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ABSTRACT 

 

Introduction: Myocardial infarction (MI) secondary to coronary artery disease (CAD) remains the most 

common cause of heart failure (HF), costing over $30 billion in healthcare costs. Although early 

revascularization is the most effective therapy to restore blood flow and salvage myocardium, to date, 

there are no available treatments to attenuate ischemia reperfusion injury (IRI). Moreover, post-operative 

atrial fibrillation (POAF) continues to be a devastating complication following cardiac surgery, affecting 

25-40% CABG and 30-40% valve patients. Human placental amniotic (HPA) tissue is known to have anti-

inflammatory and wound healing properties and therefore may promote anti-arrhythmic and 

cardioprotective effects in patients undergoing cardiac surgery. The central hypothesis of this study is the 

use of predictive modeling in conjunction with HPA application improves cardioprotection against IRI and 

POAF following cardiac surgery. 

Methods: We developed predictive models for POAF using machine learning to characterize 340,860 

isolated CABG patients from 2014 to 2017 from the national Society of Thoracic Surgeons database. The 

support-vector machine (SVM) models were assessed based on accuracy, sensitivity, and specificity, and 

the neural network (NN) model was compared to the currently utilized CHA2DS2-VASc score. Additionally, 

using a clinically relevant model of IRI, we performed an unbiased, non-hypothesis driven transcriptome 

and proteome analysis to elucidate cellular and molecular mechanisms of HPA xenograft-induced 

cardioprotection against IRI. Swine (n=3 in MI only and MI+HPA groups) were subjected to a 45-minute 

percutaneous IRI protocol followed by HPA placement in the treated group. Cardiac function was 

assessed, and tissue samples were collected post-operative day 14. Results were further supported by 

histology, RT-PCR, and Western blot analyses. Lastly, a retrospective study of 78 isolated CABG and 47 

isolated valve patients were evaluated to determine if HPA use on the epicardial surface decreases 

incidence of POAF. 

Results: Predictive modeling using neural networks demonstrated to outperform the CHA2DS2-VASc 

score in predicting POAF in CABG patients. Second, we present the first comprehensive transcriptome 

and proteome profiles of the ischemic, border, and remote myocardium during the proliferative cardiac 

repair phase with HPA allograft use in swine. Our results establish HPA limited the extent of cardiac injury 

by 50% and preserved cardiac function. Spatial dynamic responses, as well as coordinated immune and 
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extracellular matrix remodeling to mitigate injury, were among the key findings. Changes in protein 

secretion, mitochondrial bioenergetics, and inflammatory responses were also noted to contribute to 

cardioprotection. Third, peri-operative HPA allograft placement has demonstrated a strong reduction in 

the incidence of POAF following CABG and valve surgery.  

Discussion: We provide convincing evidence that HPA has beneficial effects on injured myocardium and 

POAF and can serve as a new therapeutic strategy in cardiac patients. Additionally, we were also able to 

demonstrate predictive modeling using machine learning holds promise in improving the incidence of 

POAF in cardiac surgery patients. 

 

… 
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DESCRIPTION OF DISSERTATION FORMAT 

 
Pertinent background information for Aim 1 is provided in Chapter 1. Chapter 2 addresses specific aim, 
hypothesis, methods, results, and discussion for Aim 1.  
 
Chapter 3 provides an introduction for Aim 2, and Chapter 4 describes specific aim, hypothesis, material 
and methods, results, and discussion for Aim 2. 
 
Chapter 5 provides clinical data on human placental amniotic allograft treatment and is presented as a 
research paper. Finally, Chapter 6 provides a summary of research conclusions and future directions. 
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AIM 1 ABSTRACT 

 
Introduction: Post-operative atrial fibrillation (POAF) is the most common complication following cardiac 

surgery and has a significant clinical and economic burden. Despite efforts to decrease incidence with 

prophylactic therapies and risk assessment profiles, the prevalence continues to rise with no 

improvement in clinical guidelines. The present study aims to develop and assess the performance of 

predictive models for POAF following coronary artery bypass graft (CABG) surgery. 

 

Methods: We developed predictive models using 340,860 isolated CABG patients from 2014 to 2017 

from the national Society of Thoracic Surgeons database. The support-vector machine (SVM) models 

were assessed based on accuracy, sensitivity, and specificity, and the neural network (NN) model was 

compared to the currently utilized CHA2DS2-VASc score. 

 

Results: POAF occurred in 24.32% (82,909 of 340,860) patients. P2OAF-NN demonstrated greater 

discriminative ability to predict POAF with AUROC of 0.70 compared to the CHA2DS2-VASc score with 

AUROC of 0.59. The SVM5 model exhibited moderate predictive capability (accuracy 56.04%, sensitivity 

70.42%, specificity 51.39%). Sensitivity and specificity of the SVM models had an inverse correlation with 

differing parameters of balancing, PCA reduction, and kernel functions.  

 

Discussion: Our P2OAF-NN model outperforms the CHA2DS2-VASc score in predicting POAF in CABG 

patients and holds promise in improving incidence of POAF in cardiac surgery patients. 
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CHAPTER 1: INTRODUCTION 
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INTRODUCTION 

Post-operative atrial fibrillation (POAF) continues to be a devastating complication following cardiac 

surgery, affecting 25-40% coronary artery bypass graft (CABG)1,2 and 30-40% valve patients.3 Although 

POAF is thought to be transient in nature, peaking on post-operative days 2-4 and resolving within 4-6 

weeks,4 there is mounting evidence to suggest POAF increases risk of stroke, respiratory failure, 

pneumonia, morbidity and mortality, longer intensive care unit and hospital stays, and increased resource 

use.4–13 

Recent advancements and current research indicate POAF is in part preventable;4 however, progress 

has been hindered by scarce, conflicting data, and lack of knowledge on independent predictors, effective 

interventions, and a consistent, all-encompassing clinical and biochemical database. Currently, use of 

statistical analysis is common to assess an individual’s risk of developing POAF. However, this method 

limits plasticity and fails to account for ongoing changes in clinical and functional indices during peri-

operative stay. Despite continuing growth in POAF literature, POAF incidence has not changed over the 

past three decades.12 This poses the question - can we predict and detect POAF more effectively? That 

is, can we stack patient factors and comorbidities with real-time, continuous data from multimodal streams 

to better predict, diagnose, and manage patients for improving personalized care? 

Whether utilizing advanced neural networks (NN) such as convolutional NN to diagnose skin lesions 

or automate classification of radiological reports for clinical care, machine learning (ML) has 

demonstrated superiority to traditional statistical methods for predictive scoring and diagnosis. Similarly, 

within the cardiovascular arena, several strategies to identify and detect arrhythmias by constructing a 

digital atlas of the atria and classifying rhythms from ECG and Holter monitors have been demonstrated 

over the past two decades.14 Nevertheless, despite defining independent risk predictors and addressing 

differences in clinical outcomes, heterogeneous data from multiple studies and lack of interoperability 

among medical devices limit progress in this field. Developing an ecosystem with crosstalk capabilities 

coupled with building data repositories can expatiate on the underlying mechanisms of POAF. In this 

review, we will appraise the current literature and evaluate the future direction of risk prediction models 

for POAF using machine and deep learning. 
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POST-OPERATIVE ATRIAL FIBRILLATION 

1.0 Definition and Diagnosis 

Atrial fibrillation (AF) following surgery is described as POAF, but the pathogenesis and trigger 

differentiate it from regular AF. At present, there is lack of consensus on the definition of POAF. The 

Society of Thoracic Surgeons (STS) describes it as AF post-surgery requiring treatment while Heart 

Rhythm Society for clinical diagnosis specifies it as POAF treatment with rate or rhythm control agents, 

anticoagulation, and or extending hospital stay.4,15 Further, American Association for Thoracic Surgery 

(AATS) signify POAF as a class 1 diagnosis recommendation with ECG features lasting at least for 30 

seconds or for the duration of the ECG recording if less than 30 seconds.4 As Hui et al highlights, the STS 

definition underestimates nearly 10,000 patients annually who experienced AF that terminated prior to 

treatment or had contraindications to therapy.15 This thereby neglects increased 30-day mortality risk and 

warrants a refined definition that not only accounts continuous monitoring but also is not limited by 

physician documentation alone. 

2.0 Pathophysiology 

Probable mechanisms contributing to POAF often require a trigger and a vulnerable atrial substrate. 

However, of note, the mechanism remains elusive.4 Although increasing age seems to be the most well 

appreciated risk factor, several studies suggest patients with hypertension, myocardial infarction (MI), 

valvular heart disease, heart failure, obesity, atrial fibrosis or dilation, male sex, and history of arrhythmias 

have greater propensity to develop POAF.4 Increase in adrenergic drive and change in vagal tone can 

affect heart rate and shorten atrial wavelength, thereby potentially triggering POAF. Moreover, the local 

and systemic inflammation from cardiac procedures augments vulnerability of the atrial substrate, which is 

further supported by reduction in POAF incidence with off-pump CABG surgeries and decreased duration 

of cardiopulmonary bypass. Following surgery, POAF develops within the first few days and often returns 

to sinus rhythm, which is distinctive from other forms of AF, suggesting a different pathophysiology. 

Through retrieval of retrospective data from health records and monitoring devices, predictable risk 

factors and prophylactic therapies can be uncovered. 
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3.0 Prevention Strategies 

EuroSCORE16 and STS risk models17 have been utilized for decades to risk stratify cardiac patients. 

These risk calculators identify the patient’s chance of mortality, renal failure, permanent stroke, prolonged 

ventilation, infection, length of stay, and reoperation.17 Presently, there is no current model to predict risk 

of POAF. However, previously cited risk factors help speculate a patient’s risk of POAF and stroke.4 

CHA2DS2VASc score is currently used to determine one-year risk of thromboembolic events in a non-

anticoagulated patient with non-valvular AF and indicate a sense of a patient’s long-term stroke risk; the 

risk factors include congestive heart failure, hypertension, age, diabetes, stroke, vascular disease, and 

female sex.18 Preoperative assessment for cardiac surgery routinely includes complete blood count, 

comprehensive metabolic panel, coagulation studies, blood type and screen, dental screen, pulmonary 

function test, 12-lead ECG, chest radiograph, carotid ultrasound study, ankle-brachial index, vein 

mapping, computed tomography scan, and left heart catheterization. These diagnostic studies are 

weighed with screening questionnaires for functional status and perioperative risk during preoperative 

screening. Further workup is dictated by the patient’s pathology and medical history.  

A common practice at most hospitals is continuous physiological (e.g., ECG) monitoring for 48-72 

hours post-operatively, which is recommended for patients who exhibit clinical signs or who undergo 

procedures that pose intermediate to high POAF risk. Efficacy of several agents has been tested in 

randomized clinical trials19–32 or suggested through meta-analyses.33–39 AATS recommends that all 

patients should continue beta-blockers to avoid withdrawal and prevent POAF (Class I, LOE A 

recommendation).4,33,40 However, based on AATS surveys, this strategy is currently underused. Post-

operative beta-blocker use has demonstrated reduction in POAF with high heterogeneity in several 

studies and was found to be inferior to amiodarone therapy.41,42 Moreover, intravenous (IV) magnesium 

supplementation may be considered for patients with low total body or serum magnesium level (Class 

IIb).4,43  

For intermediate to high risk patients, post-operative administration of diltiazem to patients with 

preserved cardiac function who are not taking beta-blockers preoperatively (Class IIa, LOE B) or 

amiodarone IV (Class IIa, LOE A) can reduce incidence of POAF.4,40 Intraoperative left atrial appendage 

ligation has also been demonstrated as a preventative strategy for patients who are not candidates for 
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anticoagulation (Class IIb, LOE C)4,44. Based on reports from meta-analyses and trials, other therapies 

such as pre-operative statins,45 n-3 polyunsaturated fatty acids,46,47 colchicine,32 corticosteroids,48 and 

posterior pericardiectomy49 have failed to validate efficacy.41 

In Figure 1.1, we summarize the risk factors, pathogenesis, and prevention recommendations of 

POAF.  

 

Figure 1.1: Pathogenesis of Post-Operative Atrial Fibrillation 

(IV: intravenous; LAA: left atrial appendage; Mg: magnesium) 

4.0 Management Strategies 

Despite current best practices to prevent POAF, POAF continues to develop in 20-50% of cardiac 

patients. Management strategies for all patients involve minimizing inotropic agents, optimize fluid status, 

and correct electrolyte or other metabolic imbalances. Further treatment is guided by patient’s 
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hemodynamic stability for cardioversion or pharmaceutical therapy and duration of new onset POAF for 

rate control or anticoagulation management. Gillinov and colleagues showed that short-term mortality was 

comparable between rate and rhythm controlled-strategies.50  

 
POTENTIAL DATA SOURCES 

In this section, potential data sources to predict POAF are described. 

1.0 Electronic Health Records (EHR) 

The Electronic Health Record (EHR) maintains electronic version of a patient medical history 

including demographics, progress notes, complications, medications, vital signs summary, past medical 

history, immunizations, laboratory data, and imaging reports. EHR is a common data source for detecting 

clinical risks and outcomes.  

