/dt. Data are mean ± SEM 
and were assessed by 1-way ANOVA followed by Tukey’s multiple 
comparisons test. n=5-6 animals/group. 
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Figure 3-9.  Pseudomonas aeruginosa has no effect on cardiac function of control or 

MCT-challenged animals. Control or MCT-challenged SD rats were fed P. 
aeruginosa or saline. A) Right ventricular systolic pressure (RVSP). B) 
Measurement of RV hypertrophy, calculated as the ratio of RV weight to left 
ventricle (LV) plus interventricular septum (S) weight [RV/(LV+S)]. 
Measurement of C) +dP/dt and D) -dP/dt. Data are mean ± SEM and were 
assessed by 1-way ANOVA followed by Tukey’s multiple comparisons test. 
n=2-5 animals/group. 
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Figure 3-10.  Oral feeding of Lactobacillus paracasei (LP) protects against MCT-induced 

cardiac fibrosis. Deposition of interstitial collagen in the right ventricle and 
quantification of % fibrotic area in MCT-challenged SD rats untreated or fed 
with LP. Control rats were not fed with LP. n=3-6 animals/group and 6-12 
images/animal analyzed. Data are mean ± SEM and were assessed by 1-way 
ANOVA followed by Tukey’s multiple comparisons test. *p<0.05 vs control; 
#p<0.05 vs MCT. 
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Figure 3-11.  Oral feeding of Lactobacillus paracasei (LP) protects against MCT-induced 

pulmonary vascular remodeling. Medial wall thickness of pulmonary arterioles 
(<50 µm) as measured by staining for α-smooth muscle actin in MCT-
challenged SD rats untreated or fed with LP. Control rats were not fed with 
LP. n=4 animals/group and 5 vessels/animal analyzed. Data are mean ± SEM 
and were assessed by 1-way ANOVA followed by Tukey’s multiple 
comparisons test. *p<0.05 vs control; #p<0.05 vs MCT. 
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Figure 3-12.  Effects of oral feeding of Lactobacillus paracasei (LP) on MCT-induced 

increases in proinflammatory cytokines. Relative change in mRNA levels of 
lung proinflammatory cytokines A) interleukin (IL)-1β, B) high mobility group 
box 1 (HMGB1), C) transforming growth factor (TGF)-β, and D) IL-6 in MCT-
challenged SD rats untreated or fed with LP. Control rats were not fed with 
LP.. dCt values were assessed for significance by 1-way ANOVA followed by 
Tukey’s multiple comparisons test, and data are represented as mean fold 
change ± SEM. *p<0.05 vs control. n=5-9 animals/group. 
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Figure 3-13.  Principle coordinate analysis of gut microbiota composition. Fecal samples 

were collected from control (n=5), MCT (n=4), and MCT + L. paracasei (LP) 
(n=6) groups and bacterial 16S ribosomal DNA was amplified and sequenced 
to analyze the composition of microbial communities. Each axis percentage 
describes how much variation that one dimension accounts for. 
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Figure 3-14.  Relative abundance plots display differences in abundance of OTUs at the 

species taxonomic ranking. Fecal samples were collected from control (n=5), 
MCT (n=4), and MCT + L. paracasei (LP) (n=6) groups and bacterial 16S 
ribosomal DNA was amplified and sequenced to analyze the composition of 
microbial communities. The bars are colored by Phylum (Firmicutes: blue; 
Verrucomicrobia: green; Bacteroidetes: orange). PERMANOVA (D_0.5 
Unifrac) analysis detected significant difference between MCT and MCT + LP 
groups (p=0.014). 
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Figure 3-15.  Increased intestinal permeability induced by MCT. Accumulation of FITC-

dextran in the plasma was measured in SD rats untreated (control) or injected 
with MCT, four weeks after injection. Data are mean ± SEM and were 
assessed by Student t test. *p<0.007 vs control; n=6 animals/group. 
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Figure 3-16.  Oral feeding of Lactobacillus paracasei (LP) prevents MCT-induced 

increases in villus length. H&E staining for visualization of villi/crypts in the 
ileum of the small intestine in MCT-challenged SD rats untreated or fed with 
LP. Control rats were not fed with LP. n=4-5 animals/group and 2-3 
images/animal analyzed. Bracket indicates length of villus (including crypt). 
Data are mean ± SEM and were assessed by 1-way ANOVA followed by 
Tukey’s multiple comparisons test. *p<0.05 vs control. 
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Figure 3-17.  Oral feeding of Lactobacillus paracasei (LP) has no effect on MCT-

induced reduction in goblet cells. H&E staining for visualization of goblet cells 
in the ileum of the small intestine in MCT-challenged SD rats untreated or fed 
with LP. Control rats were not fed with LP. n=4-5 animals/group and 2-3 
images/animal analyzed. Arrow indicates goblet cell. Data are mean ± SEM 
and were assessed by 1-way ANOVA followed by Tukey’s multiple 
comparisons test. *p<0.05 vs control. 
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Figure 3-18.  ACE activity in Lactobacillus paracasei (LP). LP was grown for 6 hrs and 

lysed via 30 min incubation with 10 mg/mL lysozyme at 370C. 30 µg of lysate 
or water (negative control) was incubated with 20 µM fluorogenic substrate for 
35 min. RFU: relative fluorescence units. 

 
 
 

 
Figure 3-19.  ACE2 activity in Lactobacillus paracasei (LP). A) LP was grown for 6 h and 

lysed via 30 min incubation with 10 mg/mL lysozyme at 370C. 30 µg of lysate 
or water (negative control) was incubated with 20 µM fluorogenic substrate. 
B) Ang-(1-7) levels from LP incubated (in triplicate) in the presence or 
absence of 10 mM Ang II for 30 min was measured via ELISA. RFU: relative 
fluorescence units. 
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Table 3-1.  qPCR analysis of Lactobacillus paracasei levels in feces following one time 
oral gavage of L.paracasei in rats 

Time point (h) Low-Dose (fold change ± SEM) High-Dose (fold change ± SEM) 

0 1.21 ± 0.69 1.91 ± 1.41 
3 12.12 ± 8.07 0.74 ± 0.48 
6 8.89 ± 1.88 97.86 ± 93.5 
8 --- 59.36 x 105 ± 34.9 x 104 
15 539.55 ± 266.69 18.74 x 104 ± 16.3 x 103 
19 41.93 50.5 x 103 ± 15.2 x 103 
24  87.7 37.9 x 103 ± 340.62 
48  0.58 ± 0.14 256.85 ± 190.18 
72  4.21 ± 1.91 78.9 ± 61.19 

Low-Dose = 5 x 108 CFU of L.paracasei. High-Dose = 1 x 1010 CFU of L.paracasei., 
SEM: standard error of the mean, CFU: colony forming units. 
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CHAPTER 4 
GENETICALLY MODIFIED LACTOBACILLUS PARACASEI FOR ORAL DELIVERY OF 

ANGIOTENSIN-(1-7) CONFERS PROTECTION AGAINST PULMONARY 
HYPERTENSION 

Introduction 

PH is a vascular disease characterized by loss of luminal cross-section of the 

pulmonary arteries resulting from vasoconstriction, thrombosis, and vessel 

remodeling20. These changes to the pulmonary vasculature increase the load on the 

right ventricle, and have devastating consequences on the heart over time. The 

symptoms of PH such as dyspnea and fatigue are similar to those found in other 

conditions, and as a result, the disease has often progressed before a diagnosis is 

made16. Further, the therapies that currently exist for PH are very limited in scope, with 

a strong emphasis on supportive care. In fact, most existing PH treatments involve 

reducing vasoconstriction, which is only a small component of disease development. 

Consequently, the prognosis for individuals diagnosed with PH is poor, and only 34% of 

those diagnosed with PH survive more than five years post-diagnosis16. Thus, it is 

critical to develop novel targets for treatment of PH. 

In this regard, the importance of the renin-angiotensin system (RAS) in PH and 

associated right heart failure is emerging. Specifically, ACE, Ang II, and AT1R have 

been shown to be involved in development of PH125. However, inhibition of these 

components has not been as beneficial as originally hoped, and in fact, they are 

currently contraindicated in PH patients due to their propensity to cause hypotension. 

The discovery of ACE2, a homolog of ACE, has reimagined the role of the RAS in PH. 

ACE2, expressed in the lungs113, metabolizes Ang II into Ang-(1-7). This reduction in 

Ang II simultaneous with the production of vasoactive Ang-(1-7) allows for concurrent 
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downregulation of deleterious Ang II actions and upregulation of protective Ang-(1-7) 

actions. 

Previous studies have reported that reductions in ACE2 and Ang-(1-7) levels are 

associated with many lung diseases in humans125-127. However, overexpression or 

activation of ACE2 has demonstrated cardiopulmonary effects in animal models. For 

example, lung overexpression of ACE2 or Ang-(1-7) via lentivirus attenuated MCT-

induced heart and lung pathology129,130. This is consistent with data showing rhACE2 to 

be protective against rises in pulmonary arterial pressure131. Further, ACE2 enzymatic 

activation reduced PH pathophysiology via reduction of inflammation and improved 

function of angiogenic progenitor cells133-135. Most recently, our group has engineered 

bioencapsulated ACE2 and Ang-(1-7), in which these proteins are generated within 

plant chloroplasts124. Oral administration of bioencapsulated ACE2 or Ang-(1-7) 

improved structural and functional changes in the lungs and right heart in both 

prevention and reversal studies. This data indicate that oral administration of ACE2 or 

Ang-(1-7) may be successful for treatment of PH. However, there are challenges with 

using plants as a delivery system, including regulatory hurdles, contamination of non-

transgenic crops for consumption by humans, and the potential for genetically-

engineered material to accumulate in animals.  

We propose to use the probiotic bacteria Lactobacillus paracasei as a delivery 

system for ACE2 and Ang-(1-7). Many probiotic strains are already used as dietary 

supplements, and others have demonstrated safety and efficiency in clinical trials. 

Specifically, L. paracasei has shown benefit in reducing symptoms of constipation366, 

atopic dermatitis367, and improvement in antibody response to antigens368. In this 
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regard, others have recently begun to utilize bacteria as vectors for delivery of proteins 

for treatment of cancer369 and inflammatory bowel diseases (de Moreno de LeBlanc- 

26064086), among other clinical applications183,370. 