With the help of EHR, the STS National Database, established in 1989, stores over 10 years of data 

from cardiothoracic patients nationwide. Initially started as an initiative for quality improvement and 

patient safety, the database with over 1000 variables collected from each patient has now become a 

treasure chest for researchers and physicians to mitigate surgical complications. While the STS database 

is a proven, invaluable tool to identify a handful of independent predictors such as age and other cardiac 

comorbidities, research progress is limited by the vast amount of human capital, resources, and 

exorbitant costs required to access and handle such data. This along with possibility of inaccuracy 

restricts the scope of application. Nevertheless, automating data input into an algorithmic model can 

expedite real-time evaluation and treatment while limiting erroneous data. Deployment of ML with 

longitudinal data from EHR has demonstrated feasibility and value in predicting cardiovascular events.51  

Conventional imaging modalities including echocardiography, computed tomography (CT), and 

magnetic resonance imaging (MRI) from EHR and imaging software can be used to abstract, quantify, 

and measure tissue matter. This has been previously employed and revealed association of pericardial 

fat content with AF.52,53 Similarly, evaluation of the left atrial appendage structure and finding of left atrial 

thrombus using echocardiography was observed to be a predictor in non-valvular AF54. Development of a 

fully automated algorithm for segmenting from imaging modalities to quantify body composition can meet 

or exceed the accuracy of manual segmentation.  
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2.0 Vital Signs 

Industry-leading clinical monitoring equipment measure high-fidelity vital signs such as ECG, blood 

pressure, pulse, oxygen saturation data from bedside monitors and offer customization and assessment 

entries into the system. These data can be also reviewed at the point of care and incremental data linked 

to the EHR. Continuous capture of high-fidelity time-stamped data exported to the algorithm model can be 

assimilated for further accuracy and prediction.  

3.0 Electrocardiogram and Telemetry 

For over half a century, the 12-lead electrocardiogram (ECG) has served as the gold standard for 

arrhythmia detection and screening. Continuous surveillance for bedside and ambulatory cardiac patients 

with telemetry data and temperature, pressure, and anesthetic gas monitoring capabilities allows 

arrhythmia analysis, alarm notifications, and event-based examination. Raw and processed data isolating 

ECG intervals and segments from the device technology can augment predictive models to alert medical 

providers and patients if POAF is imminent.55 In addition to the traditional 12-lead ECG and continuous 

surveillance of heart rate and irregular RR intervals to screen for AF, Nihon Kohdens’ 510K cleared AF 

alarm performs AF detection by using both RR intervals and P waves as input. More precisely, the 

algorithm uses three features of input ECG to output AF detection result - RR irregularity, PR interval 

variability, and P wave variability.56 AF lasting at least two minutes is identified and is notified every time it 

is detected. In addition, an AF end alarm allows the provider to recognize and measure the AF burden per 

patient. Similar methodologies are applied for Philips and GE Healthcare monitoring systems.57,58 

4.0 Holter Monitors 

Holter monitors can capture ambulatory ECG tracings for 24-48 hours or longer to detect paroxysmal 

or sub-clinical AF in an outpatient setting. Other archives of ECG data from Holter-like monitors such as 

from implantable cardiac monitors59 can further enhance diagnostics and lead to innovative solutions 

such as online remote monitoring system.60 

5.0 Wearable Devices 

Comparable undertakings have been employed to translate and compare electrical signals from ECG 

and Holter with photoplethysmography (PPG) from wearable devices.  
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Similar to background noise signals from ECG and Holter data, PPG signals are limited by 

implemented sensing setup, probe attachment site and contact pressure, subject movement and posture, 

poor blood perfusion, ambient light, and environmental temperature.61 Many technology companies, such 

as iRhythm, Apple, Philips, and AliveCor have invested heavily in healthcare analytics to improve 

validation systems and provide low-cost wearable technology to facilitate precision medicine.62 Use of 

smart watches and other wrist devices for pulse monitoring has enabled large-scale screening for 

undiagnosed arrhythmias such as the Apple Heart study.63 Turakhia et al conducted a clinical trial to 

identify incidence of pulse irregularity in AF patients using the Apple Watch (Apple Inc, Cupertino, CA) 

and evaluate accuracy of episodes based on simultaneous recorded ambulatory ECG.63 Findings suggest 

that pulse irregularity was noted in 0.52% of the participants and was most frequent in those over age 65. 

Of those who received and wore the ECG patch for monitoring, 34% were identified to have AF.64 As 

Apple unveils the new features of the Apple watch, further stacked ECG and PPG data will reveal 

advances and limitations to detect AF, especially at home. Other commercially available smartwatches 

and devices such as the Polar watch, KardiaBand, and KardiaMobile have demonstrated benefit with 

variable discriminative ability.65 POAF has been shown to occur even after 30 days following surgery; 

therefore, wearable devices can allow for detecting arrhythmias. Currently, Ai-Cor,66 an app utilizing 

continuous Apple watch monitoring, strives to predict AF based on HRV changes. Full integration with 

Apple Health kit, provision to add medication lists, symptoms, and daily activity, and interaction with Ai-

Me, the augmented human intelligence bot, promotes a promising tool for personalized medicine.66 

6.0 ‘Omics Data 

‘Omics refers to big data from biology fields such as genomics, metabolomics, and proteomics that 

collectively characterize the biological modifications and complex interactions in cell metabolism. 

Biospecimens collected from patients are processed using high-throughput instruments routinely used in 

laboratories to generate complex datasets. Multi-layered heterogeneous biological data are then analyzed 

using various software platforms for data integration. These biochemical networks allow visualization of 

biological pathways to elucidate further mechanistic processes.  

Identification of candidate genes, pathways, and biological responses can reveal predictive 

biomarkers, deliver novel insights of disease progression, and uncover disease subtyping. As genesis of 
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POAF is due to an operative trigger and a vulnerable atrial substrate, characterization of the atrial 

substrate and plasma content from training datasets can support predictive models. Exhaustive 

examination of discrete components of the POAF temporal phenotype through deep phenotyping can 

enhance specificity, increase big data yield with high resolution, and bolster disease subtype and genetic 

variation networks. Currently, development of open-access computational resources has cultivated further 

advancements in discovery and understanding of biological systems. This will allow for prediction and 

actionable insights. 

7.0 Lifestyle Questionnaires 

As day-to-day lifestyle behaviors and mental health influence clinical outcomes, it is imperative to 

evaluate and measure the burden of lifestyle and environmental factors. Although these surveys are 

provided for patients, the data is often assessed for real-time diagnostics and are seldom stored in EHR. 

This limits longitudinal capture and measurement of progress. Today, mobile apps to track physical 

activity, mindfulness, nutrition, and sleep are well utilized. However, we have not exhausted the potential 

of this massive reservoir of data. Addition of this data to other physiological data can have an immense 

impact for diagnosis and treatment.  

 

MACHINE LEARNING FOR POAF PREVENTION 

1.0 AF Detection 

ML algorithms, including traditional ML, deep learning and their combination, are widely used for 

automatic arrhythmia detection,67 in both short and long-term ECG analysis. With popularity of deep 

learning approaches, several studies have used convolutional neural networks (CNN) and recurrent 

neural network (RNN) and categorized ECG signals as sinus rhythm and AF. For example, Acharya et al. 

were successfully able to classify AF from a 5-second ECG signal at 94.90% accuracy and 99.13% 

sensitivity. While several others have employed other models to attain higher sensitivity and specificity, 

for example by using the Jiang method, many require longer ECG signals, which may cause shorter-lived 

arrhythmias to go unnoticed.68 Endeavors to detect and mitigate this pervasive disease were further 

incentivized by the PhysioNet challenge conducted in 2017. AI engineers from across the world competed 

to create AF algorithms from ECG recordings. The highest score was submitted by Teijeiro et al.69 with a 
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score of 0.85, in which the team used a combined algorithm of XGBoost, RNN, and LDA-Stacker, while 

other algorithms proposed by Zihlmann,70 Vollmer,71 Parvaneh,72 Stepien,73 Schwab,74 and Andreotti75 

scored 0.82, 0.81, 0.80, 0.79, 0.79, 0.79 respectively. Results of Physionet/Computing in Cardiology 

Challenge 2017 on AF detection76 demonstrates that an automatic detection of AF versus normal sinus 

rhythm (NSR), other rhythm (O), and noise using ECG is possible. Furthermore, results of this challenge 

shows that there is no superior algorithm for classification of NSR/AF/O/noise77 and suggests that a 

combination of different algorithms through voting can be beneficial.76 Of note, performance of AF 

detection algorithms could potentially be improved by advancement of ML techniques and availability of 

larger datasets. 

While many describe noise contamination as a limitation, the variability in methodologies and 

variances in predictability urges the continued use of ECG as a biomarker for AF detection. Nonetheless, 

noise contamination will need to be addressed to detect POAF, especially in the post-cardiac surgery 

hospital setting where patients are monitored via telemetry.  

Learned model parameters based on ECG and Holter data were tested on PPG data using cross-

domain generalizability to assess superiority and improve AF detection performance.78 Gotlibovych and 

colleagues inputted raw PPG signal data to develop a neural-network-based algorithm by extracting a 

range of features describing variability in periods of amplitudes as well and morphology of individual 

heartbeats.79 Results from the study achieved a 0.998 and 0.999 specificity and sensitivity respectively.79 

Deep learning algorithms such as CNN is also used for AF detection captured by a wrist-worn PPG.78,80 

PPG data captured by wrist-worn devices (e.g., Fitbit and Apple watch) can be further improved for AF 

detection. 

2.0 AF Prediction 

ECG could be used to predict AF and ischemic stroke. For example, Johnson et al81 demonstrates 

that short irregular supraventricular tachycardia without p-wave are associated with incident AF and 

ischemic stroke. Furthermore, Boon et al. used heart rate variability (HRV) and support vector ML to 

predict AF82 with an accuracy rate of 87.7%. Despite research studies in this area, application of ML for 

prediction of AF and its complications especially by using biomarkers (e.g., ECG) needs further 

exploration.  
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Addition of complementary information from other data sources explained in Section 3 [Potential data 

sources] to ML model created using vital signs (e.g., ECG and PPG) could potentially improve AF 

detection and prediction. Furthermore, improving interpretability of deep learning models can facilitate 

knowledge discovery (e.g. identification of new digital biomarkers) especially after presenting more 

interpretable results to domain experts to get their insight. 

3.0 Natural Language Processing and Image Processing 

Utilization of natural language processing for further analysis of available notes in EHR (e.g. 

physician notes and radiology reports), image processing, and other ML approaches such as CNN from 

CT, MRI, and echocardiograms can allow ML to extract millions of data points for risk analysis. Pre-, intra-

, and post-operative information from EHRs can be readily available including past medical diagnoses, 

continuous telemetry data, labs, hemodynamics, and outcome measures. Advances in ML can help 

reduce the need for routine surveillance by consolidating the information from EHRs. Data can be 

captured, classified, and scored to predict POAF and improve patient healthcare.  

4.0 Machine Learning for ‘Omic Data 

Data integration from RNAseq, proteomics, and metabolomics involves multiple steps. Raw paired-

end reads obtained from high throughput RNA sequencing are assembled after quality trimming. Reads 

are then aligned to the human genome. Feature-counts allow efficient chromosome hashing and feature 

blocking techniques to generate a gene counts table. Differential expression analysis is performed based 

on gene-wise dispersion estimates and fold changes to improve stability and to focus strength of the 

estimates. Pathway analysis and Gene Set Enrichment Analysis (GSEA) tools support visualization of 

downstream effects and association of pathways. Proteomic analyses can be performed by one-

dimensional gel electrophoresis followed by high-performance liquid chromatography-electrospray 

ionization tandem mass spectrometry. Bioinformatics is then used to determined protein abundance. 

Similarly, metabolomic raw data from ultra-performance liquid chromatography– tandem mass 

spectroscopy can be extracted for peak-identification and quality control processing. Once peaks are 

quantified and data are compared to library entries of purified standards, visualization of curated data can 

elucidate significantly altered biochemicals.  
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Pipeline tools for data integration from high throughput RNA sequencing, proteomics, and 

metabolomics allows matching individual ‘omic data matrices and for easier experimentation and 

reproducibility. Autoencoder-based deep learning, integrative clustering analysis, and principal 

component analysis can be incorporated to evaluate performance of integration approaches. This allows 

classification labeling and evaluation of association to patients’ prognosis. Supervised models with 

feature combination with highest predictive accuracy offer prediction of groups (POAF versus no POAF) 

for internal and external validation sets.  

 

PROPOSED METHODOLOGY 

Current prognostic practices for many diseases and complications undervalue the significance of 

multimodal data streams. Use of ML practices to identify drivers during pre-, intra-, and post-operation 

can boost prediction accuracy for POAF. The following propositions may be prized to create a centralized 

approach for prognostics in clinical practice, as illustrated in Figures 1.2 and 1.3. 

During pre-operative management, patients’ medical history, radiology imaging, baseline labs, and 

‘omic data can be stored and streamlined into a HIPAA-compliant server that allows for data abstraction 

and sorting. Multi-stacked, labeled data can then be used to define a personalized predictive score that 

comprises the patient’s risk of POAF, recovery, morbidity, and mortality. Based on the initial score, 

therapy and treatment timeline can be tailored accordingly, and modified clinical management can 

alleviate economic burden. Additional intra-operative data such as continuous vital signs, telemetry, 

hemodynamics, and pre- and post-cardiac bypass ‘omic data can reassess the patient’s risks and 

progression. As patients continue to be monitored during their post-operative stay, changes in the 

patient’s telemetry and physiological state can be evaluated with real-time predictive tools to guide 

therapy. Post-operative complications secondary to POAF such as stroke can be further averted through 

careful, prognostic management. If a clinical alert requires intervention, treatment alterations can be 

inputted to modify predictive analysis and modify future clinical course. This continuous revision to clinical 

indices can catalyze prospective mechanistic and therapeutic advances. 
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1.0 Cost Analysis 

Predictive models to mitigate POAF burden can also effectively govern cost management. 

Recognizing comorbidities and its impact on overall cost of cardiac surgery and POAF complication is 

critical in optimizing expenses. POAF accumulates an additional $10,000-20,000 hospital costs per 

patient.4,5 This compounded with follow-up, potentially lifetime oral anticoagulant treatment of at least 

$23,000,83  amasses to a large economic burden. A recent study by Atreya et al84 demonstrated peri-

operative amiodarone treatment in cardiac surgery patients decrease atrial arrhythmias including AF; 

however, a higher incidence of ventricular arrhythmias and increase of $1866 in cost were observed. With 

over 150,000 CABG surgeries85 performed each year, averaging $151,271 and ranging from $44,824-

$448,039,86 coupling the proposed methodology with outcome measurement and cost analysis can 

identify and tighten major cost drivers. Moreover, this can guide novel diagnostic and therapeutic 

strategies as well as promote healthcare policy changes. Through transparency in healthcare prices and 

hospital quality outcomes, policies can be shifted to a more value-based rather than fee-based model to 

improve patient care while reducing costs. 