We have previously shown that administration of the probiotic L. paracasei 

attenuates PH pathology, including a reduction in remodeling of pulmonary arteriole 

walls (Chapter 3). While we found L. paracasei feeding to be beneficial, it did not 

completely reverse the changes induced by MCT. Thus, we believe we can use L. 

paracasei as a starting point for development of an innovative PH therapy. We 

hypothesize that delivery of certain beneficial proteins via L. paracasei would be an 

effective treatment for PH. We propose to use L. paracasei to target the RAS, a system 

known to have effects on the development of PH.  

Methods 

Plasmids and Construction of Recombinant Plasmid 

Ang-(1-7) contained in the plasmid L_SP-mCTB-FC was synthesized by 

Genscript. pTRKH3-ldhGFP (Addgene, plasmid #27170) and pTRKH3-slpGFP 

(Addgene, plasmid #27168) were gifts from Michela Lizier. 

The Ang-(1-7) fragment flanked by Asc1-Sph1 was cloned from L_SP-mCTB-FC 

into the multiple cloning site of the intermediate cloning vector pBS (Addgene). From 

there, Ang-(1-7) was cloned into pTRKH3-ldhGFP or pTRKH3-slpGFP using digestion 

with Sal1-BamH1. The final expression vector included a promoter (LDH: lactose 

dehydrogenase or SLP: surface-layer protein), a Usp45 secretion signal, and cholera 

toxin B fused to Ang-(1-7) separated with a furin cleavage site (Figure 4-1). The 

promoter region was present to drive expression of the construct. The Usp45 is a signal 

peptide that permits the secretion of the construct. The resulting protein is a fusion of 
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cholera toxin B and human Ang-(1-7). The cholera toxin B region allows for uptake of 

the protein into the enterocytes via its binding to the GM1 receptor. It is important to 

note that this subunit B of the cholera toxin is only responsible for binding and has no 

toxic effects. Once taken up into the enterocytes, Ang-(1-7) is released via intracellular 

cleavage by furin, an endoprotease. 

Bacterial Culture and Electroporation  

L. paracasei cells were cultured in MRS broth at 370C for 16 h without shaking. 

Before making cells competent, L. paracasei was cultured in the presence of 0.5 and 

1% glycine to confirm that glycine did not largely inhibit cell growth (Figure 4-2). Next, 

plasmids pTRKH3-ldhGFP, pTRKH3-slpGFP, and pTRKH3-ldh-Ang-(1-7) were used to 

transform L. paracasei (27092, ATCC) using the method proposed by Welker et al.371. 

Briefly, cells were made competent by growth in MRS broth (Thermo Fisher Scientific, 

#DF0881-17-5) supplemented with 1% glycine at 370C without shaking for 6-8 h 

followed by multiple washes with cold sterile water and a final resuspension in 30% 

PEG. Prior to electroporation, cells were treated with cold sterile distilled water for 30 

min and suspended in cold sterile 30% PEG. Plasmid DNA (200 ng/transformation) was 

mixed with 100 µL cells in a sterile 0.2 cm gap electroporation cuvette. Electroporation 

was performed with a Bio-Rad Gene Pulser II electroporation device using the following 

conditions: 25 µF capacitance, 400 Ω, and 12.5 kV/cm. Cells were recovered in 0.5 M 

sucrose in MRS broth for 4 h at 370C and subsequently plated on MRS agar containing 

5 µg/mL erythromycin (Thermo Fisher Scientific, #BP920-25) for overnight incubation. 

Colonies were picked, inoculated in MRS broth with antibiotic, and incubated for 6 h, 

followed by visualization of GFP fluorescence of clones containing pTRKH3-ldh-GFP or 

pTRKH3-slp-GFP at 40X and oil immersion (Figure 4-3) using an Olympus BX41 
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microscope with a digital camera DP71 (Olympus, Center Valley, PA). Visual 

comparison of GFP fluorescence in L. paracasei with pTRKH3-ldh-GFP or pTRKH3-slp-

GFP indicates that LDH is a more robust promoter, thus, for all future experiments, L. 

paracasei with pTRKH3-ldh-GFP [LP-GFP] or L. paracasei with pTRKH3-ldh-Ang-(1-7) 

[LP-Ang-(1-7)] was used. 

Prior to oral feeding, L. paracasei (LP), LP-GFP, and LP-Ang-(1-7) were 

inoculated at 1% in MRS broth at 370C for 16 h without shaking. LP-GFP and LP-Ang-

(1-7) were cultured in MRS broth supplemented with 5 µg/mL erythromycin. Cells were 

centrifuged at 8000 rpm, and pellets were washed with sterile PBS buffer. Cells were 

immediately administered to the animals by oral gavage. 

Measurement of Angiotensin-(1-7)  

This study was performed in collaboration with Dr. Amrisha Verma in Dr. 

Quihong Li’s lab. Two month old C57 male type mice (n=3/group) were orally gavaged 

with 1010 CFU of LP-Ang-(1-7) every day for 5 days or 15 mg of plant Ang-(1-7) every 

other day for five days. After five days, serum was collected and 50 µL sample (in 

duplicate) was then subjected to Ang-(1-7) ELISA (Peninsula Laboratories International, 

#S-1330) as per manufacturer instructions. Briefly, sample was incubated with 

antiserum for 1 h. Subsequently, biotinylated tracer was added for incubation overnight 

followed by mixing with streptavidin-HRP. Ang-(1-7) levels were calculated by 

comparing to a standard curve of tetramethylbenzidine color change at 650 nm 

measured by spectrophotometer (SynergyMx). 

Pulmonary Hypertension Experimental Design 

All animal procedures were approved by the University of Florida Institutional 

Animal Care and Use Committee and complied with the guidelines of the National 



 

149 

Institutes of Health. Rats were housed at 22-230C with a 12:12 hour light-dark cycle and 

free access to rat chow and water. PH was induced in 8 week old Sprague-Dawley (SD) 

rats (Charles Rivers Laboratories) by single subcutaneous injection of monocrotaline 

(MCT, 50 mg/kg, Sigma-Aldrich). Control animals were injected with a similar volume of 

sterile saline. MCT rats were orally gavaged with LP, LP-GFP, or LP-Ang-(1-7) (1x1010 

CFU) every other day beginning one week prior to MCT administration and continuing 

for three weeks following MCT administration. 

Right Ventricular Systolic Pressure Measurement 

RVSP was performed as previously described (Chapter 3). Briefly, animals were 

anesthetized with a subcutaneous injection of ketamine (70 mg/kg)/xylazine (10 

mg/kg)/acepromazine (2.5 mg/kg) mixture, and RVSP was measured by inserting a 

fluid-filled silastic catheter into the RV via the right descending jugular vein. The position 

of the catheter in the RV was confirmed by observing the waveform. Catheter readings 

were relayed to a pressure transducer interfaced with a signal transduction unit 

(PowerLab), and the Chart program supplied with PowerLab was used to obtain RVSP, 

+dP/dt, and –dP/dt.  

Hypertrophy and Histological Analysis 

Organ harvesting and histological analysis was performed as previously 

described (Chapter 3). Briefly, right ventricular hypertrophy (RVH) was calculated by 

measuring the wet weight of the RV and the left ventricle (LV) plus ventricular septum 

(S) and expressing them as the ratio of RV/(LV+S). The RV was then fixed in 10% 

neutral buffered formalin, embedded in paraffin, and stained with picrosirius red in order 

to analyze collagen content. 5-8 separate images were taken from non-overlapping 

regions of the RV, and interstitial fibrosis was quantified for each animal by using 
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ImageJ (National Institutes of Health). These results were then averaged and analyzed 

for significance. To look for lung pathology, the left lung was inflated using PBS followed 

by 10% neutral buffered formalin. Paraffin-embedded lungs were then cut into 4 µm 

thick sections and stained for α-smooth muscle actin (1:600, Sigma-Aldrich; A5228) 

using the Vectastain Elite ABC Kit (Vector Labs; SK-6100), biotinylated anti-mouse IgG 

(rat adsorbed, Vector Labs; BA-2001), and DAB Peroxidase Substrate (Vector Labs; 

SK-4100). To determine pulmonary medial wall thickness, vessels with an external 

diameter <50 µm were measured. Five vessels were measured for each rat (n=4 

rats/group), and the percent medial wall thickness was calculated: % medial wall 

thickness = [(medial thickness x 2)/external diameter] x 100. To evaluate the gut for 

changes in morphology, paraffin-embedded sections of the ileum stained with 

hematoxylin-eosin (H&E) were observed. Villus length was measured from the bottom 

of the crypt to the tip of the villus (n=5 rats/group). Goblet cell number/villus area was 

quantified (n=4-5 rats/group). Images were captured using an Olympus BX41 

microscope with a digital camera DP71 (Olympus, Center Valley, PA), and all 

histological quantification was carried out by a third party unaware of group assignment. 

Real-Time RT-PCR Analysis 

qPCR was performed as previously described (Chapter 3). Total RNA was 

extracted from frozen lung tissue using TRIzol reagent (Life Technologies, #15596-018) 

according to manufacturer instructions. RNA purity was evaluated by 260/280 ratio 

measured with a spectrophotometer. cDNA obtained using 1 µg sample RNA and High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814) was 

amplified by qPCR in a StepOnePlusTM Real-Time PCR System (Applied Biosystems). 

Taqman primers and universal PCR master mix (Applied Biosystems, #4304437) were 
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used to determine gene expression levels of IL-1β (Rn00580432_m1), TGF-β 

(Rn00572010_m1), IL-6 (Rn01410330_m1), and HMGB1 (Rn02377062_g1), ACE 

(Rn00561094_m1), ACE2 (Rn01416297_m1). Data were normalized to GAPDH 

(Rn01775763_g1) cDNA and represented as fold change. All cDNA samples were run 

in duplicate.  