 

DISCUSSION 

POAF has continued to be the most common complication seen in cardiac surgical patients, and an 

aging population, a major factor of POAF, compounds the increased prevalence. Prediction and 

prevention of POAF can help alleviate both clinical burden of stroke and morbidities as well as the 

economic burden from increased length of stay and treatment management. Furthermore, despite 

continued research and formation of taskforces, advancements have been limited by lack of integration of 

heterogeneous big data. 

To address these gaps in knowledge, the development of an effective and robust platform that utilizes 

ML state-of-the-art computational tools and statistical models can accelerate understanding of divergent 

POAF mechanistic hypotheses, help define novel functional POAF phenotypes, and guide medical 

therapy. Integration of EHR data with real-time continuous data from medical devices and wearables, 

along with imaging and ‘omic big data can transform our understanding of this disease as well as 

translate such models to other medical illnesses. While this will require crosstalk features between 
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devices and EHRs and therefore time and capital, we trust our review of current developments and 

enormous potential of such capabilities will inspire, engage, and unite multidisciplinary teams to translate 

into practice.  

 

 

Figure 1.2: Machine Learning Enabling Personalized Medicine for Cardiac Patients 
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Figure 1.3: Data Source Integration for Cardiac Patients 
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The following sections are independent of the manuscript above and provide background for Aim 1. 

 

PRINCIPAL COMPONENT ANALYSIS 

Principal component analysis (PCA) is a statistical technique that orthogonally transforms a set of data 

points into a linear combination of variables called principal components (PC). PC1 depicts the largest 

possible variance, and each subsequent component has the next highest variable possible and is 

independent of the other components. The following PC is determined by finding the line perpendicular to 

all its previous PCs. PCA is often utilized as a data analysis tool to visualize clustering and relatedness 

between groups and can be used in ML as an unsupervised, non-parametric statistical technique for 

dimensionality reduction to prevent model overfitting.  

 

STANDARDIZATION 

Standardization is applied in ML to rescale features to create a standard normal distribution such that the 

data has a mean of 0 and a standard deviation of 1. In contrast, normalization signifies rescaling data into 

a range from 0 to 1. Standardization allows proper comparison of features with different units and is often 

a requirement for ML techniques.  

 

SUPPORT-VECTOR MACHINES 

1.0 Introduction 

Support vector machines (SVMs) are a supervised ML model utilized for classification analysis. A 

hyperplane with the widest margin is constructed and can separate data points, or features, from one of 

two classes (Figure 1.4).87 The observations on the edges of each class identifies the midpoint between 

them to find a threshold or the maximal margin classifier. This resulting maximum-margin hyperplane is 

optimal for generalization performance when introducing new data.  
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Figure 1.4: Support-vector machine hyperplane 

 

2.0 Linear SVM 

When data are up to three-dimensional, the support vector classifier (SVC) is a line or a plane (Figure 

1.5). However, when the data are in four or more dimensions, the support vector classifier is a 

hyperplane. We can utilize linear SVM when a linearly separable pattern exists. For example, the 

features, age, hypertension, and diabetes, can be separated by a two-dimensional plane in a three-

dimensional space. The advantages of this technique include simple implementation and fast training, 

and the weights provide feature significance. However, when binary classification, for example, cannot be 

separated by a line, the data requires non-linear SVCs.  
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Figure 1.5: Linear support-vector machine 

3.0 Non-Linear SVM: Polynomial Kernel Functions 

The non-linear SVC method aggregates multiple hyperplanes from smaller subsets of the data to create a 

final hyperplane (Figure 1.6). The features can be transformed into a higher dimensional feature space to 

create linearity. However, this leads to higher computational cost. Instead, kernel functions can be 

employed. SVM starts with data in low dimension and uses polynomial kernel functions by progressively 

moving to a higher dimension to classify the data effectively. Kernel functions only calculate the 

relationships between every pair of datapoints as if they are in the higher dimension, but they do not 

perform the transformation. This trick, calculating high-dimensional relationships without transforming to a 

higher dimension, is known as the kernel trick and minimizes computational cost.  
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Figure 1.6: Non-linear support-vector machine 

 

4.0 Non-Linear SVM: Radial Basis Function Kernel 

Radial basis function (RBF) or Gaussian kernel returns a function that is dependent on the squared 

distance between feature vectors. RBC can find SVC in infinite dimensions and can, therefore, be useful 

in a higher dimension. 

 

ENSEMBLE BAGGING 

The value of ensemble methods is to improve predictive performance by combining multiple models. 

Bootstrap aggregating or bagging minimizes variance by training each model in the ensemble 

independently in parallel and combining the homogenous models with equal weight. This strategy 

reduces overfitting, handles high dimensionality well, and maintains the accuracy of missing data. In 

contrast, boosting involves learning models sequentially before combining models, and stacking 

considers heterogeneous models learned in parallel before combining.  



38 
 

  

CONFUSION MATRIX 

A confusion matrix summarizes the prediction results of a classification model for a test data. It utilizes 

sensitivity and specificity variables, as defined below.  

Confusion Matrix 

N = 
Predicted 

Yes No 

A
c
tu

a
l Yes TP FN 

No FP TN 

 

1.0 Sensitivity 

Sensitivity, also termed as recall, is the proportion of true positive examples predicted correctly. The 

higher the sensitivity, the higher the value of true positives. This metric is often vital in medical tests. True 

positive (TP) is the case where a sample predicted to be positive was positive, whereas false negative 

(FN) is where a sample predictive to be negative was positive.   

Sensitivity =  
True Positive

True Positive + False Negative
  

2.0 Specificity 

Specificity is the proportion of true negative examples predicted correctly. True negative (TN) is the case 

where a sample predicted to be negative was negative, and false positive (FP) is where a sample 

predicted to be positive was negative.  

Specificity =  
True Negative

True Negative + False Positive
  

3.0 Accuracy 

Accuracy is the ratio of correctly predicted samples to the total samples. Although this is intuitive, scoring 

a model based only on accuracy does not present the best model.     

Accuracy =  
True Positive + True Negative

True Positive + True Negative + False Positive + False Negative
  

 

4.0 Precision 

Precision is the ratio of TP samples to the predicted positive samples.   
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Precision =  
True Positive 

True Positive +  False Positive
  

5.0 True Positive Rate 

True positive rate (TPR) is the same as sensitivity or recall.    

True Positive Rate =  
True Positive

True Positive +  False Negative
 

6.0 False Positive Rate 

False positive rate (FPR) is the ratio FP to the total of FP and TN. It is the probability of falsely rejecting 

the null hypothesis and can also be defined as 1 – specificity.   

False Positive Rate =  
False Positive 

False Positive +  True Negative
  

 

RECEIVER OPERATING CHARACTERISTIC 

The receiver operating characteristic (ROC) is a graph illustrating the performance of a classification 

model. Specifically, it is the classification curve created by plotting FPR (1 – specificity) on the x-axis and 

TPR (Sensitivity) on the y-axis. Test accuracy improves as the curve moves toward the top-left corner of 

the ROC space. The slope determines the likelihood ratio for that value of the test. The area under the 

curve (AUC) of the ROC (AUROC) indicates the probability the classification of positive samples is 

separated from the negative samples, signifying an AUROC of 1.0 demonstrates 100% accuracy.  
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CHAPTER 2: PCA/SVM-BASED AND NEURAL NETWORK MODELS FOR POAF PREDICTION IN 

ISOLATED CABG PATIENTS 

 

Chapter 2 addresses specific aim, hypothesis, methods, results, and discussion for Aim 1.  
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AIM 1 SUMMARY  

The hallmarks of CABG patients make a compelling model for developing predictive analytics for the 

incidence of POAF. Several groups have attempted to identify risk factors using statistical methods and 

building predictive models. However, these studies are limited by smaller, local datasets that often 

employ multivariate logistic regression models, or when large datasets are adopted, they are based on 

ICD-codes. This in addition to the inconsistent definition of POAF results in heterogeneous data. With the 

use of national STS database that utilizes a consistent definition of POAF and is curated from EHRs by 

STS personnel, this large study will be valuable in defining key predictors of POAF. 

1.0 Aim 1 

To develop and assess the performance of predictive models for POAF incidence following CABG 

surgery. 

2.0 Hypothesis 

Predictive modeling for POAF in CABG patients will identify key risk factors and improve patient 

clinical outcomes.   

 

METHODS 

1.0 Study Design and Setting 

We conducted a retrospective analysis evaluating the national STS data of patients undergoing 

CABG surgery between 2014 and 2017. This dataset consisted of 368,133 patients and 637 variables. 

The primary outcome and predicted variable of interest was POAF (“COtAFib”). Figure 2.1 illustrates the 

overall study design architecture. The University of Arizona Institutional Review Board has approved this 

study (IRB# 1906718720). 

2.0 Definitions 

POAF:  

STS defines POAF as AF post-surgery requiring treatment. 
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CHA2DS2-VASc score: 

CHA2DS2-VASc score is calculated as follows: 

Congestive heart failure 1 point 
Hypertension 1 point 
Age ≥ 75 years 2 points 
Diabetes 1 point 
Age 65-74 years 1 point 
Stroke/transient ischemia attack 2 points 
Vascular disease (prior MI, peripheral artery disease, or aortic plaque) 1 point 
Age ≥ 75 years 1 point 
Female sex 1 point 

 

3.0 Data Engineering and Pre-Processing 

Features and Feature Exclusion  

The STS database comprises of variables involving administrative, demographics, hospitalization, 

risk factors, risk scores, previous cardiac interventions, pre-operative cardiac status, pre-operative 

medications, hemodynamics, catheterization procedure, echocardiography parameters, operative factors, 

CABG surgery details, other cardiac procedures, post-operative events, mortality, and discharge and 

readmission status. To simulate the clinical utility of the predictive model, we excluded data that would 

otherwise be unavailable before surgery. These variables consisted of intra-operative factors, post-

operative events, mortality, and discharge and readmission status. Furthermore, only pre-operative 

variables that are routinely collected by the STS with less than 10% missing data were used (Figure 2.2). 

We also excluded variables that were not pertinent to POAF prediction (ex-administrative IDs). Table 2.1 

defines a complete list of the 102 (including COtAFib) variables used in this study.  

Missing Values 

All missing values for the POAF (“COtAFib”) were assigned “2”, indicating an absence of POAF, as 

instructed by STS. Remaining missing values within the dataset were handled in three different ways: we 

imputed “3” or unknown for variables offering that as an option, we imputed the mean and mode for 

continuous and categorical data, respectively, or we dropped the rows for variables where imputation was 

deemed inappropriate (Table 2.1). Each of these methods has a different impact on how the data is 

engineered after the standardization phase (mean is 0 and variance is 1), as noted by our previous 

experiments.   
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4.0 Feature Reduction 

We performed PCA to determine if data was linearly separable. As illustrated in Figure 2.3, the 

overlap of the POAF and no POAF group require non-linear approaches to classify and train models. 

Further, PCA is known to improve classification outcome and was used to reduce the number of features 

and to decrease the computation required for training the models. All the experiments, unless otherwise 

specified, maintained a 95% variance during feature reduction. Experiments were also run without PCA 

reduction and are indicated accordingly. 

5.0 Model Development and Evaluation: Support-Vector Machines 

The STS dataset included CABG patients from 2014-2017. SVM models were employed, and the 

model was trained and evaluated with 80% split for training and 20% split for validation. In order to 

minimize computational cost and variation of the base models, we used ensemble bagging of SVM base 

classifiers. Data were randomly divided into 10 SVM classifiers with overlap. These SVMs were then run 

on ten different CPUs (a cluster of 16 was picked from Google to submit the job). The resulting bagged 

model was then used to predict the overall outcome. The outcome was a pooled vote from all ten base 

models which have sampled a fraction of the data each. Nine SVM experiments were performed with 

different parameters of balancing, PCA reduction, and kernel functions (including degree), as detailed in 

Figure 2.5 and 2.6. Auto-balancing automatically adjusted the class weights such that they were 

inversely proportional to the number of samples belonging to that class. In this dataset, the number of 

samples for no POAF was greater than those with POAF. Therefore, using manual balancing, the data 

was adjusted to have an equal number of samples for each class in the training dataset by under-

sampling values from the no POAF class. By doing so, this method reduced the learning bias further. We 

performed POAF prediction using SVM and tested their performance by comparing classified segments 

from the training set and the validation set. We considered linear, polynomial, and RBF SVM kernels. 

Testing metrics included accuracy, sensitivity, and specificity. Further analysis also evaluated ensemble 

bagging of the SVM experiments performed to determine if a better model could be produced. 

6.0 Model Development and Evaluation: Neural Network Architecture 

After data pre-processing of missing values, NN model training was carried out, with 80% of the 

cases assigned to training and 20% of the cases dedicated to validation following manual-balancing. The 
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model consisted of six total layers with four hidden layers. The hidden layers included two dense layers 

interweaved with two dropout layers. We assessed ReLU, sigmoid, and tanh activation functions and 

ultimately utilized the tanh function. For the last layer, scores were transformed into a probability 

distribution using a softmax activation function. Regarding loss function, sparse categorical cross-entropy 

was preferred over standard categorical cross-entropy to save time and memory and avoid one-hot 

encoding (creating binary codes for each output value). The optimizer we chose to minimize the loss 

function was Adam, with a learning rate of 0.001. The batch size was 32, and a good fit was optimized 

and achieved using 100 training epochs. The AUROC was used to assess the performance of the 

different models.  

Figure 2.1B illustrates that the dense layer consisted of 200 neurons, followed by a dropout layer 

with a 50% drop. Subsequently, another dense layers of 100 neurons and a dropout layer with a 50% 

drop was used. In order to evaluate the impact of categorical variables and data distribution, we also 

trained models with embedding layers for categorical variables and using batch normalization as the 

hidden layer. However, this approach did not yield a higher AUROC than a model without it.  

7.0 Statistical Analysis 

We used commercially available software (GraphPad Prism 8.3.1, GraphPad, La Jolla, CA) for 

statistical analysis. Continuous variables were stated as mean ± standard deviation and were evaluated 

with t-tests; whereas, categorical variables were expressed as percentage and were compared using the 

chi-square test. A p-value of <0.05 was considered significant. 

 

RESULTS 

1.0 Baseline Clinical and Operative Characteristics 

Table 2.2 summarizes the baseline and operative characteristics of total CABG patients with a 

breakdown of continuous and categorical data after feature engineering. The total population presented a 

mean age of 64.75 ± 10.12 years, with significant (p<0.0001) difference between POAF (66.61 ± 9.00) 

and no POAF (63.51 ± 10.15) patients. Overall, the incidence of POAF in CABG patients was 24.32% 

(82,909 of 340,860 patients).  
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Patients who suffered from POAF were predominantly older, male Caucasian, and had increased 

BMI. History of valve disease, hypertension, dyslipidemia, arrhythmia, former smoking, heart failure (HF), 

stents, cancer, radiation therapy, immunocompromise, syncope, sleep apnea, lung or thoracic aortic 

disease, cerebrovascular disease, and peripheral vascular disease were noted to be more prevalent in 

the POAF group. Previous cardiac intervention, recent cardiogenic shock, and resuscitation had a similar 

influence. Patients often presented with no angina as classified by the Canadian Cardiovascular Angina 

Classification System or as angina-equivalent within two weeks of admission or had angina-equivalent 

symptoms at the time of admission or surgery. POAF incidence was highest in patients affected by three-

vessel coronary artery disease (CAD). 

Interestingly, the pre-operative drug regimen did influence the development of POAF. Use of 

angiotensin converting enzyme (ACE) inhibitors, beta-blockers, calcium-channel blockers, inotropes, 

nitrates, inhaled medication or oral bronchodilators, steroids, and home oxygen were associated with 

increased AF incidence. Furthermore, contraindication of ACE inhibitors, beta-blockers, and statins 

demonstrated a similar trend. We noted an increase in creatinine, INR, and WBC and a decrease in 

platelets in the POAF group. Lastly of the predictive STS risk calculators, predictive scores for stroke, 

short and prolonged length of stay, renal failure, ventilation, reoperation, mortality, and morbidity or 

mortality were higher in patients who develop POAF. 

Several studies have highlighted the CHA2DS2-VASc score as a valuable bedside tool to evaluate 

the risk of POAF in cardiac surgery patients. Therefore, we examined the CHA2DS2-VASc score 

distribution in CABG patients and illustrated it in Figure 2.4. The POAF group depicts left-skewness with 

a peak score of 4 compared to a peak score of 3 in the no POAF group and total population. This 

suggests that a score greater than or equal to 4 is more common among POAF patients. 

2.0 Support-Vector Machine Model Performance 

To improve the performance of predicting POAF in CABG patients, we explored using SVM 

classification. Nine SVM models were created and tested for optimal performance. As shown in Figure 

2.5, the sensitivity and specificity of these models have an inverse correlation. Overall, SVM5 provided 

the best results with an accuracy of 56.04%, sensitivity of 70.42%, and specificity of 51.39%. SVM5 has a 

relatively low accuracy in comparison to the other models; however, both sensitivity and specificity are 
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more uniform. Therefore, it may be the best model overall. SVM8 presented similar results to SVM5, 

revealing PCA reduction did not improve prediction modeling.  

While SVM1 has the highest accuracy (75.52%) and specificity (99.95%), it has the lowest sensitivity 

(0.09%). These results suggest it is an extremely conservative model. Similar is true for other high 

specificity models such as SVM2, SVM3, and SVM4. These models have a low FPR but incorrectly 

predict POAF patients as no-POAF patients (high FN). If a conservative prediction is preferred, these 

models would be favorable. In contrast, SVM6 and SVM9 have high sensitivity (87.89% and 87.94%), but 

these models would be deemed too liberal due to its high FP and low specificity of 26.86% and 27.88%, 

respectively. Consequently, they have an overall low accuracy of 41.79% and 42.58%. These models 

would be advantageous if the high FPR justifies the importance of detecting POAF. Choosing the optimal 

model thus depends on the clinical utility of predicting POAF. 

These models were also trained and tested excluding the STS predictive risk scores (Figure 2.6). We 

observed similar results with marginal differences. The only model that was notable was SVM7, which 

decreased accuracy by 6% but increased sensitivity by 4%. Ensemble bagging was carried out using a 

combination of SVM2-SVM6 and SVM9, as defined in Figure 2.7, with the expectation that voting from 

models with uniform measures and opposing sensitivity and specificity will improve the model. The best 

model of the three trained and tested was a combination of SVM 2, 5, and 6, demonstrating an accuracy 

of 48.76%, sensitivity of 69.26, and specificity of 42.12%. This revealed ensemble bagging of these 

experiments did not outperform SVM5. Table 2.3 reveals a list of the top 20 features from a linear SVM, 

revealing body surface area, weight, STS predicted score for morbidity or mortality, height, and predicted 

score for prolonged ventilation were among the top five features. 

3.0 Neural Network Model Performance 

We assessed other model types and decided on using a NN model in order to detect the complex, 

non-linear relationships present in this dataset. The NN model, hereby termed as P2OAF-NN (Predictive 

POAF-NN), was developed and contained six total layers with four hidden layers. As shown in Figure 2.8, 

P2OAF-NN, with an AUROC of 0.70, was found to have better discriminative ability compared to 

CHA2DS2-VASc AUROC of 0.59. Importantly, this improvement is significant across the entire span for 

sensitivity and specificity. Overall, the P2OAF-NN demonstrates clinical utility.  
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DISCUSSION 

The purpose of this study was to develop and assess the performance of predictive models for POAF 

following CABG surgery. We utilized the national STS patient data between 2014 and 2017 to investigate 

pre-operative risk factors. Our results establish that P2OAF-NN had a superior performance and accuracy 

in predicting POAF compared to the CHA2DS2-VASc score. To our knowledge, this is the first application 

of NN to predict POAF in CABG patients using national STS data. 

POAF continues to be the most common complication after cardiac surgery. The sequelae following 

POAF occurrence leads to increased odds of developing stroke, respiratory failure, longer length of 

hospital stay, and morbidity and mortality.4–13 Efforts to mitigate risk and identify prevention strategies 

have been nearly futile in the last three decades due to heterogeneous data. Nevertheless, studies by 

Borde et al.,88 Chua et al.,89 Mariscalco et al.,90 and Kashani et al.91 have evaluated the utility of bedside 

predictive tools such as the CHA2DS2-VASc, POAF, and HATCH scores to predict the risk of POAF. 

These analyses were developed using biostatistical methods based on a generalized linear model and 

produced moderate discriminative ability. More importantly, physicians seldom use these scores regularly. 

That is, none of these scores have surpassed the threshold for widespread adoption and to be 

established as a standardized metric to predict POAF. This response is in large part due to studies having 

a small sample size as well as having different goals to improve sensitivity versus specificity. Specifically, 

efforts to identify high-risk patients for prophylactic treatment as opposed to prevent complications from 

prophylactic treatment in low-risk patients favor different models, affecting data interpretability and score 

utility.  

Several methods to improve accuracy and risk prediction have been suggested, such as ML 

techniques for data that require complex modeling and have a large number of relevant variables. We 

employed SVM and NN models and evaluated predictive performance. The nine SVM models we trained 

and tested have a range of sensitivity, specificity, and accuracy results. Selecting a model is contingent 

on the clinical relevance of the prediction. SVM5 was deemed to have a more uniform sensitivity and 

specificity compared to the other models. However, utilizing two different models, one with high sensitivity 

and another with high specificity, perhaps may be valuable for clinical decision-making. We found the 

P2OAF-NN had a better AUROC of 0.70 compared to the CHA2DS2-VASc AUROC of 0.59. This NN 
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model had better sensitivity and specificity overall and used 101 features compared to 12 features 

employed to define the CHA2DS2-VASc score. The advantage of the NN training was that it was not 

limited by traditional statistical variable selection, and so no variable went unrecognized in the 

performance evaluation. On the other hand, this raises the question of the practical utility of using ML 

models when many variables are necessary to predict the risk of POAF. 

Access to quick real-time risk calculators is beneficial in clinical practice. Consequently, the 

CHA2DS2-VASc score has been clinically considered to predict POAF, although only a few studies have 

demonstrated this association.88–92 When comparing the distribution of CHA2DS2-VASc scores in POAF, 

no POAF, and total patients, we note the left skewness and peak score of 4 in POAF patients compared 

to normal distribution and peak score of 3. This result is suggestive patients with a score of ≥4 should be 

categorized as a higher risk for POAF and be considered for prophylactic therapy and ligation of the LAA 

for stroke prevention. Furthermore, statistical analyses revealed significant pre-operative characteristics 

between the groups. Current literature based on smaller studies have previously identified several risk 

factors such as age, hypertension, HF, stroke, and vascular disease.18 These variables were also found 

to be significant POAF predictors in the national STS dataset. Based on the baseline data, reevaluation of 

required or prophylactic pre-operative medications may be warranted and may explain the mixed results 

observed in randomized clinical trials.19–32 The use of these statistically identified predictive markers 

coupled with the predictive STS risk calculator variables recognized within the top features of the linear 

SVM can help estimate POAF prediction at the bedside quickly.  

Unarguably, the main strength of the current study is that the models were developed from an 

extensive national database that consisted of 340,860 isolated CABG patients and 101 variables from 

recent years. The data were manually abstracted from EHR of the STS-member institutions by trained 

personnel and abide by the STS definitions. ML techniques allow to train complex nonlinear relationships, 

which was necessary in the POAF dataset. Nevertheless, the study has limitations. The ML models are 

computationally complex and limit data interpretability and require input for all variables for computation. 

Rapid estimation in emergent cases will be challenging to perform, which hinders prompt prophylactic 

treatment and improved clinical decision-making.92–96 Inherently, missing data limits the opportunity to 

improve predictive accuracy and performance; in this case, we had to exclude over 150 pre-operative 
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variables because it had less than 90% available data. Variables such as the five-meter walk tests, lab 

tests, and functional metrics could have significantly improved the model. Therefore, we urge medical 

professionals to better document in EHRs for more data abstraction of variables. 

Future direction will involve continuing to improve the P2OAF-NN model, assessing its performance 

to other previously developed predictive scores, and interrogating it for data interpretation. Additionally, 

the integration of previously established predictive models using ECG data, molecular profiles, and 

continuous monitoring features can significantly improve prediction real-time. Moreover, the sequential 

addition of intra- and post-operative variables can provide continuous assessment and better prediction of 

POAF.  
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FIGURES 

Figure 2.1 

 

 

Figure 2.1: Model development architecture. (A) Input data was concatenated and prepared for data pre-

processing. First, rows with missing values for selected variables were removed, and categorical and 

continuous variables were imputed based on mode and mean, respectively. This was followed by 

potential use of Principal component analysis (PCA) for feature reduction and standardization thereafter. 
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Support-vector machine (SVM) models were then trained and tested for model performance. (B) 

Following data pre-processing of missing values, neural network models were trained and tested. First 

dense layer consisted of 200 neurons, followed by a dropout layer with a 50% drop. This was followed by 

another dense layers of 100 neurons and a dropout layer with a 50% drop. Output layer provided scores 

with a probability distribution. 
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Figure 2.2 

 

 

Figure 2.2: Available pre-operative variables from Society of Thoracic Surgeons (STS) data for isolated 

coronary artery bypass graft (CABG) patients. Following exclusion of intra- and post-operative variables, 

all pre-operative variables were assessed for data distribution of present and missing values. Ten percent 

of missing values (90% present values) was considered the cut-off for exclusion of variables. This 

resulted in total of 102 variables including post-operative atrial fibrillation (“COtAFib”). 
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Figure 2.3 

 

 

Figure 2.3: Principal component analysis (PCA) plot of isolated coronary artery bypass graft (CABG) 

patients with and without post-operative atrial fibrillation (POAF). PCA reveals non-linear separability of 

data.  
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Figure 2.4 

  

 

Figure 2.4: Distribution of CHA2DS2-VASc scores in coronary artery bypass graft (CABG) patients. (A) 

Table breakdown of CHA2DS2-VASc scores of CABG patients. (B) Graphic presentation of scores reveal 

total population and no post-operative atrial fibrillation (POAF) patients have normal distribution and peak 

at score of 3. In contrast, POAF patients have left skewedness and have peak score of 4.  
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Figure 2.5 

 

 

Figure 2.5: Model performance of support-vector machine (SVM) models with Society of Thoracic 

Surgeons (STS) predicted risk variables. (A) Summary of nine SVM experiments with different 

parameters of balancing, PCA reduction, and kernel functions (including degree) are detailed with their 

respective testing metric results. (B) Confusion matrix for each SVM experiment is provided.  
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Figure 2.6 

 

Figure 2.6: Model performance of support-vector machine (SVM) models without Society of Thoracic 

Surgeons (STS) predicted risk variables. (A) Summary of nine SVM experiments with different 

parameters of balancing, PCA reduction, and kernel functions (including degree) are detailed with their 

respective testing metric results. (B) Confusion matrix for each SVM experiment is provided.  
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Figure 2.7 

 

Figure 2.7: Model performance of support-vector machine (SVM) models with ensemble bagging. (A) 

Summary of three experiments are detailed with their respective testing metric results. (B) Confusion 

matrix for each SVM experiment is provided.  
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Figure 2.8 

 

Figure 2.8: Receiver operating characteristic (ROC) curve of CHA2DS2-VASc and P2OAF-NN models. 