Statistical Analysis 

All data are expressed as mean ± SEM. Number of animals for each experiment 

is indicated in the figure legends. GraphPad Prism 6 was used for all analyses and for 

graph generation. Data were analyzed for outliers using Grubbs’ test, and the remaining 

data were subjected to one-way ANOVA followed by Tukey’s multiple comparisons test, 

with p<0.05 considered statistically significant. 

Results 

Oral Feeding of LP-Ang-(1-7) Attenuates Monocrotaline-Induced Pulmonary 
Hypertension. 

To confirm the ability of LP-Ang-(1-7) to secrete Ang-(1-7), we measured serum 

Ang-(1-7) levels in mice fed one dose of LP-Ang-(1-7). LP-Ang-(1-7) feeding resulted in 

increased serum Ang-(1-7) [0.25 ng/mL in unfed control vs 1.5 ng/mL in LP-Ang-(1-7); 

Figure 4-4]. Feeding of LP-Ang-(1-7) produced serum Ang-(1-7) levels comparable to 

levels detected with feeding of bioencapsulated Ang-(1-7) [Plant-A], which our lab has 

used previously124. 

Our previous studies have suggested that oral administration of L. paracasei (LP) 

is capable of reducing PH pathology. We next tested if feeding PH animals with LP-Ang-

(1-7) would have additional positive effects. Oral gavage of LP, LP-GFP, and LP-Ang-

(1-7) (1 x 1010 CFU) was performed every other day, beginning one week prior to MCT 
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administration and continuing for three weeks after administration (Figure 3-2). MCT-

challenged animals exhibited substantial increases in RVSP (26.6 ± 1.1 mmHg in 

control vs 75.8 ± 3.9 mmHg in MCT, p<0.05, Figure 4-5A) and RV hypertrophy 

[RV/(LV+S), 0.26 ± 0.01 in control vs 0.61 ± 0.03 in MCT, p<0.05, Figure 4-5B] in 

comparison to controls. Oral feeding of LP reduced the MCT-induced increases in 

RVSP (26%) and RVH (20%), but both parameters remained significantly different from 

controls. However, oral administration of LP-Ang-(1-7) resulted in profound reductions in 

RVSP and RVH (43% and 33%, respectively) to levels similar to those of controls.  

MCT animals also exhibited negative changes in cardiac contractility, namely 

elevated +dP/dt (2070.3 ± 87.3 mmHg/s in control vs 3133.5 ± 268.9 mmHg/s in MCT, 

p<0.05, Figure 4-6A) and decreased –dP/dt (-1390.5 ± 41.7 mmHg/s in control vs          

-2685.8 ± 146.1 mmHg/s in MCT, p<0.05, Figure 4-6B). LP had minimal effects on 

+dP/dt (11% reduction) and virtually no change in –dP/dt. However, administration of 

LP-Ang-(1-7) restored +dP/dt to control levels (Control: 2070 ± 95 mmHg/s; LP-A: 2060 

± 119 mmHg/s) and improved –dP/dt by 21%.  

PH is associated with structural changes in the heart and lungs. MCT animals 

exhibited a 159% increase in RV fibrosis (4.47 ± 0.4% area in control vs 11.57 ± 0.6% 

area in MCT; Figure 4-7) and 29% increase in pulmonary vessel wall thickness (11.3 ± 

0.7% wall thickness in control vs 14.65 ± 0.9% wall thickness in MCT; Figure 4-8). In 

contrast, oral feeding of LP and LP-Ang-(1-7) to MCT animals prevented both MCT-

induced cardiac fibrosis and increased vessel wall thickness. LP-Ang-(1-7) had more 

profound effects on vessel wall thickness than did feeding of LP alone. 
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Oral Feeding of LP-Ang-(1-7) Is Associated with Alterations in Proinflammatory 
Cytokines and the Renin-Angiotensin System. 

We previously established that LP feeding causes a reduction in the 

inflammatory status of the lungs (Chapter 3). Thus, we tested if feeding of LP-Ang-(1-7) 

would have additional effects on proinflammatory cytokines. As seen previously, 

analysis of proinflammatory cytokines in the lungs revealed enhanced inflammatory 

status in MCT animals, namely increased gene expression of IL-1β (0.87 ± 0.1 fold 

change in control vs 25.1 ± 17.7 fold change in MCT; p<0.05; Figure 4-9A), HMGB1 

(1.03 ± 0.1 fold change in control vs 97.5 ± 77.9 fold change in MCT; p<0.05; Figure 4-

9B), TGF-β (0.99 ± 0.07 fold change in control vs 462.5 ± 431.5 fold change in MCT; 

p<0.05; Figure 4-9C), and IL-6 (1.05 ± 0.3 fold change in control vs 17.4 ± 4.9 fold 

change in MCT; p<0.05; Figure 4-9D). As expected, administration of LP and LP-Ang-

(1-7) prevented MCT-induced elevations in IL-1β, HMGB1, and TGF-β, but had no 

effect on IL-6.  

Previous work provides evidence of RAS imbalance in PH, and we believe that 

restoring this balance would be beneficial for PH. Therefore, we were interested in 

testing whether feeding of LP-Ang-(1-7) to the body would change expression of RAS 

components. Analysis of RAS in the lung demonstrated that MCT did not induce any 

differences in levels of RAS enzymes, ACE and ACE2 (Figure 4-10). Oral administration 

of LP and LP-Ang-(1-7) significantly reduced ACE levels in comparison to controls. 

While not significant, feeding of LP-Ang-(1-7) showed a trend toward 6 fold greater 

levels of ACE2. When looking at the ACE2/ACE ratio, LP and LP-Ang-(1-7) feeding 

trended toward a higher ACE2/ACE ratio, although it was non-significant. It is worth 
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noting that, despite its insignificance, feeding with LP-GFP did produce trends in ACE 

expression that were different than feeding of LP alone. 

LP-Ang-(1-7) Prevents Monocrotaline-Induced Gut Pathology  

Mounting evidence supports a role for the gut microbiota and intestinal epithelium 

in maintaining body homeostasis. We previously showed that MCT induces changes in 

the intestinal epithelial cell layer, namely increased villus length and decreased goblet 

cell number (Figure 3-17), both indicative of intestinal inflammation. We assessed these 

parameters in the current study and observed LP feeding slightly reduced villus length 

(Figure 4-11), but did not improve goblet cell number (Figure 4-12). However, feeding 

with LP-Ang-(1-7) restored the villus to control lengths and completely prevented the 

MCT-induced loss of goblet cells.  

Discussion 

The major findings of this study are: 1) Oral administration of LP-Ang-(1-7) is 

more effective at attenuating MCT-induced pathophysiology than feeding of LP alone; 2) 

LP-Ang-(1-7) may modulate RAS levels in the lung; 3) Oral feeding of LP-Ang-(1-7) has 

profound effects on prevention of MCT-induced gut inflammation. Collectively, these 

findings suggest that LP-Ang-(1-7) provides enhanced cardiopulmonary protection 

against PH via synergistic effects of L. paracasei and Ang-(1-7). 

We propose that L. paracasei and Ang-(1-7) act via separate mechanisms, but 

the sum of their actions has important consequences for inhibition of processes that 

would otherwise potentiate the progression of PH. Comparison of which parameters 

were similar in LP- and LP-Ang-(1-7)-fed animals can be helpful in delineating which 

effects are a result of L. paracasei actions and which may be a consequence of Ang-(1-

7). Administration of LP-Ang-(1-7) was not different from LP feeding in terms of cardiac 
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fibrosis and lung inflammation, indicating that L. paracasei is likely the driver behind 

those reductions. On the other hand, LP-Ang-(1-7) feeding showed greater 

improvements in inhibition of vascular remodeling and gut inflammation, as well as 

increased ACE2 expression in the lung, suggesting that Ang-(1-7) contributes through 

these processes. However, the mechanisms underlying these beneficial effects are 

unknown. We have previously discussed the ways in which L. paracasei feeding may be 

beneficial to PH (Chapter 3), including production of bioactive peptides, improvement in 

the intestinal epithelial barrier, and modulation of immunity.  Here, we hypothesize that 

the benefits of Ang-(1-7) likely are attributed to the actions of circulating Ang-(1-7), Ang-

(1-7) in the gut, or both. First, Wang et al.225 determined that circulating rather than 

cardiac Ang-(1-7) provided cardioprotection after MI. This study ascribed the benefits of 

circulating Ang-(1-7) to proliferation of EPCs and stimulation of cardiac progenitor cells, 

but could also partly be a result of Ang-(1-7) anti-fibrotic and anti-hypertrophic actions. 

Indeed, we observed here that animals fed LP-Ang-(1-7) exhibited elevated plasma 

Ang-(1-7) levels, consistent with a systemic role for Ang-(1-7). Moreover, oral 

administration of LP-Ang-(1-7) also increased ACE2 levels in the lung, adding to 

evidence that Ang-(1-7) may regulate ACE2 expression372. This elevated ACE2 

contributed to an increase in ACE2/ACE ratio, which implies that the RAS has been 

shifted toward vasoprotection. Interestingly, this enhanced expression of ACE2 in the 

lung is not accompanied by increased ACE2 activity (data not shown). Second, the 

benefits of LP-Ang-(1-7) feeding may be partially a consequence of Ang-(1-7) actions in 

the gut. We observed that LP-Ang-(1-7) administration caused profound reduction in gut 

inflammation, and thus, an improvement in intestinal epithelial health. These effects are 
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far greater than any seen with feeding of LP alone. Thus, these data indicate that the 

benefits of Ang-(1-7), at least in part, are a result of actions on the gut.  

The question then becomes: how does improvement of gut inflammatory status 

affect PH pathology? First, Ang-(1-7) could have direct anti-inflammatory or anti-

proliferative actions on the gut. Khajah et al. observed amelioration of intestinal 

inflammation following daily injections of Ang-(1-7)373, in part through down-regulation of 

colonic Ang II expression. On the other hand, Ang-(1-7) may be acting through 

regulation of ACE2 expression in the gut. ACE2 is very highly expressed in the small 

intestine374 on the luminal surface of the IECs and has both enzymatic (traditional) and 

non-enzymatic roles. Upregulation of ACE2 could lead to further production of Ang-(1-7) 

via its enzymatic activity, which in itself could be beneficial. Alternately, upregulation of 

ACE2 could enhance the function of non-enzymatic ACE2 as an amino acid transporter. 