CHA2DS2-VASc AUROC had an area under the curve ROC (AUROC) of 0.59 and P2OAF-NN had an 

AUROC of 0.70. 
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TABLES 
 

Table 2.1: Data engineered pre-operative variables 

Features 
Data 

Present (%) 
Categorical-
Impute mode 

Continuous- 
Impute mean 

Dropped  

Age 100.00    

OpCAB 100.00    

COtAFib 100.00    

Gender 99.97   Y 

MedBeta 99.94 2   

WeightKg 99.94  Y  

Hypertn 99.94 3   

HeightCm 99.93  Y  

Diabetes 99.93 3   

PrCVInt 99.93 3   

BSA 99.93  Y  

Dyslip 99.93 3   

CorAnatDisKnown 99.93 2   

PrevMI 99.93 3   

CardSympTimeOfAdm 99.92   Y 

CarShock 99.91 2   

Resusc 99.90 2   

Dialysis 99.90 3   

CHF 99.89 3   

OpONCard 99.88 2   

MedInotr 99.88 2   

CVD 99.86 3   

Arrhythmia 99.85 3   

InfEndo 99.85 2   

TobaccoUse 99.83 6   

PVD 99.83 3   

ChrLungD 99.81 6   

CardSympTimeOfSurg 99.79   Y 

Pred6D 99.78   Y 

PredVent 99.78   Y 

PredStro 99.78   Y 

PredReop 99.78   Y 

PredDeep 99.78   Y 

PredMort 99.78   Y 

PredMM 99.78   Y 

Pred14D 99.78   Y 

ImmSupp 99.77 3   

CreatLst 99.77  Y  

MedLipid 99.73 4   

MedASA 99.73 4   

MedADP5Days 99.71 4   

MedACEI48 99.70 4   

MedACoag 99.69 2   

MedCoum 99.68 4   

MedGP 99.68 4   

FHCAD 99.67 3   

MedAplt5Days 99.66 4   

MedXaInhibitors 99.66 3   
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Features 
Data 

Present (%) 
Categorical-
Impute mode 

Continuous- 
Impute mean 

Dropped  

MedSter 99.65 4   

MedAmiodarone 99.62 4   

MedNitIV 99.62 2   

MedThrom 99.61 2   

MedThrombinIn 99.60 4   

SlpApn 99.58 3   

PriorHF 99.56 3   

MedCChanTher 99.56 4   

MedBetaTher 99.54 4   

ThAoDisease 99.53 3   

MedLongActNit 99.49 4   

MedOthAntiang 99.48 4   

ECMO 99.47 2   

LiverDis 99.32 3   

VDInsufM 99.31 5   

NumDisV 99.30   Y 

VDInsufA 99.19 5   

Hct 99.18  Y  

VDInsufT 99.17 5   

BDTx 99.16 3   

AdmitSrc 99.12   Y 

HmO2 99.06 5   

VDInsufP 99.03 5   

UnrespStat 99.02 3   

Syncope 99.01 3   

Depression 99.00 3   

MediastRad 98.94 3   

RFHemoglobin 98.63  Y  

WBC 98.62  Y  

StenSource 98.59   Y 

Alcohol 98.56 5   

Cancer 98.50 3   

Pneumonia 98.48 4   

Ethnicity 98.47 3   

IVDrugAb 98.45 3   

Platelets 98.45  Y  

Dominance 98.24 4   

VDMit 98.12 2   

RaceCaucasian 98.10 2   

VDAort 98.09 2   

RaceBlack 98.05 2   

RaceAsian 98.05 2   

RaceNativeAm 98.03 2   

RaceOther 98.01 2   

RacNativePacific 98.00 2   

VDTr 97.79 2   

AnginalClass 97.34   Y 

HITAnti 97.34 3   

HDEF 97.12  Y  

GraftsPrsnt 97.02 2   

StentPrsnt 96.99 2   
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Features 
Data 

Present (%) 
Categorical-
Impute mode 

Continuous- 
Impute mean 

Dropped  

PredRenF 96.93   Y 

VDPulm 96.78 2   

INR 91.87   Y   
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Table 2.2: Baseline clinical and operative characteristics 

Baseline Characteristics Total (N=340,860) POAF (N=82,909) 
No POAF 

(N=257,951) 
P-Value 

Age (years) 64.75 ± 10.12 66.61 ± 9.00 63.51 ± 10.15 <0.0001 

Male 75.04 77.90 74.12 <0.0001 

Weight (kg) 89.16 ± 19.73 90.65 ± 19.92 88.68 ± 19.65 <0.0001 

Height (cm) 172.00 ± 10.21 173.00 ± 10.04 171.67 ± 10.24 <0.0001 

Body surface area (m2) 2.014 ± 0.24 2.037 ± 0.24 2.0066 ± 0.24 <0.0001 

Ethnicity, %    
<0.0001 

Caucasian 84.39 88.97 83.16 <0.0001 

Black 7.51 4.87 8.39 <0.0001 

Asian 3.48 2.99 3.65 <0.0001 

Native American 0.64 0.39 0.72 <0.0001 

Native Pacific 0.47 0.44 0.48 0.19 

Other 3.51 2.51 3.84 <0.0001 

Hispanic/Latino/Spanish ethnicity, 
% 7.80 5.30 8.61 

<0.0001 

Hospitalization     

Admit source, %    
<0.0001 

Elective admission 46.24 47.98 45.68 <0.0001 

Emergency department 26.75 24.88 27.35 <0.0001 

Transfer from hospital/acute 
care facility 24.55 24.74 24.48 

<0.0001 

Other 2.46 2.40 2.48 0.15 

Cardiac symptoms at time of 
admission, %    

<0.0001 

No symptoms 8.11 8.69 7.92 <0.0001 

Stable angina 15.62 15.55 15.64 0.53 

Unstable angina 37.96 36.70 38.36 <0.0001 

NSTEMI 26.44 26.26 26.50 0.18 

STEMI 5.26 5.00 5.34 0.0001 

Angina equivalent 3.25 3.75 3.09 <0.0001 

Other 3.35 4.04 3.14  

Cardiac symptoms at time of 
surgery, %    

<0.0001 

No symptoms 14.50 14.53 14.49 0.76 

Stable angina 16.85 16.55 16.95 0.0089 

Unstable angina 37.88 36.90 38.19 <0.0001 

NSTEMI 20.35 20.52 20.30 0.17 

STEMI 4.15 4.06 4.18 <0.0001 

Angina equivalent 3.08 3.57 2.93 <0.0001 

Other 3.18 3.86 2.96 <0.0001 

Cardiogenic shock, %    
<0.0001 

Yes, at time of procedure 1.10 1.45 0.99 <0.0001 

Yes, not time of procedure, but 
within 24hrs 0.40 0.49 0.38 

<0.0001 

Resuscitation, %    0.11 



63 
 

Baseline Characteristics Total (N=340,860) POAF (N=82,909) 
No POAF 

(N=257,951) 
P-Value 

Yes - Within 1 hour of the start 
of the procedure 0.11 0.13 0.11 0.045 

Yes - More than 1 hour but less 
than 24 hours of the start of the 
procedure 0.17 0.18 0.17 0.56 

Past Medical History     

Chronic heart failure, % 17.48 20.06 16.65 <0.0001 

Prior heart failure, % 10.61 12.19 10.11 <0.0001 

Hypertension, % 88.61 90.30 88.07 <0.0001 

Diabetes, % 47.90 46.20 48.45 <0.0001 

Cerebrovascular disease, % 19.38 22.42 18.40 <0.0001 

Peripheral vascular disease, % 13.07 15.00 12.45 <0.0001 

Previous cardiac intervention, % 29.82 30.88 29.48 <0.0001 

Anginal classification within 2 
weeks, %    

<0.0001 

CCS Class 0 10.99 12.29 10.57 <0.0001 

CCS Class 1 3.98 3.92 4.00 0.30 

CCS Class 2 17.72 17.83 17.69 0.35 

CCS Class 3 38.35 37.49 38.63 <0.0001 

CCS Class 4 28.95 28.46 29.11 0.0003 

Ejection fraction (%) 52.49 ± 12.13 52.21 ± 12.37 52.58 ± 12.04 <0.0001 

Previous MI, % 52.07 52.14 52.05 0.64 

Dyslipidemia, % 88.38 89.07 88.16 <0.0001 

Arrhythmia, % 0.51 0.58 0.49 0.0018 

Sleep apnea, % 13.68 15.07 13.23 <0.0001 

Family history of premature CAD, 
% 2.56 22.50 26.61 

<0.0001 

Chronic lung disease, %    
<0.0001 

Mild 11.85 12.48 11.66 <0.0001 

Moderate 5.78 6.60 5.52 <0.0001 

Severe 4.68 5.82 4.31 <0.0001 

Lung disease documented, 
severity unknown, % 6.88 7.59 6.66 

<0.0001 

Pneumonia, %    
<0.0001 

Recent 96.00 95.42 96.19 <0.0001 

Remote 38.69 38.02 38.94 0.22 

Liver disease, % 2.99 2.89 3.02 0.062 

Thoracic aortic disease, % 0.98 1.31 0.80 <0.0001 

Syncope, % 3.00 3.10 2.97 0.049 
Unresponsive neurological state, 
% 0.15 0.15 0.14 0.85 

Infective endocarditis, % 0.04 0.05 0.04 0.3 

Immunocompromised, % 3.00 3.33 2.89 <0.0001 

Cancer, % 4.61 5.58 4.30 <0.0001 

Mediastinal radiation, % 0.84 0.91 0.81 0.013 

Depression, % 13.64 3.06 10.58 <0.0001 
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Baseline Characteristics Total (N=340,860) POAF (N=82,909) 
No POAF 

(N=257,951) 
P-Value 

Coronary Disease     

Number of diseased vessels, %    
<0.0001 

0 0.081 0.04 0.09 <0.0001 

1 3.80 2.98 4.06 <0.0001 

2 19.29 18.73 19.47 <0.0001 

3 76.83 78.24 76.37 <0.0001 

Coronary artery dominance, %    0.52 

Left 10.08 10.03 10.10 0.59 

Right 82.13 82.27 82.08 0.28 

Co-dominant 7.79 7.70 7.82 0.33 
Source used to quantify stenosis, 
%    

<0.0001 

Angiogram 81.94 40.83 41.01 0.19 

CT 0.15 0.08 0.08 0.81 

IVUS 0.12 0.06 0.06 0.7 

Progress/OP note 10.09 4.90 5.09 0.0015 

Other 0.36 0.17 0.19 0.24 

Multiple 7.33 3.96 3.57 <0.0001 

Graft(s) present, % 0.19 0.17 0.19 0.17 

Stent present, % 21.36 21.97 21.17 <0.0001 

Valve Disease, %    
<0.0001 

Aortic 9.42 12.13 8.55 <0.0001 

Mitral 20.58 23.91 19.51 <0.0001 

Tricuspid 12.84 14.76 12.22 <0.0001 

Pulmonic 3.39 4.04 3.19 <0.0001 

Valve Disease Insufficiency, %     

Aortic    
<0.0001 

Trivial/Trace 13.11 15.40 12.41 <0.0001 

Mild 10.26 13.30 9.31 <0.0001 

Moderate 2.08 2.93 1.82 <0.0001 

Severe 0.080 0.10 0.07 0.021 

Mitral    
<0.0001 

Trivial/Trace 46.21 48.39 45.57 <0.0001 

Mild 42.48 47.70 40.83 <0.0001 

Moderate 14.82 19.38 13.45 <0.0001 

Severe 1.19 1.58 1.07 <0.0001 

Tricuspid    
<0.0001 

Trivial/Trace 48.63 50.48 48.06 <0.0001 

Mild 35.56 39.74 34.22 <0.0001 

Moderate 6.47 8.79 5.77 <0.0001 

Severe 0.45 0.65 0.39 <0.0001 

Pulmonic    
<0.0001 

Trivial/Trace 23.59 25.19 23.08 <0.0001 

Mild 8.15 9.76 7.65 <0.0001 

Moderate 0.0065 0.96 0.55 <0.0001 
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Baseline Characteristics Total (N=340,860) POAF (N=82,909) 
No POAF 

(N=257,951) 
P-Value 

Severe 0.07 0.07 0.07 0.64 

Social History     

Tobacco use, %    
<0.0001 

Current everyday smoker 36.87 32.19 38.21 <0.0001 

Current some day smoker 3.89 3.59 3.98 0.0017 

Smoker, currents status 
(frequency) unknown 1.39 1.24 1.44 0.0098 

Former smoker 49.86 53.66 48.54 <0.0001 

Alcohol use, %    0.17 

≤1 drink/week 29.34 29.12 29.41 0.15 

2-7 drinks/week 18.64 18.53 18.68 0.44 

≥8 drinks/week 11.94 11.70 12.02 0.051 

IV Drug abuse, %    
<0.0001 

Recent 2.92 2.00 3.22 <0.0001 

Remote 2.10 1.57 2.28 <0.0001 

Medications     

ACE/ARB inhibitors within 48 
hours, % 44.19 45.15 43.88 

<0.0001 

Contraindicated 1.60 1.76 1.51 <0.0001 

ADP inhibitors within 5 days, % 10.03 10.18 9.99 0.1094 

Contraindicated 0.29 0.31 0.28 0.12 

Amiodarone (therapy started this 
admission), % 6.07 4.86 6.46 

<0.0001 

Anticoagulants, % 42.36 42.06 42.46 0.042 

Antiplatelets within 5 days, % 3.91 3.70 3.97 0.0004 

Contraindicated 0.20 0.19 0.20 0.48 

Aspirin, % 85.57 85.68 85.54 0.32 

Contraindicated 0.79 0.75 0.79 0.30 

Beta blocker therapy for at least 2 
weeks prior to surgery, % 55.94 59.50 54.80 

<0.0001 

Contraindicated 0.01 1.13 0.97 <0.0001 

Beta blockers within 24 hours, % 94.60 94.86 94.51 0.0002 

Contraindicated 4.82 5.05 4.45 <0.0001 

Calcium channel blockers, % 18.35 21.00 17.50 <0.0001 

Contraindicated 0.10 0.09 0.10 0.41 

Coumadin, % 0.22 0.24 0.22 0.25 

Glycoprotein IIb/IIIa inhibitors, % 1.63 1.58 1.65 0.16 

Home oxygen, %    
<0.0001 

Yes, PRN 0.88 1.10 0.81 <0.0001 

Yes, oxygen dependent 0.66 0.87 0.59 <0.0001 

Inhaled Medication or oral 
bronchodilator therapy, % 10.81 11.99 10.43 

<0.0001 

Inotropes 1.03 1.27 0.96 <0.0001 

Lipid lowering drugs, % 80.20 79.95 80.27 0.046 

Contraindicated 1.14 1.26 1.09 <0.0001 
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Baseline Characteristics Total (N=340,860) POAF (N=82,909) 
No POAF 

(N=257,951) 
P-Value 

Long acting nitrates, % 11.51 12.50 11.18 <0.0001 

Contraindicated 0.064 0.07 0.06 0.82 

Nitrates, I.V., % 9.27 9.46 9.21 0.031 

Other antianginal medication 
therapy, % 3.52 3.59 3.50 0.22 

Contraindicated 0.03 0.03 0.03 0.94 

Steroids, % 1.94 2.36 1.80 <0.0001 

Contraindicated 0.029 0.03 0.03 0.97 

Thrombin inhibitors, % 0.55 0.55 0.55 0.98 

Contraindicated 0.02 0.02 0.02 0.84 

Thrombolytics, % 0.21 0.22 0.20 0.45 

Xa inhibitors, % 0.18 0.20 0.18 0.18 

Labs     

Hemoglobin, % 13.34 ± 1.94 13.29 ± 1.95 13.36 ± 1.93 <0.0001 

Hematocrit, % 39.69 ± 5.26 39.57 ± 5.31 39.73 ± 5.25 <0.0001 

White blood cells, % 8.17 ± 3.10 8.18 ± 3.34 8.16 ± 3.027 <0.0001 

Platelets, % 
217694.4 ± 
65863.36 

211238.7 ± 
64752.57 

219771.7 ± 
669069.66 

<0.0001 

INR, % 1.05 ± 0.26 1.057 ± 0.23 1.046 ± 0.26 <0.0001 

Last creatinine, % 1.04 ± 0.46 1.07 ± 0.49 1.03 ± 0.45 <0.0001 

HIT Antibodies 
(positive/performed), % 1.14 1.14 1.14 0.93 

STS Risk Calculated Scores     

Predicted permanent stroke, % 0.012 ± 0.0098 0.014 ± 0.011 0.011 ± 0.0094 <0.0001 

Predicted short length of stay, % 0.50 ± 0.18 0.46 ± 0.18 0.52 ± 0.18 <0.0001 

Predicted long length of stay, % 0.053 ± 0.055 0.16 ± 0.12 0.13 ± 0.098 <0.0001 

Predicted renal failure, % 0.036 ± 0.048 0.044 ± 0.056 0.033 ± 0.044 <0.0001 

Predicted prolonged ventilation, % 0.098 ± 0.092 0.11 ± 0.11 0.094 ± 0.087 <0.0001 

Predicted deep sternal wound 
infection, % 0.0041 ± 0.0038 0.0046 ± 0.0042 0.0039 ± 0.0036 

<0.0001 

Predicted reoperation, % 0.048 ± 0.026 0.053 ± 0.029 0.046 ± 0.024 <0.0001 

Predicted risk of mortality, % 0.017 ± 0.027 0.021 ± 0.033 0.015 ± 0.024 <0.0001 

Predicted morbidity or mortality, % 0.14 ± 0.10 0.16 ± 0.12 0.13 ± 0.098 <0.0001 
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Table 2.3: Top-featured variables for POAF with linear SVM 

 Top Features 

1 BSA 

2 WeightKg 

3 PredMM 

4 HeightCm 

5 PredVent 

6 Pred6D 

7 Age 

8 Gender 

9 PredReop 

10 MedASA 

11 PredStro 

12 RFHemoglobin 

13 Syncope 

14 ChrLungD 

15 VDTr 

16 VDMit 

17 Ethnicity 

18 Pred14D 

19 WBC 

20 Dominance 

 
This is a list of the top 20 features from a linear SVM using 32,000 samples to train, which was the 

maximum numbers of samples per SVM that can be trained with the computation we had without 

bagging. 
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AIM 2 ABSTRACT 

 
Introduction: Cardiac ischemic reperfusion injury (IRI) continues to be a significant clinical concern. 

Although early revascularization is the most effective therapy to restore blood flow and salvage 

myocardium, to date, there are no available treatments to attenuate reperfusion injury. Human placental 

amniotic (HPA) tissue has demonstrated anti-inflammatory and wound healing properties. We 

hypothesize the placement of HPA tissue on the epicardium will protect the heart against IRI by 

suppressing pro-inflammatory signals and preserving myocardial tissue. 

 

Methods: Using a clinically relevant model of IRI, we performed an unbiased, non-hypothesis driven 

transcriptome and proteome analysis to elucidate cellular and molecular mechanisms of HPA xenograft-

induced cardioprotection against IRI. Swine (n=3 in MI only and MI+HPA groups) were subjected to a 45-

minute percutaneous IRI protocol followed by HPA placement in the treated group. Cardiac function was 

assessed, and tissue samples were collected post-operative day 14. Results were further supported by 

histology, RT-PCR, and Western blot analyses.  

 

Results: We present the first comprehensive transcriptome and proteome profiles of the ischemic, 

border, and remote myocardium during the proliferative cardiac repair phase with HPA allograft use in 

swine. Our results establish HPA limited the extent of cardiac injury by 50% and preserved cardiac 

function. Spatial dynamic responses, as well as coordinated immune and extracellular matrix remodeling 

to mitigate injury, were among the key findings. Changes in protein secretion, mitochondrial 

bioenergetics, and inflammatory responses were also noted to contribute to cardioprotection.  

 

Discussion: We provide convincing evidence that HPA has beneficial effects on injured myocardium and 

can serve as a new therapeutic strategy in cardiac patients.  
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CHAPTER 3: INTRODUCTION 

 
Chapter 3 provides an introduction for Aim 2. 
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 CORONARY ARTERY DISEASE 

Obstructive coronary artery disease (CAD) accounts for more than half of all-cause cardiovascular 

disease morbidities,97 and over 790,000 Americans have a MI each year.98 Acute MI is the result of 

myocardial necrosis, and diagnosis is dependent on serologic cardiac biomarkers and ECG findings. 

Patients often present with retrosternal chest pain radiating to left arm/jaw, shortness of breath, fatigue, 

diaphoresis, nausea, and vomiting. Treatment involves morphine, oxygen, nitrates, antiplatelets/aspirin, 

beta-blockers, anticoagulants/heparin, statins, and reperfusion therapy.  

MI is subcategorized based on location and diagnostic criteria. MI patterns can be dictated by the 

affected coronary artery and the area it supplies, eventually resulting in anterior, posterior, lateral, septal, 

or right ventricular infarcts. Morphologically, these infarcts can present transmurally or non-transmurally. 

Transmural infarcts comprise the full depth of the myocardium, extending from the endocardium through 

the epicardium. Conversely, non-transmural infarcts during ischemia target the most vulnerable 

subendocardial zones of the heart.  

Prognostic factors include age, atherosclerotic disease, diabetes, vascular disease, increased 

thrombolysis in MI (high TIMI score), depth of injury, increased brain natriuretic peptide, and C-reactive 

protein levels, and delayed reperfusion. Over half of patients diagnosed with MI are under 65 years of 

age, but this range may shift with the aging population. Following MI, patients are susceptible to 

complications such as arrhythmia, stroke, recurrent MI, HF, cardiogenic shock, pericarditis, cardiac 

tamponade, valve regurgitation, aneurysm, Dressler syndrome, and death.99 

CAD often progresses to cardiac remodeling and HF. Despite advances in clinical management, HF 

continues to be the leading cause of hospitalization, with a cost-burden exceeding $30 billion100 or 2% of 

total health care expenditures.101 The prevalence of HF is increasing, especially in the population under 

65 years of age, with over half these HF patients given a life expectancy of less than five years after initial 

diagnosis.100 

Early revascularization with percutaneous coronary intervention (PCI) or CABG is the key to the best 

long-term outcomes post-MI. Immediate reperfusion of the coronaries following ischemia has increased 

chance for myocardial salvage and, therefore, better prognosis. Hence, early revascularization is critical 
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to reduce infarct size, necrosis, and mitigate inflammatory response.102,103 These are all key elements that 

determine long-term survival and detrimental progression to HF.  

Every year, more than 370,000 CABG surgeries performed annually.98 CABG surgeries are the 

preferred surgical procedure because restoration of blood flow during surgery is critical to salvage 

myocardium, reduce infarct size and prevent HF.104–106 Therefore, attenuating pro-inflammatory while 

promoting anti-inflammatory mediators early on limits cardiac injury and ensures long-term benefit.107,108 

Despite advances in reperfusion protocols, no effective therapeutic strategy for preventing myocardial 

ischemia-reperfusion injury (IRI) exists, resulting in a significant clinical gap.  

The most common complication post-CABG and a critical indicator of the early phase of IRI is POAF. 

This devastating complication affects 25-40% of CABG patients1,2 and occurs most commonly during the 

inflammatory phase of cardiac repair. Because many studies adhere to the standard STS definition of 

POAF as ‘‘atrial fibrillation/flutter requiring treatment,” the diagnosis underestimates nearly 10,000 

patients annually who experienced AF that terminated before treatment or had contraindications to 

therapy15. This thereby neglects increased 30-day mortality risk and alters the associated patient risk 

factors constituting this study population.  

 

PATHOPHYSIOLOGY OF CORONARY ARTERY DISEASE 

The following sections delineate the pathophysiology, specifically the process of how 

atherothrombosis leads to IRI and cardiac remodeling, and the cellular and signaling pathways involved in 

the cardiac repair process, in particular, the inflammatory, proliferative, and maturation phases. 

1.0 Atherosclerosis 

Progression of ischemic disease begins with atherothrombotic disease, IRI, and, ultimately, cardiac 

remodeling (Figure 3.1). Coronary artery atherothrombosis is the most common etiology of acute MI.109 

Development of atherosclerosis ensues with white blood cell adhesion and migration through endothelial 

cells in the coronaries and maturation of monocytes to macrophages. These cells then become foam cells 

after accumulating lipids. As the lesion grows, lipid and cholesterol crystals build up, smooth muscles 

migrate from the media to the intima, and the central region of the plaque starts to create a necrotic 
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core.110 Rupture of the fibrous cap releases blood coagulants and platelets into the lipid core, triggering a 

thrombus formation.  

This formed occlusion within the coronary vessel then limits blood flow and prevents oxygen 

exchange to the myocardium, initiating an ischemic event. Consequentially, the overwhelming metabolic 

demand exceeds the supply, leading to irreversible cardiomyocyte (CM) damage and loss of highly 

regulatory cellular repair mechanisms to return to homeostasis.  

2.0 Ischemia-Reperfusion Injury 

Ischemia results in increased reactive oxygen species (ROS), calcium influx, and glycolysis, as well 

as decreased pH and ATP concentrations. Ischemia-driven dysfunction in CM advances into necrosis, 

apoptosis, and autophagy, and ultimately impairs myocardial contractility. The infarct size is, therefore, 

the single most important predictor of adverse ventricular remodeling;111 immediate reperfusion following 

ischemia has increased chance for myocardial salvage and, therefore, better overall prognosis. The 

ensuing ischemia also triggers an intense innate inflammatory response, and the severity of this response 

can influence downstream effects such as apoptosis and necrosis. Therefore, early revascularization is 

key to reduce infarct size, necrosis, and mitigate inflammatory response.  

Although the reperfusion of oxygen-deprived tissue is 

crucial, the result can potentiate a worsening inflammatory 

response, further causing CM death and cardiac remodeling. 

This blatant paradox is defined as IRI. In addition, the heart 

also experiences an increase in free radicals, caspases, 

calcium fluxes, as well as mass opening of mitochondrial 

permeability transition pores and alkalosis. 

 

3.0 Cardiac Remodeling 

Metabolic and functional alterations also accompany 

cellular changes. Pathological morphology, in the form of 

compromised contractility, following IRI can progress to ventricular dysfunction and HF.112 The imbalance 

in oxygen supply and demand along with the pro-inflammatory milieu, apoptosis, oxidative stress, and 

Figure 3.1: Progression of ischemic 
disease. 

Athero-
thrombosis 

Ischemia-
Reperfusion 

Injury

Cardiac 
Remodeling
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energy starvation stimulates cardiac dysfunction. This state promotes changes in size, morphology, and 

function of the heart, termed as ventricular remodeling. Ultimately, this pathological remodeling can affect 

electrical, ventilatory, and multi-organ imbalances, creating a vicious cycle that leads to HF syndrome. 

Our working theory is that attenuating pro-inflammatory signaling while promoting anti-inflammatory 

mediators slows progression to HF and is a reliable early on predictor of long-term patient benefit.  

 

CARDIAC REPAIR PROCESS 

The delicate balance of pro- and anti-inflammatory signaling is important in predicting heart viability, 

and therefore a dive into the overall cardiac repair process is important to review. Table 3.1 summarizes 

the overall cardiac repair process. The inflammatory phase begins with changes in cell death, autophagy, 

and inflammation that occur during the acute phase of MI. The scar forms during the proliferative phase, 

and scar maturation and contraction occur in the maturation/remodeling phase. The following sub-

sections will discuss the cell types and signaling molecules and their relationship to each other. 