The non-enzymatic functions of ACE2 have been shown to be crucial for preventing 

intestinal inflammation and maintaining a healthy microbiome via production of 

antimicrobial peptides375. Thus, increased levels of gut ACE2 could restore gut 

microbiota and in turn, reduce systemic inflammation that contributes to vascular 

remodeling and progression of PH. Interestingly, one study using Ang-(1-7) injection 

revealed a reduction in RVSP with minimal reduction in pulmonary arteriole wall 

thickness136. This supports the idea that the extra benefits of LP-Ang-(1-7) versus LP for 

reduction of pulmonary artery wall thickness may be attributed to the actions of Ang-(1-

7) on the gut rather than circulating Ang-(1-7). 

The utility of Ang-(1-7) expression in a probiotic as a novel therapy for PH only 

exists if its treatment provides comparable or enhanced results when compared to other 
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Ang-(1-7) therapies. A side-by-side comparison of the current study and our previous 

studies with bioencapsulated Ang-(1-7) and ACE2 activation by DIZE indicates that oral 

administration of LP-Ang-(1-7) is equally beneficial in terms of reduction of RVSP and 

RVH. This comparison, though useful for general purposes, does have caveats. For 

one, these treatments were not performed simultaneously, and therefore cannot be 

concluded with certainty due to potential differences in animals, batch of MCT, etc. 

Additionally, the animals fed with LP-Ang-(1-7) were euthanized three weeks after MCT 

injection, whereas animals from the other two studies were euthanized four weeks after 

MCT injection. It is possible that the effectiveness of LP-Ang-(1-7) would be different 

given further advancement of the disease.  

The results of this experiment are exciting, but certainly have limitations. For LP-

Ang-(1-7) to continue to be a viable option for PH therapy, a number of issues need to 

be addressed. As previously mentioned, it is necessary to compare LP-Ang-(1-7) 

administration directly to feeding of bioencapsulated Ang-(1-7) to determine if it has 

equal or enhanced benefit. Moreover, in terms of pulmonary vessel remodeling, LP-

GFP behaved similarly to LP-Ang-(1-7) instead of LP. This indicates that we need to 

confirm that the positive effects seen in this parameter are a consequence of Ang-(1-7) 

rather than off-target effects of the expression vector. Lastly, this study should be 

repeated with a Mas inhibitor to elucidate which effects result from L. paracasei and 

which are derived from Ang-(1-7). Finally, for this study to be truly translatable, L. 

paracasei needs to constitutively express Ang-(1-7). This should likely be done using 

CRISPR technology. Regardless, the current study serves as a proof-of-concept that 

probiotics may provide a low-cost means of delivering beneficial peptides. Specifically, 
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we have demonstrated that genetically modified L. paracasei expressing Ang-(1-7) may 

prove to be an effective therapy for cardiopulmonary disease. 
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Figure 4-1.  Ang-(1-7) expression construct. LDH: lactose dehydrogenase; CTB: cholera 

toxin B. 

 
 
 
 
 
 
 
 

               
Figure 4-2.  Growth curves for Lactobacillus paracasei in the presence of glycine. L. 

paracasei was grown in MRS broth in the presence of 0.5% and 1% glycine 
without shaking at 370C, and OD 600 was taken every 30 min. 
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Figure 4-3.  Comparison of lactate dehydrogenase (ldh) and surface (S)-layer protein 

(slp) promoters to drive expression of GFP in Lactobacillus paracasei. L. 
paracasei was electroporated with pTRKH3-ldh-GFP or pTRKH3-slp-GFP 
and plated on MRS media supplemented with 5 µg/mL erythromycin. 
Colonies from each plate were grown in MRS broth (5 µg/mL erythromycin) 
for 6 hrs at 370C without shaking, followed by screening for GFP fluorescence 
at 40x and oil immersion. 
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Figure 4-4.  Comparison of serum Ang-(1-7) levels in mice fed with Lactobacillus 

paracasei-Ang-(1-7) [LP-A] or bioencapsulated Ang-(1-7) [Plant-A]. Oral 
feeding of increases levels of serum Ang-(1-7). Mice (n=3) were fed one dose 
of LP-A or Plant-A, and serum was collected five days later. LP-A induces 
similar levels of Ang-(1-7) in the serum as Plant-A. Experiment was 
performed by Dr. Amrisha Verma in Dr. Quihong Li’s lab.  
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Figure 4-5.  Oral feeding of Lactobacillus paracasei-Ang-(1-7) [LP-A] attenuates MCT-

induced pulmonary hypertension. A) Right ventricular systolic pressure 
(RVSP) of MCT-challenged SD rats untreated or fed with L. paracasei [LP], 
LP-GFP [LP-G], or LP-A. Control rats were untreated. B) Measurement of RV 
hypertrophy, calculated as the ratio of RV weight to left ventricle (LV) plus 
interventricular septum weight [RV/(LV+S)]. Data are mean ± SEM and were 
assessed by 1-way ANOVA followed by Tukey’s multiple comparisons test. 
*p<0.05 vs control; #p<0.05 vs MCT. n=6-8 animals/group.  

 
Figure 4-6.  Oral feeding of Lactobacillus paracasei-Ang-(1-7) [LP-A] attenuates MCT-

induced changes in cardiac function. Measurement of C) +dP/dt and D) -dP/dt 
of MCT-challenged SD rats untreated or fed with L. paracasei [LP], LP-GFP 
[LP-G], or LP-A. Control rats were untreated. Data are mean ± SEM and were 
assessed by 1-way ANOVA followed by Tukey’s multiple comparisons test. 
*p<0.05 vs control; #p<0.05 vs MCT. n=6-8 animals/group.  
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Figure 4-7.  Oral feeding of Lactobacillus paracasei [LP] or LP-Ang-(1-7) [LP-A] protects 

against MCT-induced cardiac fibrosis. Deposition of interstitial collagen in the 
right ventricle and quantification of % fibrotic area in MCT-challenged SD rats 
untreated or fed with LP, LP-GFP [LP-G], or LP-A. Control rats were 
untreated. n=3-6 animals/group and 6-12 images/animal analyzed. Data are 
mean ± SEM and were assessed by 1-way ANOVA followed by Tukey’s 
multiple comparisons test. *p<0.05 vs control; #p<0.05 vs MCT. 
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Figure 4-8.  Oral feeding of Lactobacillus paracasei -Ang-(1-7) [LP-A] protects against 

MCT-induced pulmonary vascular remodeling. Medial wall thickness of 
pulmonary arterioles (<50 µm) as measured by staining for α-smooth muscle 
actin in MCT-challenged SD rats untreated or fed with LP, LP-GFP [LP-G], or 
LP-A. Control rats were untreated. n=4 animals/group and 5 vessels/animal 
analyzed. Data are mean ± SEM and were assessed by 1-way ANOVA 
followed by Tukey’s multiple comparisons test. *p<0.05 vs control; #p<0.05 vs 
MCT. 

 
 
 
 
 
 
 
 



 

165 

 
 
 
 

 
Figure 4-9.  Effects of oral feeding of Lactobacillus paracasei [LP] or LP-Ang-(1-7) [LP-

A] on MCT-induced increases in proinflammatory cytokines. Relative change 
in mRNA levels of lung proinflammatory cytokines in MCT-challenged SD rats 
untreated or fed with LP, LP-GFP [LP-G], or LP-A. Control rats were 
untreated. A) interleukin (IL)-1β, B) transforming growth factor (TGF)-β, C) 
high mobility group box 1 (HMGB1), and D) IL-6. dCt values were assessed 
for significance by 1-way ANOVA followed by Tukey’s multiple comparisons 
test. Data are mean fold change ± SEM. *p<0.05 vs control. n=5-9 
animals/group. 
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Figure 4-10.  Effects of oral feeding of Lactobacillus paracasei [LP] or LP-Ang-(1-7) [LP-

A] on RAS components in MCT-challenged animals. Relative change in 
mRNA levels of RAS in the lung in MCT-challenged SD rats untreated or fed 
with LP, LP-GFP [LP-G], or LP-A. Control rats were untreated. A) ACE, B) 
ACE2, C) ACE2/ACE ratio. dCt values were assessed for significance by 1-
way ANOVA followed by Tukey’s multiple comparisons test. Data are mean 
fold change ± SEM. *p<0.05 vs control. n=5-9 animals/group. 
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Figure 4-11.  Oral feeding of Lactobacillus paracasei-Ang-(1-7) [LP-A] reduces MCT-

induced changes in villus length. H&E staining for visualization of villus in the 
ileum in MCT-challenged SD rats untreated or fed with L. paracasei [LP], LP-
GFP [LP-G], or LP-A. Control rats were untreated. n=4-5 animals/group and 
2-3 images/animal analyzed. Bar indicates length of villus (including crypt). 
Data are mean ± SEM and were assessed by 1-way ANOVA followed by 
Tukey’s multiple comparisons test. *p<0.05 vs control; #p<0.05 vs MCT. 
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Figure 4-12.  Oral feeding of Lactobacillus paracasei-Ang-(1-7) [LP-A] restores goblet 

cell number in MCT-challenged animals. H&E staining for visualization of 
goblet cells in the ileum of the small intestine of MCT-challenged SD rats 
untreated or fed with L. paracasei [LP], LP-GFP [LP-G], or LP-A. Control rats 
were untreated. n=4-5 animals/group and 2-3 images/animal analyzed. 
Arrows indicate goblet cells. Data are mean ± SEM and were assessed by 1-
way ANOVA followed by Tukey’s multiple comparisons test. *p<0.05 vs 
control; #p<0.05 vs MCT. 
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Figure 4-13.  Comparison of Ang-(1-7) treatments on MCT-induced PH. We compared 

right ventricular systolic pressure (RVSP) and right ventricular hypertrophy 
(RVH) in our current study Lactobacillus paracasei –Ang-(1-7) [LP-Ang-(1-7)] 
and previous studies of bioencapsulated Ang-(1-7) [Plant Ang-(1-7)] and 
ACE2 activation by diminazene aceturate [DIZE]. The difference between 
MCT and MCT + treatment was calculated from mean data recorded by each 
study. 
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CHAPTER 5 
CONCLUSIONS 

This project investigated the contributions of the RAS and gut microbiota to 

cardiopulmonary disease as well as the potential of each to be a target for future 

therapies. Specifically, we tested the following hypotheses: 1) In HF patients, imbalance 

in the RAS contributes to the dysfunction of EPCs, which can be restored by 

overexpression of the vasoprotective RAS; 2) Oral feeding of the probiotic bacterial 

strain Lactobacillus paracasei protects against development of PH pathology; 3) Oral 

administration of L. paracasei overexpressing Ang-(1-7) attenuates pathophysiology of 

PH.  