1.0 Inflammatory Phase 

Inflammation plays a significant role in the size and composition of the infarct, which subsequently 

impacts the remodeling of the myocardium. The first stage required for an effective response to tissue 

damage is inflammation. This stage is primarily orchestrated initially by the innate immune response with 

a rapid resolution of pro-inflammatory features such as IL-1 for active tissue regeneration. Failure to 

resolve injury effectively leads to persistent inflammation, resulting in sustained tissue injury. The 

inflammatory phase results in vascular dysfunction, pro-apoptotic cytokine release, recruitment of 

inflammatory cells, and dead cell clearance. 

During the first four hours following acute MI, no gross changes are notable. However, within the first 

24 hours after infarction, pale infarcted areas with dark mottling and microscopic coagulative necrosis, 

edema, bleeding, and wavy fibers can be observed. Neutrophil migration and contraction bands start to 

appear by day three.  

At this point of repair, pro-inflammatory mediators are released by injured CMs to activate endothelial 

cells, neutrophils, and macrophages. Hypoxic injury and other pro-inflammatory markers such as 

transcription factor HIF-1 and upregulation of signaling proteins JNK and p38 MAPK further amplify this 
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response.113,114 Additionally, activation of the complement cascade and hemostatic events can result in 

increases in pro-inflammatory mediators.115  

Receptor for advanced glycation end-products (RAGE) pathways stimulate early growth factor 

response 1 (EGRF-1) expression to increase inflammation and pro-thrombotic states in endothelial cells 

as well as upregulate tumor necrosis factor (TNF) .116 P-selectin levels and adjacent activated 

neutrophils potentiate and promote coagulation through platelet activation and thrombus formation 

localized to the endothelium. Furthermore, infarct expansion and cardiac complications are heightened by 

vascular resistance changes evidenced by increases in endothelial COX2 expression and upregulation of  

angiotensin II and p38 MAPK signaling in the enodthelium.117  

Cell Types of Inflammatory Phase 

Neutrophils are the most abundant immune cells observed within the first 24 hours post-MI.118 Their 

concentration peaks during the acute phase (1-3 days) and steadily decline to nominal levels within a 

week.119  Circulating neutrophils release free radicals, proteases, and other inflammatory signals following 

injury. The release of these mediators along with TNF, IL-1, and IL-6, promote cell adhesion synthesis in 

endothelial cells and facilitates leukocyte recruitment to the injured site.  

Tissue injury elicits leukocyte extravasation, which occurs predominantly at postcapillary venules. 

Cells then undergo margination and rolling with surrounding vascular molecules such as E-selectin, P-

selectin, GlyCAM-1, and CD34 and leukocyte mediated L-selectins.120 ICAM-1 and VCAM-1 in endothelial 

cells and CD11/18 and VLA-4 integrin structures on leukocytes facilitate the avidity of these molecules.120 

With increased vascular permeability, diapedesis and migration occur with the help of PECAM-1 and 

chemotactic released products, respectively.120  

Dendritic cells, recruited to the infarct site, present autoantigens through MHC to helper T cells and 

release IL-6, IL-10, and TNF to regulate monocyte and macrophage hemostasis. Once monocytes reach 

the injured area, they transform into macrophages to actively phagocytose debris and promote dead cell 

clearance. Recruited cytotoxic T cells initiate autoimmune responses against CMs, further leading to 

cardiac dysfunction. Pattern recognition receptors (PRRs) on dendritic and other immune cells, such as 

TLR2 and TLR4, and RAGE receptors, are critical players in MI response.115 They recruit neutrophils and 

other dendritic cells to promote an adaptive immune response.  
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During the inflammation phase, activated fibroblasts secrete pro-inflammatory cytokines, 

chemokines and MMPs.115,121 As their function involves structural and tissue integrity, they exert signals 

to CMs and respond to immunological stimuli to advance the healing process. The production of 

extracellular matrix (ECM) components for tissue reconstruction, which is predominantly observed in the 

proliferative phase defines the healing process. 

Necrosis/Apoptosis/Autophagy 

Ischemic cell necrosis peaks at 24 hours after MI and is induced by endogenous damage-associated 

molecular patterns (DAMPs), such as from damaged ECM proteins, heat shock proteins, mitochondrial 

components, and interleukins (IL).115 DAMPs released from CM, immune and endothelial cells activate 

PRRs on immune, CM, fibroblast, and endothelial cells to alert tissue damage has occurred. Mechanisms 

involved in necrosis are often due to excess sodium accumulation inside the cells that promotes water 

influx, causing MPTP opening and mitochondrial swelling. Cytosolic accumulation of mitochondrial 

elements also upregulates apoptosis and necrosis.  

TNF promotes CM damage through caspase activity and leakage of calcium through ryanodine 

receptors as well as induces apoptosis. Apoptosis peaks around 4.5 hours post-MI.122 Apoptotic signals 

often mediate heart regions bordering the infarct zones through cell surface signaling (Fas-ligand123 and 

TNF124) and intracellular signaling (Bcl-2- associated-X protein and BH3-only proteins125). These cellular 

pathways stimulate the destabilization of the outer mitochondrial membrane and activate caspases to 

cleave regulatory proteins. Activation of inducible nitric oxide synthase (iNOS) stimulates the release of 

cytochrome c in mitochondria and initiates apoptosis. An increase in nitric oxide and ROS promotes non-

reversible damage to the heart and is advanced by nuclear translocation of NF-kB and upregulation of 

TNF, IL-6, and IL-10 expression.  

Activation of iNOS stimulates the release of cytochrome c in mitochondria and initiates apoptosis. An 

increase in nitric oxide and ROS promotes non-reversible damage to the heart and is demarked by 

nuclear translocation of NF-kB and upregulation of TNF, IL-6, and IL-10 expression.  

Post-MI, the demand for increased autophagy is essential to remove waste and recycle intracellular 

substrates. Clearance of used immune cells and necrotic tissue then allows for new fibroblasts to seed 
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and collagen deposition to ensue. Activation of AMPK, increase in ROS, calcium overload, and mTOR 

inhibition all trigger autophagy.126,127 These responses allow for the initiation of the next phase. 

2.0 Proliferative Phase 

During this stage, inflammatory pathways are contained, and pro-healing mediators are initiated. 

Monocytes and macrophages, along with lymphocytes, promote angiogenesis, myofibroblast 

differentiation, and ECM production. 

The proliferative phase accounts for the cellular and gross changes seen within two weeks post-MI. 

Scar formation begins at the site of the infarcted area, with a hyperemic border and softened yellow-

brown center. Microscopically in this affected area, macrophages undergo expansion and granulation 

tissue develops. Monocytes and macrophages secrete growth factors to promote repair and 

differentiation into myofibroblasts (specialized fibroblasts that function like smooth muscle cells).115 As a 

marker for the proliferative phase, these cells are capable of developing stress fibers and contractile 

proteins. 

The pro-inflammatory response observed in the inflammatory phase is mediated by the release of 

anti-inflammatory signals, including IL-10, transforming growth factor (TGF) , and lipid-based molecules. 

The upregulation of IL-10 suppresses the production of inflammatory mediators by macrophages via 

activation of STAT3 signaling.128 Although the exact mechanism is not well understood, TGF is thought 

to be the key player in changing from inflammation to fibrosis.115,129 Moreover, growth differentiation factor 

15 (GDF-15), a member of the TGF family, has been suggested to control inflammation through 

neutralizing leukocyte integrin activation.130 Resolvins and other lipid-derived mediators have been shown 

to mediate ischemic injury in rodent models.131 Upregulation of negative mediators of the innate immune 

system such as IRAK-M can be observed in macrophages and fibroblastic post-MI with concurrent 

increase in the myofibroblast phenotype.132 Myofibroblasts secrete tissue inhibitors of metalloproteinase 

(TIMPs), collagen-based matrix, anti-inflammatory cytokines, and angiogenic factors during the 

proliferative phase. Migration of these cells is driven by fibroblast growth factor (FGF), angiotensin II, and 

platelet-derived growth factor (PDGF).115 

The ECM is comprised of collagen, laminin, MMPs, and adhesion proteins. The primary network is 

built on fibrin and fibronectin mesh, which allows for plasticity and migration of proliferating cells. 
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Upregulation of fibroblasts with type 1 and 3 collagen, TCF21, and PDGFR is observed.133 Collagen 

deposition in the heart is thought to be dependent on SMAD3 mediators.134 

Cell Types in Proliferative Phase 

The number of neutrophils declines through apoptosis following initiation of the reparative phase. 

M2 macrophages peak at day seven post-MI and serve to clear apoptotic cells. The M2 cells secrete 

vascular endothelial growth factor (VEGF), IL-10, and TGF to primarily inhibit inflammation and, 

secondly, promote repair, angiogenesis, and fibrosis. Dendritic cells assist with scar formation and 

endothelial proliferation while reducing inflammation. Lymphocytes also play a role in the reparative 

phase. B and T cells modulate tissue remodeling and fibroblast activation. Concomitantly, regulatory T 

cells attenuate inflammation by decreasing effector T cell expansion and decreasing CD8 T cells.115 

Smooth muscle cells and pericytes promote angiogenesis through upregulation of PDGF and PDGFR.135  

Apoptosis of inflammatory cells, fibroblasts, and endothelial cells indicate the end of the 

proliferative phase and induction of the scar maturation phase. Dynamic changes in cell types and 

tissue architecture characterize the local and global contractile function of the heart. Resulting changes 

can lead to ventricular dilation and remodeling.  

3.0 Maturation Phase 

The maturation phase begins 14 days post-MI and can continue for several months. The resulting 

morphology involves a contracted scar. Collagen type I replaces type III collagen and allows for LOX-

catalyzed cross-linking.115 As the collagen cross-links and matures over time, the tensile strength of the 

heart wall also increases but can result in LV hypertrophy or weakening of the ventricular heart wall.   

Anti-fibrotic signals, such as interferon-y-inducible protein (IP)-10/CXCL10 inhibition signaling of 

fibroblast migration, may contribute to the termination of the proliferative phase.136  

In Figure 3.2A, maintenance of collagen, ECM, fibroblasts, and myofibroblasts is illustrated after 

chronic inflammation decreases. Figure 3.2B demonstrates a steady rise in proteoglycans, collagen, and 

cross-linking allows for such beneficial and functional changes. 
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Cell Type in Maturation Phase 

Fibroblasts, vascular cells, and myofibroblasts undergo apoptosis, while ECM scaffold proteins are 

continually produced and deposited by homeostatic-like fibroblasts. Unlike other tissues, myofibroblasts 

are known to remain in cardiac tissue after wound healing; this may be for ECM maintenance, although 

the purpose is currently unknown.  

 

 

Figure 3.2: Timeline of healing post-MI. Temporal regulation of infarct healing is dependent on 

compositions of inflammatory and ECM profiles. (A) Infarct healing time-course. (B) Matrix content time-

course [Richardson et al.]121 
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Table 3.1: Phases of cardiac repair process 
Response Inflammatory Phase Proliferative Phase Maturation Phase 

Time scale 1-3 days 3 days – weeks Weeks – months 

Tissue 
response 

Hypoxia, mechanical 
stretch, complement 
activation, dead cell 
clearance 

Scar formation, 
microvascular network  

Scar maturation, increased 
tensile strength and 
contraction of scar, 
hypertrophy, weakening of 
LV wall 

Gross 
changes 

0-4hrs – none; 
4-24hrs  

 
1-3 days  

 

3-14 days  

 

2 weeks – months 

 

Cell response CM necrosis, neutrophil 
and macrophage 
infiltration 

Apoptosis of inflammatory 
cells, FB and endothelial cell 
proliferation and migration, 
myofibroblasts, angiogenesis 

Apoptosis of FB, MFB, and 
vascular cells, MFB 
persistence 

Microscopic 
changes 

→  
Coagulative necrosis, 
edema, hemorrhage, 
wavy fibers → neutrophil 
migration, contraction 
bands 

 
Macrophages, granulation 
tissue at margins 

 
Contracted scar complete 

ECM 
response 

ECM breakdown, 
dynamic ECM with fibrin 
and fibronectin 

ECM production, collagen, 
laminin, increase in adhesion 
proteins, MMP  

ECM turnover, collagen 
cross-linking, compacted 
collagen-based scar 

Signaling 
molecules/ 
Pathways 

↑in ROS, IL-1, IL-6, TNF, 
MMP, NFkB, TLR 

↓in inflammatory mediators- 
Ang II, ET1, FGF, PDGF, 

TGF, IL-10 

↓MMP, TGF, lysyl oxidases 

Complications Arrhythmia, HF, 
cardiogenic shock, death 

Fibrinous pericarditis 
 
 

Tamponade, MR, LV 
pseudoaneurysm, Dressler 
syndrome, HF, arrhythmia, 
ventricular aneurysm 

[Adapted from Talman et al., Goumans et al., Le et al. ]99,137,138 
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CM, cardiomyocyte; ECM, extracellular matrix; ET, endothelin; FB, fibroblast; FGF, fibroblast growth 

factor; IL, interleukin; LV, left ventricle; MFB, myofibroblast, MMP, metalloproteinase; MR, mitral 

regurgitation; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; PDGF, platelet 

derived growth factor; TGF, transforming growth factor; TLR, toll-like receptor; TNF, tumor necrosis factor 

 

CURRENT CONCOMITANT THERAPEUTIC APPROACHES FOR MYOCARDIAL INFARCTION AND 

POAF 

Initial presentation of acute coronary syndrome is medically managed with morphine, oxygen, 

nitrates, aspirin, beta-blockers, ACE inhibitors, statins, and heparin. Thereafter, a CABG revascularization 

procedure is considered. Notably, preventing the sequelae of cardiac injury and POAF can reduce 

healthcare costs and attenuate long-term pathological progression. There is mounting evidence to 

suggest POAF increases the risk of stroke, respiratory failure, pneumonia, morbidity and mortality, 

prolonged intensive care unit (ICU) and hospital stays, and increased resource use4–8,11–13,139. The 

efficacy of several prevention strategies and agents have been tested in randomized clinical trials19–32 or 

suggested through meta-analyses33–39. However, many are limited by the adverse effects of 

pharmacotherapies. The use of anti-arrhythmic medications is counterintuitively associated with 

increased mortality due to pro-arrhythmia, whereas anticoagulant therapy can result in clinically 

significant bleeding33. 