In Chapter 2, we observed that HF patients have reduced number and function of 

CD34+ cells. For example, CD34+ cells from HF patients exhibited impaired ability to 

differentiate, migrate, and produce NO, while simultaneously displaying enhanced 

generation of damaging ROS. Analysis of mRNA expression in CD34+ cells indicates 

that their dysfunction may be a result of imbalanced RAS components. Therefore, 

incubation of CD34+ cells with Ang-(1-7) improved migration, NO bioavailability, and 

ROS generation. This data indicate that targeting the vasoprotective RAS in CD34+ cells 

may be a means of restoring their function prior to autologous stem cell transfer, 

thereby enhancing their in vivo repair capabilities. In addition, the beneficial effects of 

Ang-(1-7) on progenitor cells may occur via acetylation of histone H3 or alteration in 

protein expression. Specifically, our data suggest that Ang-(1-7) may have effects on 

proteins in signaling pathways such as EIF2, adherens junctions, or caveolar-mediated 

endocytosis. Further investigation into these pathways is necessary before meaningful 

conclusions can be made. 
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In Chapter 3, we fed MCT-challenged rats with L. paracasei, a probiotic bacterial 

strain. We observed a significant increase in blood pressure in MCT animals, along with 

other PH pathology, including increased pulmonary arterial wall thickness, altered 

ventricular contractility, and increased lung inflammation. Administration of L. paracasei 

attenuated all of these parameters, except that it did not reduce IL-6 mRNA in the lung. 

We also discovered a substantial gut pathology that was present in MCT animals. For 

example, MCT animals exhibited a slight increase in villus length, along with a severe 

decline in the number of mucus-secreting goblet cells. These changes in the gut were 

associated with alterations in the gut microbiota. MCT animals displayed a reduction in 

the Bacteroides genera and a significant decrease in two species of Ruminococcus. 

Whereas we speculated on how these changes may affect the intestinal composition, 

more study is required before we can fully understand their functional implications. 

Nonetheless, our study demonstrated that oral administration of the probiotic L. 

paracasei has benefits to PH pathophysiology, and as such, may be useful as a therapy 

for PH. 

In Chapter 4, MCT animals were orally administered L. paracasei expressing 

Ang-(1-7) [LP-Ang-(1-7)]. This overexpression of Ang-(1-7) significantly attenuated 

MCT-induced changes in heart structure and function. In addition, LP-Ang-(1-7) 

prevented the increase in pulmonary artery wall thickness. Like feeding of L. paracasei 

alone (Chapter 3), LP-Ang-(1-7) reduced the lung inflammatory status, with the 

exception of IL-6. This was accompanied by significant reductions in lung ACE mRNA 

expression by both LP and LP-Ang-(1-7), and a trend to increased ACE2 mRNA 

expression, suggesting the involvement of the RAS in their beneficial mechanisms. 
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Further, the gut pathology induced by MCT was significantly reversed by treatment with 

LP-Ang-(1-7), but not with L. paracasei alone, implying that Ang-(1-7) has significant 

effects on the gut. This study serves as a proof of concept that modulation of the RAS 

via probiotic bacteria could be a novel therapeutic for treatment of PH.  

Together, this dissertation demonstrates an important role for the vasoprotective 

RAS axis as a therapy for cardiopulmonary disease. Additionally, we have shown 

evidence that the gut is involved in the disease process; whether it is a cause or 

consequence is a question that remains to be studied. Regardless, a two-pronged 

approach for treatment of cardiopulmonary disease, in which the gut microbiota and 

RAS are targeted simultaneously, provides promise for the future of therapy for 

cardiopulmonary diseases. 
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APPENDIX: ANG-(1-7)-INDUCED ALTERATIONS IN PROTEIN EXPRESSION IN 
HUMAN CARDIAC PROGENITOR CELLS 

Table A-1.  Proteins downregulated ≥ -1.5 and < -3 fold after Ang-(1-7) treatment of 
hCPCs. 

Uniprot Gene Name Fold Change Protein Name 

O95260 ATE1 -1.522 Arginyl-tRNA--protein transferase 1 

O00622 CYR61 -1.684 Protein CYR61 

P40227 CCT6A -1.749 T-complex protein 1 subunit zeta  

P01008 SERPINC1 -1.749 Antithrombin-III  

Q9UP95 SLC12A4 -1.762 Solute carrier family 12 member 4 

P36955 SERPINF1 -1.769 Pigment epithelium-derived factor  

P01023 A2M -1.775 Alpha-2-macroglobulin  

P02790 HPX -1.809 Hemopexin  

P02787 TF -1.816 Serotransferrin  

P10809 HSPD1 -1.838 60 kDa heat shock protein, mitochondrial  

P35613 BSG -1.876 Basigin  

P25705 ATP5A1 -1.891 T-complex protein 1 subunit theta  

O75962 TRIO -1.954 Triple functional domain protein  

Q9H6D7 HAUS4 -2.006 HAUS augmin-like complex subunit 4  

O15392 BIRC5 -2.119 Baculoviral IAP repeat-containing protein 5 

Q9UBF2 COPG2 -2.158 Coatomer subunit gamma-2  

Q9UJ99 CDH22 -2.190 Cadherin-22  

Q8NHQ9 DDX55 -2.265 ATP-dependent RNA helicase DDX55  

Q8NI35 PATJ -2.302 InaD-like protein  

L0R547 SLC35A5 -2.308 Alternative protein SLC35A5  

P02765 AHSG -2.387 Alpha-2-HS-glycoprotein 

Q96KP4 CNDP2 -2.401 Cytosolic non-specific dipeptidase  

P12110 COL6A2 -2.402 Collagen alpha-2(VI) chain  

Q562W8 ACT -2.428 Actin-like protein 

P14209 CD99 -2.435 CD99 antigen  

Q9NRW4 DUSP22 -2.437 Dual specificity protein phosphatase 22  

P58107 EPPK1 -2.476 Epiplakin  

P0CJ79 ZNF888 -2.529 Zinc finger protein 888  

Q9NXS3 KLHL28 -2.565 Kelch-like protein 28  

O75170 PPP6R2 -2.571 Serine/threonine-protein phosphatase 6 
regulatory subunit 2  

Q9UJX2 CDC23 -2.704 Cell division cycle protein 23 homolog  

F5H2P7 ZNF26 -2.743 Zinc finger protein 26 

P14867 GABRA1 -2.834 Gamma-aminobutyric acid receptor subunit 
alpha-1  



 

174 

Table A-2.  Proteins upregulated ≥ 1.5 and < 3 fold after Ang-(1-7) treatment of hCPCs. 

UniProt Gene Name Fold Change Protein Name 

P50991 CCT4 2.995 T-complex protein 1 subunit delta  

P04179 SOD2 2.983 Superoxide dismutase [Mn], 
mitochondrial  

P07437 TUBB 2.951 Tubulin beta chain 

O43242 PSMD3 2.942 26S proteasome non-ATPase 
regulatory subunit 3 

P02795 MT2A 2.940 Metallothionein-2 

P62917 RPL8 2.922 60S ribosomal protein L8  

P50990 CCT8 2.912 T-complex protein 1 subunit theta  

P00441 SOD1 2.906 Superoxide dismutase 

P14174 MIF 2.900 Macrophage migration inhibitory factor  

O43747 AP1G1 2.893 AP-1 complex subunit gamma-1 

P31946 YWHAB 2.893 14-3-3 protein beta/alpha 

P61981 YWHAG 2.893 14-3-3 protein gamma  

P16298 PPP3CB 2.889 Serine/threonine-protein phosphatase 
2B catalytic subunit beta isoform 

Q04446 GBE1 2.867 1,4-alpha-glucan-branching enzyme 

Q9C037 TRIM4 2.860 E3 ubiquitin-protein ligase TRIM4 

Q16654 PDK4 2.840 [Pyruvate dehydrogenase (acetyl-
transferring)] kinase isozyme 4, 
mitochondrial 

P07996 THBS1 2.835 Thrombospondin-1 

Q12768 KIAA0196 2.828 WASH complex subunit strumpellin 

Q9UBQ0 VPS29 2.823 Vacuolar protein sorting-associated 
protein 29 

P62158 CALM1 2.815 Calmodulin 

Q9NY33 DPP3 2.799 Dipeptidyl peptidase 3 

Q15293 RCN1 2.794 Reticulocalbin-1 

Q562R4 ACT 2.793 Actin-like protein 

Q9GZT9 EGLN1 2.790 Egl nine homolog 1 

P10644 PRKAR1A 2.784 cAMP-dependent protein kinase type I-
alpha regulatory subunit 

Q9UJU6 DBNL 2.784 Debrin-like protein 

Q15370 ELOB 2.783 Elongin-B 

Q01518 CAP1 2.783 Adenylyl cyclase-associated protein 1 

O60522 TDRD6 2.769 Tudor domain-containing protein 6 

P07237 P4HB 2.767 Protein disulfide-isomerase 

H0Y3Z3 P4HB 2.767 Protein disulfide-isomerase 

P63261 ACTG1 2.750 Actin, cytoplasmic 2 

Q562R1 ACTBL2 2.750 Beta-actin-like protein 2 
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Table A-2.  Continued 

UniProt Gene Name Fold Change Protein Name 

A0AVT1 UBA6 2.747 Ubiquitin-like modifier-activating 
enzyme 6 

P62873 GNB1 2.744 Guanine nucleotide-binding protein 
G(I)/G(S)/G(T) subunit beta-1 

Q16881 TXNRD1 2.712 Thioredoxin reductase 1, cytoplasmic 

P23588 EIF4B 2.711 Eukaryotic translation initiation factor 4B 

Q02809 PLOD1 2.710 Procollagen-lysine,2-oxoglutarate 5-
dioxygenase 1 

P26641 EEF1G 2.707 Elongation factor 1-gamma 

Q6S8J3 POTEE 2.703 POTE ankyrin domain family member E 

P09651 HNRNPA1 2.702 Heterogeneous nuclear 
ribonucleoprotein A1 

Q15008 PSMD6 2.697 26S proteasome non-ATPase 
regulatory subunit 6 

P11717 IGF2R 2.689 Cation-independent mannose-6-
phosphate receptor 

Q12841 FSTL1 2.677 Follistatin-related protein 1 

P36507 MAP2K2 2.676 Dual specificity mitogen-activated 
protein kinase kinase 2 

Q12884 FAP 2.657 Prolyl endopeptidase FAP 

P62269 RPS18 2.653 40S ribosomal protein S18 

P09622 DLD 2.648 Dihydrolipoyl dehydrogenase, 
mitochondrial 

P13645 KRT10 2.641 Keratin, type I cytoskeletal 10 

P26038 MSN 2.636 Moesin 

Q9Y4K0 LOXL2 2.624 Lysyl oxidase homolog 2 

Q16658 FSCN1 2.594 Fascin 

P46777 RPL5 2.594 60S ribosomal protein L5 

Q16891 IMMT 2.594 MICOS complex subunit MIC60 

P04844 RPN2 2.592 Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase subunit 2 

Q53GG5 PDLIM3 2.584 PDZ and LIM domain protein 3 

P68371 TUBB4B 2.577 Tubulin beta-4B chain 

Q8N6N5 TUBB2C 2.577 Tubulin beta chain 

Q13509 TUBB3 2.577 Tubulin beta-3 chain 

P04350 TUBB4A 2.577 Tubulin beta -4a chain 

Q2NKY5 TUBB6 2.577 Tubulin beta chain 

Q9BUF5 TUBB6 2.577 Tubulin beta-6 chain 

P04075 ALDOA 2.573 Fructose-bisphosphate aldolase A 

P19367 HK1 2.573 Hexokinase-1 

Q14527 HLTF 2.566 Helicase-like transcription factor 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

Q9Y6G9 DYNC1LI1 2.552 Cytoplasmic dynein 1 light intermediate 
chain 1 

O00154 ACOT7 2.551 Cytosolic acyl coenzyme A thioester 
hydrolase 

P07195 LDHB 2.543 L-lactate dehydrogenase B chain 

P40926 MDH2 2.538 Malate dehydrogenase, mitochondrial 

P55290 CDH13 2.538 Cadherin-13 

Q9Y4L1 HYOU1 2.537 Hypoxia up-regulated protein 1 

Q9UHD8 SEPT9 2.535 Septin-9 

Q13813 SPTAN1 2.532 Spectrin alpha chain, non-erythrocytic 1 

P08648 ITGA5 2.529 Integrin alpha-5 

Q00610 CLTC 2.526 Clathrin heavy chain 1 

Q8WV99 ZFAND2B 2.521 AN1-type zinc finger protein 2B 

Q8NBS9 TXNDC5 2.519 Thioredoxin domain-containing protein 5 

P41252 IARS 2.514 Isoleucine--tRNA ligase, cytoplasmic 

Q9UN86 G3BP2 2.511 Ras GTPase-activating protein-binding 
protein 2 

P17812 CTPS1 2.510 CTP synthase 1 

P35580 MYH10 2.510 Myosin-10 

P37802 TAGLN2 2.506 Transgelin-2 

Q9C0A0 CNTNAP4 2.496 Contactin-associated protein-like 4 

P35247 SFTPD 2.495 Pulmonary surfactant-associated 
protein D 

Q6PIU2 NCEH1 2.495 Neutral cholesterol ester hydrolase 1 

Q9Y678 COPG1 2.489 Coatomer subunit gamma-1 

P68363 TUBA1B 2.488 Tubulin alpha-1B chain 

P54136 RARS 2.479 Arginine-tRNA ligase, cytoplasmic 

P11142 HSPA8 2.478 Heat shock cognate 71 kDa protein 

Q14192 FHL2 2.474 Four and a half LIM domains protein 2 

C9J634 PDHB 2.471 Pyruvate dehydrogenase E1 component 
subunit beta, mitochondrial 

Q15942 ZYX 2.468 Zyxin 

Q07955 SRSF1 2.464 Serine/arginine-rich splicing factor 1 

Q5VT97 SYDE2 2.453 Rho GTPase-activating protein SYDE2 

P69849 NOMO3 2.451 Nodal modulator 3 

P42566 EPS15 2.449 Epidermal growth factor receptor 
substrate 15 

E7ERH1 TNS1 2.445 Tensin-1 

P30101 PDIA3 2.442 Protein disulfide-isomerase A3 

P58743 SLC26A5 2.427 Prestin 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

P21796 VDAC1 2.426 Voltage-dependent anion-selective 
channel protein 1 

P45880 VDAC2 2.426 Voltage-dependent anion-selective 
channel protein 2 

O15511 ARPC5 2.421 Actin-related protein 2/3 complex 
subunit 5 

Q86TE4 LUZP2 2.415 Leucine zipper protein 2 

Q9BRA2 TXNDC17 2.403 Thioredoxin domain-containing protein 
17 

P28066 PSMA5 2.401 Proteasome subunit alpha type-5 

P52907 CAPZA1 2.401 F-actin-capping protein subunit alpha-1 

P54577 YARS 2.395 Tyrosine--tRNA ligase, cytoplasmic 

P61160 ACTR2 2.392 Actin-related protein 2 

Q8WUP2 FBLIM1 2.390 Filamin-binding LIM protein 1 

P39656 DDOST 2.390 Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase 48 kDa 
subunit 

H7BZ51 GTF3A 2.378 Transcription factor IIIA 

Q5VU43 PDE4DIP 2.378 Myomegalin 

P78371 CCT2 2.377 T-complex protein 1 subunit beta 

Q9Y3B3 TMED7 2.376 Transmembrane emp24 domain-
containing protein 7 

P62424 RPL7A 2.373 60S ribosomal protein L7a 

P20810 CAST 2.367 Calpastatin 

P35749 MYH11 2.367 Myosin-11 

P33176 KIF5B 2.362 Kinesin-1 heavy chain 

Q92890 UFD1L 2.362 Ubiquitin fusion degradation protein 1 
homolog 

P16070 CD44 2.361 CD44 antigen 

O95782 AP2A1 2.359 AP-2 complex subunit alpha-1 

P16615 ATP2A2 2.357 Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 2 

Q99733 NAP1L4 2.354 Nucleosome assembly protein 1-like 4 

Q9HCM3 KIAA1549 2.351 UPF0606 protein KIAA1549 

P98082 DAB2 2.345 Disabled homolog 2 

P09972 ALDOC 2.340 Fructose-bisphosphate aldolase C 

Q8WZ42 TTN 2.337 Titin 

O15427 SLC16A3 2.335 Monocarboxylate transporter 4 

P06748 NPM1 2.332 Nucleophosmin 

P20073 ANXA7 2.330 Annexin A7 

P00387 CYB5R3 2.325 NADH-cytochrome b5 reductase 3 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

Q9UHB6 LIMA1 2.320 LIM domain and actin-binding protein 1 

O60664 PLIN3 2.316 Perilipin-3 

O43776 NARS 2.313 Asparagine--tRNA ligase, cytoplasmic 

Q14204 DYNC1H1 2.308 Cytoplasmic dynein 1 heavy chain 1 

P38606 ATP6V1A 2.304 V-type proton ATPase catalytic subunit 
A 

Q8IVF2 AHNAK2 2.298 Protein AHNAK2 

P21589 NT5E 2.285 5'-nucleotidase 

P14678 SNRPB 2.283 Small nuclear ribonucleoprotein-
associated proteins B and B' 

P05023 ATP1A1 2.281 Sodium/potassium-transporting ATPase 
subunit alpha-1 

Q9NVA2 SEPT11 2.280 Septin-11 

P55786 NPEPPS 2.280 Puromycin-sensitive aminopeptidase 

Q15436 SEC23A 2.275 Protein transport protein Sec23A 

D3DTX7 COL1A1 2.272 Collagen, type I, alpha 1, isoform 
CRA_a 

P62070 RRAS2 2.267 Ras-related protein R-Ras2 

Q13740 ALCAM 2.265 CD166 antigen 

P31930 UQCRC1 2.263 Cytochrome b-c1 complex subunit 1, 
mitochondrial 

O60763 USO1 2.261 General vesicular transport factor p115 

P30536 TSPO 2.260 Translocator protein 

P13667 PDIA4 2.256 Protein disulfide-isomerase A4 

Q01813 PFKP 2.251 ATP-dependent 6-phosphofructokinase, 
platelet type 

P52565 ARHGDIA 2.249 Rho GDP-dissociation inhibitor 1 

Q9Y6M7 SLC4A7 2.247 Sodium bicarbonate cotransporter 3 

Q02952 AKAP12 2.247 A-kinase anchor protein 12 

P55072 VCP 2.246 Transitional endoplasmic reticulum 
ATPase 

Q6NYC8 PPP1R18 2.244 Phostensin 

P61927 RPL37 2.241 60S ribosomal protein L37 

Q9UHL4 DPP7 2.233 Dipeptidyl peptidase 2 

Q494V2 CFAP100 2.233 Cilia- and flagella-associated protein 
100 

Q8TEQ0 SNX29 2.232 Sorting nexin-29 

P13674 P4HA1 2.228 Prolyl 4-hydroxylase subunit alpha-1 

Q5VSQ6 P4HA1 2.228 Procollagen-proline, 2-oxoglutarate 4-
dioxygenase (Proline 4-hydroxylase), 
alpha polypeptide I variant 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

P62937 PPIA 2.227 Peptidyl-prolyl cis-trans isomerase A 

P23284 PPIB 2.227 Peptidyl-prolyl cis-trans isomerase B 

P61586 RHOA 2.218 Transforming protein RhoA 

P55795 HNRNPH2 2.211 Heterogeneous nuclear 
ribonucleoprotein H2 

P52597 HNRNPF 2.211 Heterogeneous nuclear 
ribonucleoprotein F 

P08962 CD63 2.207 CD63 antigen 

P15151 PVR 2.204 Poliovirus receptor 

Q9NS87 KIF15 2.204 Kinesin-like protein KIF15 

Q9H4A4 RNPEP 2.195 Aminopeptidase B 

P62701 RPS4X 2.191 40S ribosomal protein S4, X isoform 

Q16186 ADRM1 2.191 Proteasomal ubiquitin receptor ADRM1 

Q8IUD2 ERC1 2.190 ELKS/Rab6-interacting/CAST family 
member 1 

P21333 FLNA 2.187 Filamin-A 

P35579 MYH9 2.182 Myosin-9 

P26640 VARS 2.179 Valine--tRNA ligase 

Q99439 CNN2 2.176 Calponin-2 

Q15417 CNN3 2.176 Calponin-3 

P51911 CNN1 2.176 Calponin-1 

Q9H853 TUBA4B 2.172 Putative tubulin-like protein alpha-4B 

B5ME19 EIF3CL 2.169 Eukaryotic translation initiation factor 3 
subunit C-like protein 

O95340 PAPSS2 2.165 Bifunctional 3'-phosphoadenosine 5'-
phosphosulfate synthase 2 

P05141 SLC25A5 2.163 ADP/ATP translocase 2 

O15479 MAGEB2 2.162 Melanoma-associated antigen B2 

P05556 ITGB1 2.159 Integrin beta-1 

O43491 EPB41L2 2.157 Band 4.1-like protein 2 

Q96EY7 PTCD3 2.156 Pentatricopeptide repeat domain-
containing protein 3, mitochondrial 

P31327 CPS1 2.154 Carbamoyl-phosphate synthase 
[ammonia], mitochondrial 

Q6P2Q9 PRPF8 2.150 Pre-mRNA-processing-splicing factor 8 

O60506 SYNCRIP 2.148 Heterogeneous nuclear 
ribonucleoprotein Q 

P06756 ITGAV 2.145 Integrin alpha-V 

O75563 SKAP2 2.142 Src kinase-associated phosphoprotein 2 

P51665 PSMD7 2.138 26S proteasome non-ATPase 
regulatory subunit 7 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

Q8NCX0 CCDC150 2.137 Coiled-coil domain-containing protein 
150 

Q7Z6Z7 HUWE1 2.137 E3 ubiquitin-protein ligase HUWE1 

P21980 TGM2 2.137 Protein-glutamine gamma-
glutamyltransferase 2 

O14558 HSPB6 2.135 Heat shock protein beta-6 

P41250 GARS 2.134 Glycine-tRNA ligase 

P13639 EEF2 2.133 Elongation factor 2 

O60565 GREM1 2.132 Gremlin-1 

Q9BTV4 TMEM43 2.128 Transmembrane protein 43 

P61158 ACTR3 2.127 Actin-related protein 3 

P22692 IGFBP4 2.124 Insulin-like growth factor-binding protein 
4 

Q15582 TGFBI 2.122 Transforming growth factor-beta-
induced protein ig-h3 

O95487 SEC24B 2.117 Protein transport protein Sec24B 

P05089 ARG1 2.114 Arginase-1 

P61026 RAB10 2.110 Ras-related protein Rab-10 

Q96RQ1 ERGIC2 2.110 Endoplasmic reticulum-Golgi 
intermediate compartment protein 2 

Q5JRX3 PITRM1 2.104 Presequence protease, mitochondrial 

Q8IWW8 ADHFE1 2.103 Hydroxyacid-oxoacid transhydrogenase, 
mitochondrial 

P05121 SERPINE1 2.102 Plasminogen activator inhibitor 1 

P14625 HSP90B1 2.101 Endoplasmin 

P18124 RPL7 2.100 60S ribosomal protein L7 

P11021 HSPA5 2.097 78 kDa glucose-regulated protein 

P32119 PRDX2 2.096 Peroxiredoxin-2 

O14773 TPP1 2.096 Tripeptidyl-peptidase 1 

P23381 WARS 2.095 Tryptophan-tRNA ligase, cytoplasmic 

P11940 PABPC1 2.093 Polyadenylate-binding protein 1 

P53621 COPA 2.086 Coatomer subunit alpha 

H0Y2S9 MPRIP 2.084 Myosin phosphatase Rho-interacting 
protein 

Q6NZI2 PTRF 2.076 Polymerase I and transcript release 
factor 

O00193 SMAP 2.076 Small acidic protein 

P51659 HSD17B4 2.071 Peroxisomal multifunctional enzyme 
type 2 

P15559 NQO1 2.070 NAD(P)H dehydrogenase [quinone] 1 

P48681 NES 2.069 Nestin 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

P63167 DYNLL1 2.058 Dynein light chain 1, cytoplasmic 

P53618 COPB1 2.057 Coatomer subunit beta 

P12109 COL6A1 2.057 Collagen alpha-1 (VI) chain 

Q96D15 RCN3 2.052 Reticulocalbin-3 

P08240 SRPRA 2.051 Signal recognition particle receptor 
subunit alpha 

P07339 CTSD 2.044 Cathepsin D 

P01579 IFNG 2.042 Interferon gamma 

Q9Y696 CLIC4 2.039 Chloride intracellular channel protein 4 

E7EVA0 MAP4 2.038 Microtubule-associated protein 

Q16822 PCK2 2.037 Phosphoenolpyruvate carboxykinase 
[GTP], mitochondrial 

P25325 MPST 2.035 3-mercaptopyruvate sulfurtransferase 

P35998 PSMC2 2.033 26S protease regulatory subunit 7 

Q09028 RBBP4 2.030 Histone-binding protein RBBP4 

P23634 ATP2B4 2.029 Plasma membrane calcium-transporting 
ATPase4 

P53985 SLC16A1 2.028 Monocarboxylate transporter 1 

P98095 FBLN2 2.027 Fibulin-2 

C9J9E2 CAMKV 2.026 CaM kinase-like vesicle-associated 
protein 

P30042 C21orf33 2.026 ES1 protein homolog, mitochondrial 

O60716 CTNND1 2.021 Catenin delta-1 

O14787 TNPO2 2.020 Transportin-2 

P22314 UBA1 2.016 Ubiquitin-like modifier-activating 
enzyme 1 

P62263 RPS14 2.008 40S ribosomal protein S14 

P48444 ARCN1 2.003 Coatomer subunit delta 

Q8WWI1 LMO7 2.001 LIM domain only protein 7 

P20618 PSMB1 2.000 Proteasome subunit beta type-1 

Q9BS26 ERP44 1.995 Endoplasmic reticulum resident protein 
44 

P42765 ACAA2 1.993 3-ketoacyl-CoA thiolase, mitochondrial 

P26006 ITGA3 1.991 Integrin alpha-3 

Q9BYZ2 LDHAL6B 1.988 L-lactate dehydrogenase A-like 6B 

P14868 DARS 1.982 Aspartate--tRNA ligase, cytoplasmic 

Q07065 CKAP4 1.980 Cytoskeleton-associated protein 4 

Q03252 LMNB2 1.980 Lamin-B2 

Q9P0L0 VAPA 1.980 Vesicle-associated membrane protein-
associated protein A 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

P31749 AKT1 1.974 RAC-alpha serine/threonine-protein 
kinase 

P00167 CYB5A 1.971 Cytochrome b5 

Q9H0U3 MAGT1 1.971 Magnesium transporter protein 1 

Q6DD88 ATL3 1.969 Atlastin-3 

Q14247 CTTN 1.967 Src substrate cortactin 

Q9NZN4 EHD2 1.961 EH domain-containing protein 2 

Q7KZF4 SND1 1.958 Staphylococcal nuclease domain-
containing protein 1 

P61978 HNRNPK 1.957 Heterogeneous nuclear 
ribonucleoprotein K 

P09382 LGALS1 1.954 Galectin-1 

P43243 MATR3 1.942 Matrin-3 

Q8N4X5 AFAP1L2 1.941 Actin filament-associated protein 1-like 
2 

Q16181 SEPT7 1.929 Septin-7 

O75534 CSDE1 1.927 Cold shock domain-containing protein 
E1 

Q99536 VAT1 1.927 Synaptic vesicle membrane protein 
VAT-1 homolog 

Q7L576 CYFIP1 1.926 Cytoplasmic FMR1-interacting protein 1 

P29692 EEF1D 1.925 Elongation factor 1-delta 

U3KQK0 HIST1H2BN 1.923 Histone H2B 

P12814 ACTN1 1.921 Alpha-actinin-1 

P02511 CRYAB 1.916 Alpha-crystallin B chain 

P60709 ACTB 1.916 Actin, cytoplasmic 1 

Q562Z4 ACT 1.916 Actin-like protein 

Q8WUH6 TMEM263 1.915 Transmembrane protein 263 

Q6Y7W6 GIGYF2 1.912 PERQ amino acid-rich with GYF 
domain-containing protein 2 

Q9NR12 PDLIM7 1.911 PDZ and LIM domain protein 7 

Q12906 ILF3 1.909 Interleukin enhancer-binding factor 3 

O75874 IDH1 1.908 Isocitrate dehydrogenase [NADP] 
cytoplasmic 

P11047 LAMC1 1.908 Laminin subunit gamma-1 

O60493 SNX3 1.904 Sorting nexin-3 

Q8N7Z5 ANKRD31 1.900 Putative ankyrin repeat domain-
containing protein 31 

Q15363 TMED2 1.898 Transmembrane emp24 domain-
containing protein 2 

P60660 MYL6 1.898 Myosin light polypeptide 6 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

O75381 PEX14 1.896 Peroxisomal membrane protein PEX14 

Q8N5H7 SH2D3C 1.894 SH2 domain-containing protein 3C 

Q96CX2 KCTD12 1.892 BTB/POZ domain-containing protein 
KCTD12 

Q01082 SPTBN1 1.887 Spectrin beta chain, non-erythrocytic 1 

P60953 CDC42 1.871 Cell division control protein 42 homolog 

Q13620 CUL4B 1.865 Cullin-4B 

Q9Y617 PSAT1 1.864 Phosphoserine aminotransferase 

Q96HC4 PDLIM5 1.854 PDZ and LIM domain protein 5 

Q99747 NAPG 1.854 Gamma-soluble NSF attachment 
protein 

Q9ULV4 CORO1C 1.847 Coronin-1C 

P47985 UQCRFS1 1.846 Cytochrome b-c1 complex subunit 
Rieske, mitochondrial 

P23246 SFPQ 1.845 Splicing factor, proline- and glutamine-
rich 

P46821 MAP1B 1.844 Microtubule-associated protein 1B 

Q58FG0 HSP90AA5P 1.844 Putative heat shock protein HSP 90-
alpha A5 

Q01780 EXOSC10 1.842 Exosome component 10 

P62633 CNBP 1.841 Cellular nucleic acid-binding protein 

P11766 ADH5 1.839 Alcohol dehydrogenase class-3 

C9JEQ8 GTPBP10 1.838 GTP-binding protein 10 

O75369 FLNB 1.831 Filamin-B 

P32969 RPL9 1.827 60S ribosomal protein L9 

P62851 RPS25 1.823 40S ribosomal protein S25 

P62995 TRA2B 1.820 Transformer-2 protein homolog beta 

P46783 RPS10 1.818 40S ribosomal protein S10 

Q6DEN2 DPYSL3 1.817 DPYSL3 protein 

P49257 LMAN1 1.804 Protein ERGIC-53 

Q14157 UBAP2L 1.803 Ubiquitin-associated protein 2-like 

P08195 SLC3A2 1.803 4F2 cell-surface antigen heavy chain 

Q8WZA9 IRGQ 1.801 Immunity-related GTPase family Q 
protein 

O00571 DDX3X 1.799 ATP-dependent RNA helicase DDX3X 

P61619 SEC61A1 1.798 Protein transport protein Sec61 subunit 
alpha isoform 1 

P35268 RPL22 1.797 60S ribosomal protein L22 

O43865 AHCYL1 1.794 Adenosylhomocysteinase 2 

P83731 RPL24 1.791 60S ribosomal protein L24 

Q53GN4 WDR1 1.789 WD repeat domain 1, isoform CRA_a 

 



 

184 

Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

O75083 WDR1 1.789 WD repeat-containing protein 1 

P13693 TPT1 1.782 Translationally-controlled tumor protein 

Q05DA4 P4HA2 1.782 p4HA2 protein 

O95433 AHSA1 1.780 Activator of 90 kDa heat shock protein 
ATPase homolog 1 

Q9UK76 HN1 1.777 Hematological and neurological 
expressed 1 protein 

Q13838 DDX39B 1.772 Spliceosome RNA helicase DDX39B 

P06733 ENO1 1.768 Alpha-enolase 

O14617 AP3D1 1.765 AP-3 complex subunit delta-1 

P61604 HSPE1 1.763 10 kDa heat shock protein, 
mitochondrial 

P61163 ACTR1A 1.761 Alpha-centractin 

Q27J81 INF2 1.757 Inverted formin-2 

Q99623 PHB2 1.753 Prohibitin-2 

P17987 TCP1 1.750 T-complex protein 1 subunit alpha 

F5GWP8 KRT17 1.750 Keratin, type I cytoskeletal 17 

Q8NC51 SERBP1 1.749 Plasminogen activator inhibitor 1 RNA-
binding protein 

P07858 CTSB 1.741 Cathepsin B 

O14974 PPP1R12A 1.740 Protein phosphatase 1 regulatory 
subunit 12A 

O95456 PSMG1 1.737 Proteasome assembly chaperone 1 

P02452 COL1A1 1.736 Collagen alpha-1(I) chain 

Q08211 DHX9 1.735 ATP-dependent RNA helicase A 

Q16739 UGCG 1.732 Ceramide glucosyltransferase 

Q00341 HDLBP 1.732 Vigilin 

Q03135 CAV1 1.731 Caveolin-1 

P62140 PPP1CB 1.729 Serine/threonine-protein phosphatase 
PP1-beta catalytic subunit 

P52943 CRIP2 1.728 Cysteine-rich protein 2 

Q562T8 ACT 1.724 Actin-like protein  

P25686 DNAJB2 1.719 DnaJ homolog subfamily B member 2 

P60174 TPI1 1.718 Triosephosphate isomerase 

P10768  1.715 S-formylglutathione hydrolase 

Q14151 SAFB2 1.714 Scaffold attachment factor B2 

P02545 LMNA 1.713 Prelamin-A/C 

P07355 ANXA2 1.711 Annexin A2 

P27797 CALR 1.707 Calreticulin 

P29401 TKT 1.706 Transketolase 

P61313 RPL15 1.699 60S ribosomal protein L15 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

Q8TCJ2 STT3B 1.695 Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase subunit 
STT3B 

Q8NB91 FANCB 1.693 Fanconi anemia group B protein 

P04004 VTN 1.687 Vitronectin 

P49755 TMED10 1.673 Transmembrane emp24 domain-
containing protein 10 

P60866 RPS20 1.669 40S ribosomal protein S20 

Q13616 CUL1 1.668 Cullin-1 

Q92598 HSPH1 1.667 Heat shock protein 105 kDa 

P62314 SNRPD1 1.664 Small nuclear ribonucleoprotein Sm D1 

P50454 SERPINH1 1.664 Serpin H1 

Q9NUQ6 SPATS2L 1.662 SPATS2-like protein 

Q08379 GOLGA2 1.658 Golgin subfamily A member 2 

P61956 SUMO2 1.654 Small ubiquitin-related modifier 2 

P46063 RECQL 1.653 ATP-dependent DNA helicase Q1 

Q9Y608 LRRFIP2 1.652 Leucine-rich repeat flightless-interacting 
protein 2 

P06744 GPI 1.650 Glucose-6-phosphate isomerase 

P35637 FUS 1.649 RNA-binding protein FUS 

O43143 DHX15 1.644 Pre-mRNA-splicing factor ATP-
dependent RNA helicase DHX15 

P50552 VASP 1.641 Vasodilator-stimulated phosphoprotein 

Q9NRX5 SERINC1 1.639 Serine incorporator 1 

P39023 RPL3 1.637 60S ribosomal protein L3 

P47756 CAPZB 1.635 F-actin-capping protein subunit beta 

Q96AG4 LRRC59 1.635 Leucine-rich repeat-containing protein 
59 

P43686 PSMC4 1.634 26S protease regulatory subunit 6B 

P15311 EZR 1.634 Ezrin 

P11117 ACP2 1.629 Lysosomal acid phosphatase 

P62979 RPS27A 1.625 Ubiquitin-40S ribosomal protein S27a 

P62987 UBA52 1.625 Ubiquitin-60S ribosomal protein L40 

Q16851 UGP2 1.620 UTP--glucose-1-phosphate 
uridylyltransferase 

P06576 ATP5B 1.618 ATP synthase subunit beta, 
mitochondrial 

P49588 AARS 1.615 Alanine-tRNA ligase, cytoplasmic 

P14866 HNRNPL 1.613 Heterogeneous nuclear 
ribonucleoprotein L 

Q14697 GANAB 1.612 Neutral alpha-glucosidase AB 
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Table A-2.  Continued. 

UniProt Gene Name Fold Change Protein Name 

P60842 EIF4A1 1.608 Eukaryotic initiation factor 4A-I 

Q14240 EIF4A2 1.608 Eukaryotic initiation factor 4A-II 

Q5TGL8 PXDC1 1.604 PX domain-containing protein 1 

P09936 UCHL1 1.601 Ubiquitin carboxyl-terminal hydrolase 
isozyme L1 

P43307 SSR1 1.599 Translocon-associated protein subunit 
alpha 

P31939 ATIC 1.598 Bifunctional purine biosynthesis protein 
PURH 

P05783 KRT18 1.592 Keratin, type I cytoskeletal 18 

P35606 COPB2 1.588 Coatomer subunit beta 

P53634 CTSC 1.581 Dipeptidyl peptidase 1 

P49368 CCT3 1.579 T-complex protein 1 subunit gamma 

Q06830 PRDX1 1.568 Peroxiredoxin-1 

P62266 RPS23 1.566 40S ribosomal protein S23 

P12955 PEPD 1.564 Xaa-Pro dipeptidase 

P10599 TXN 1.563 Thioredoxin 

P47897 QARS 1.561 Glutamine--tRNA ligase 

B7ZLE5 FN1 1.561 FN1 protein 

P19823 ITIH2 1.555 Inter-alpha-trypsin inhibitor heavy chain 
H2 

P62191 PSMC1 1.551 26S protease regulatory subunit 4 

Q13402 MYO7A 1.545 Unconventional myosin-VIIa 

P62081 RPS7 1.537 40S ribosomal protein S7 

J3KMX5 RPS13 1.536 40S ribosomal protein S13 

P50395 GDI2 1.536 Rab GDP dissociation inhibitor beta 

P23142 FBLN1 1.532 Fibulin-1 

O14880 MGST3 1.531 Microsomal glutathione S-transferase 3 

Q969X5 ERGIC1 1.524 Endoplasmic reticulum-Golgi 
intermediate compartment protein 1 

P19971 TYMP 1.520 Thymidine phosphorylase 

O15144 ARPC2 1.520 Actin-related protein 2/3 complex 
subunit 2 

P04264 KRT1 1.520 Keratin, type II cytoskeletal 1 

O15050 TRANK1 1.512 TPR and ankyrin repeat-containing 
protein 1 

P04843 RPN1 1.507 Dolichyl-diphosphooligosaccharide--
protein glycosyltransferase subunit 1 

Q8WX93 PALLD 1.505 Palladin 

P04899 GNAI2 1.503 Guanine nucleotide-binding protein G(i) 
subunit alpha-2 
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UniProt Gene Name Fold Change Protein Name 

O60701 UGDH 1.502 UDP-glucose 6-dehydrogenase 

P12111 COL6A3 1.500 Collagen alpha-3(VI) chain 
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