Surgical strategies to augment healing and prevent HF at the time of CABG can provide clinical 

benefit to patients with preexisting ischemic injury. As previously mentioned, ECM influences cardiac 

remodeling and global function by providing structural support to tissue and mediating endogenous cell 

differentiation, proliferation, and migration. Application of ECM native and engineered ECM materials, 

both viable and decellularized, have been utilized in both cardiac and other medical arenas. 

Decellularized products by Mimedx,140,141 CorMatrix,142,143 MTF Biologics144,145, and Celularity146 are found 

to promote wound healing and endogenous tissue repair owing to the retained growth factors, cytokines, 

and matricellular proteins. Similarly, safety and efficacy of cell-based therapies with mesenchymal stem 

cells have been evaluated in several studies for cardiac regeneration.147–151 Nevertheless, the scope of 

this thesis will be limited to decellularized ECM bioscaffolds.  
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HUMAN PLACENTAL AMNIOTIC MATERIAL  

Human placental amniotic (HPA) tissue is an immunomodulatory, resorbable human membrane 

prepared from donated placenta. Local, direct application of HPA allograft to heal wounds has 

demonstrated to be effective in orthopedic repair,152 ocular therapy,153,154 diabetic treatment, such as 

diabetic foot ulcers,144,155–157 and severe burn management.158 This is thought to be in large part due to 

the immunologically privileged nature of human placental material and its rich source of amniotic growth 

factors, ECM, and other cellular components. Moreover, placental-derived tissues have known 

angiogenic properties, often attributed to angiogenic factors uncovered in the matrix.141,159,160 Establishing 

the ability of HPA allograft to promote cardiac repair and prevent POAF and cardiac injury will improve 

long-term outcomes and establish a therapeutic strategy for IRI. 

To better understand the influence of HPA tissue in wound healing and repair, a brief description of 

the biology will be provided. HPA membrane can be characterized as a thin, highly durable tissue 

consisting of two conjoined layers, the amnion and chorion, that form the inner lining of the placenta and 

support the developing fetus and amniotic fluid during pregnancy. The membrane itself is avascular and 

receives its nutrient supply through diffusion from amniotic fluid and the underlying decidua.161 Amnion, 

from deep to superficial, consists of the following five distinct layers: epithelial layer, basement membrane 

layer, compact layer, fibroblast layer, and intermediate layer.141 In contrast, the chorion, loosely 

connected to the amnion, is four times thicker and comprises of the reticular layer, basement layer, and 

trophoblast layer.141 Figure 3.3 describes the unique composition of collagen, ECM, and cells in each 

layer that ultimately provides structural integrity.  

Together, the membrane contains amnion cells, cytokines, proteins, growth factors, ECM, fibronectin, 

elastin, laminin, and multipotent cells. Epithelial and mesenchymal amniotic cells within the layers secrete 

anti-inflammatory proteins, including activin A and IL-10, and suppress pro-inflammatory markers, 

including IL-1.162 Aside from immune suppression, amnion also has antimicrobial properties owing to the 

secretion of compounds including β-defensins, leukocyte proteinase inhibitor, and elafin.163–166 Cell 

proliferation and differentiation is driven by growth factors and cytokines including ILs, PDGF, VEGF, 

FGF, TGF-α,β, TIMPs, epidermal growth factor (EGF), FGF, keratinocyte growth factor (KGF), placental 

growth factor (PlGF), angiopoietin‐2 (Ang-2), and hepatocyte growth factor (HGF).141,167–169 
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The level of immunogenicity of placental tissue is critical when considering HPA tissue-based 

therapies. Although initial studies suggested HPA does not result in overt acute graft rejection based on 

undetectable immunogenic antigens in fresh tissue using immunofluorescence,170 further examination 

revealed HPA contains non-immunogenic human leukocyte antigen (HLA) -G antigens as well as a mild 

expression of HLA-A, -B, -C, and -DR antigens.171–173 This suggests, although possible, low risk of 

immune rejection has permitted HPA to be considered immune privileged.  

HPA products are commercially available in the form of allografts, particulates, and injectables. 

Processing of placental tissue for allografts involves immediate harvest after birth, infectious disease 

testing, sterilization, and finally storage as dehydrated or cryopreserved material. Some products are 

decellularized before preservation, which further limits antigen response. This, coupled with the retention 

of wound healing properties following cryopreservation or dehydration, presents HPA tissue as a 

beneficial therapeutic strategy.  

 

 
Figure 3.3: Extracellular matrix composition of placental membrane. [Adapted from Koob et al, Niknejad 
et al.]141,161 
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CHAPTER 4: XENOGRAFT THERAPY PROMOTES CARDIOPROTECTION IN INFARCTED SWINE 
MODELS 

 
The following chapter will describe the specific aim, hypothesis, methods, results, and discussion for Aim 
2. 
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AIM 2 SUMMARY 

Based on our preliminary findings in the mice and swine studies, we designed a new study. To 

achieve this aim, we will use a MI swine model and procedure that abides by the NHLBI-sponsored 

Consortium for pre-clinical assESsment of cARdioprotective therapies (CAESAR) and American Heart 

Association174,175. Swine is the optimal candidate and lowest animal species that has equivalent genetics, 

physiology, and structural features for comparable to humans. Importantly, the swine model of MI is 

recognized as a valid, relevant pre-clinical model to predict clinical outcomes.176–178 This study will comply 

with all relevant ethical regulations; the University of Arizona Institutional Animal Care and Use 

Committee has approved the swine protocol (IACUC 19-502). 

1.0 Aim 2 

To elucidate cellular and molecular mechanisms of HPA xenograft-induced cardioprotection against 

IRI using deep phenotyping to improve therapeutic strategies in cardiac surgical patients. 

2.0 Hypothesis 

Placement of HPA xenograft on the epicardium will protect the heart against IRI by suppressing pro-

inflammatory signals and preserving myocardial tissue. 

 

MATERIALS AND METHODS 

1.0 Animal Model 

This study complied with all relevant ethical regulations; swine protocols were approved by the 

University of Arizona Institutional Animal Care and Use Committee (IACUC 19-502) and abided by the 

2011 NIH guidelines for care and use of laboratory animals. Figure 4.1 illustrates the timeline of the 

experiments performed during this study. Four pigs, weighing 90-118kg from the University of Arizona 

Food Products and Safety Laboratory (Tucson, AZ), served as controls (no MI, no HPA). A total of 8 

three-to-four-month-old male domestic farm pigs (S&S Farms, San Diego County, CA), weighing 26-43kg, 

were initially included in the study and randomly assigned to MI only and MI+HPA group. The survival 

rate was 92%, resulting in a final number of 11 animals completing the protocol. One death occurred 

within the first 30 minutes of MI, and the major cause of death was arrhythmia. The sample size used was 
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estimated to achieve a power of 0.9 and α = 0.05 using one-way ANOVA. Control swine (n=4) did not 

undergo surgical procedures.  

2.0 Human Placental Amniotic Tissue 

HPA allograft (AmnioBand® Membrane, MTF Biologics, Edison, NJ) is a dehydrated membrane 

comprised of both amnion and chorion layers. All tissues from MTF were aseptically recovered and 

processed and receive an in-process bioburden reduction step that meets the USP <71> Standard for 

Sterility, thus, maintaining the integrity of the tissue biologically and biomechanically and eliminating the 

need for Terminal Sterilization like other processors use. MTF does not employ the use of harsh 

chemicals and terminal radiation in the processing of AmnioBand®, as these methods can have 

damaging effects on bone and soft tissue, as well as on the delicate nature of the acellular dermal matrix 

and placental tissues.  

MTF has performed all testing and safety. Before the placenta is donated, MTF conducts donor 

screening to ensure the donation of tissues is in accordance with current policies and procedures 

approved by the MTF Medical Board of Trustees. Donor blood samples taken at the time of recovery were 

tested for HBV, HCV, HIV-1/2, and syphilis by a facility that is CLIA certified and registered with the FDA.   

3.0 Surgical Procedure 

Swine in the experimental groups were randomized, with MI only and MI+HPA surgeries assigned 

alternative schedules for assurance of experimental reproducibility and consistency. Animals were 

acclimated in the University Animal Care (UAC) facility for 72 hours at a minimum. Following a 12-hour 

pre-operative fast, swine in MI only (n=4) and MI+HPA (n=3) group were sedated using intramuscular 

ketamine (10-20mg/kg) and midazolam (0.1-0.5mg/kg) the morning of the procedure. Anesthesia was 

induced via an oxygenated mask with isoflurane inhalation until a surgical plane of anesthesia was 

achieved, as evidenced by a lack of jaw tone. Endotracheal intubation was performed, and anesthesia 

and ventilation were maintained with continuous 1-5% inhaled isoflurane and confirmed by assessing jaw 

tone, body movement, and vital signs. Electrocardiogram leads, pulse oximetry, and end-tidal carbon 

dioxide measurements were monitored for the duration of the procedure. Femoral artery and ear vein 

catheters were placed for hemodynamic monitoring, blood collection, and fluid administration. 
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For swine in MI only and MI+HPA groups, a percutaneous IRI protocol was utilized. A cut-down 

procedure was performed in the operating room for placement of introducer sheaths in the carotid artery. 

A guide catheter was advanced to the left anterior descending (LAD) coronary artery. Subsequently, a 

coronary guide wire was then advanced into the LAD. All catheters and transducers were placed under 

fluoroscopic guidance (GE OEC 9800 Plus Medical Systems Inc. Salt Lake City, UT; MDR Video 

Recorder, Pacsgear, Auburn, CA). The angioplasty balloon was then advanced over the guide wire distal 

to the second diagonal of the LAD. The balloon was inflated for 45 minutes, and occlusion was verified by 

coronary angiography with contrast (Optiray® 300, 300mg/ml, Gueret, NDC0019-32-16, Lot: J281C) and 

electrocardiography. Heparin was administered prior to occlusion and every two hours during surgery, 

and heparinized saline for catheter flushing was delivered per UAC veterinary discretion. Arrhythmias 

were treated with repeated lidocaine 2-4mg/kg IV or amiodarone 50mg IV bolus as needed. When chest 

compression was required during MI induction, buprenorphine HCl or epinephrine was administered. 

External (Agilent HeartStream XL M4735A Pacing, Philips Biphasic Defibrillator, Phoenix, AZ) and 

internal (Lifepak®12 Defibrillator, PhysioControl Inc., Redmond, WA) defibrillation were performed at 

200J or 20J, respectively, when swine exhibited ventricular fibrillation.   

Following the MI, swine in the MI+HPA group underwent a median hemi-sternotomy. The LV was 

exposed, and the HPA xenograft (AmnioBand® Membrane, MTF Biologics, Edison, NJ) (5cmx5cm) was 

sutured to the infarcted zone using 6-0 prolene (Figure 4.2). After treatment, pericardial closure was 

secured with pericardial membrane (Gore Preclude, Gore-Tex, Flagstaff, AZ, Ref: 1PCM103, Lot: 

7612359). Sternum, muscle, and skin incisions were closed with 0, 2-0, and 5-0 vicryl sutures, 

respectively. The animal was weaned from anesthesia and ventilator support and recovered in a clean, 

dry cage under the care of the UAC veterinary staff. 

4.0 Blood Collection and Processing 

Plasma (2.7mL) and serum (6mL) samples were collected pre-op, intra-op (20 minutes after occlusion 

start), post-op, and pre-euthanasia from the arterial port or the vena cava, based on available access, 

from anesthetized animals during surgery. Blood in serum tube (BD 368660 Vacutainer® Plasma, 

Franklin Lakes, NJ) was left undisturbed at room temperature to clot prior to centrifugation at 1500RPM 

for 10 minutes at 4ºC. The supernatant was then stored in cryotubes at -80ºC for further analysis. 
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Similarly, blood in plasma tube (BD 363083 Vacutainer® Citrate, Franklin Lakes, NJ) was centrifuged at 

1500RPM for 10 minutes at 4ºC, supernatant was isolated, and samples were stored at -80ºC. 

5.0 Echocardiography 

Transthoracic echocardiography was performed using a GE LOGIQ E imaging system (GE Medical 

Systems, USA) to noninvasively examine morphological and functional changes associated with HPA 

application. Swine in MI only and MI+HPA groups underwent echocardiography pre-MI, post-MI, and 

post-operative day 14 (POD 14). Anesthesia was continued with 1% isoflurane on oxygen. Body 

temperature was maintained using a heated blanket. Using a 4-11-MHz transducer (GE LogiQ, 8C-RS 

probe; GE Medical Systems, USA), standard two-dimensional parasternal long- and short-axis views at 

different levels (basal, mid, apical) were imaged. Data were analyzed offline using the integrated LogiQ E 

analysis features (Rev. 4). The data were obtained in triplicate and averaged. 

Specifically, apical 4- and 2-chamber views were acquired to measure LV end-systolic (ESV) and 

end-diastolic (EDV) volumes using biplane disk summation.179 LV ejection fraction (EF) was calculated as 

LVEF = (LVEDV – LVESV)/LVEDV x 100%. LV endocardial lengths (LVLS and LVLD) were measured 

from the apical views in the plane of the mitral valve annulus. Stroke volume (SV) was calculated based 

on SV = LVEDV - LVESV. Relative wall thickness (RWT) was estimated by posterior wall thickness 

(PWT) and LV internal diameter during diastole (LVIDd); specifically, RWT = 2(PWT)/ thickness)/ LVIDd. 

Heart rate (HR) was measured beat-to-beat, and stroke volume (SV) was quantified to determine cardiac 

output (CO). Diastolic parameters were evaluated by PW Doppler across the mitral valve from an apical 

4-chamber view. Significance (p<0.05) was determined using 2-way ANOVA and multiple t-tests; 

discovery was determined using the two-stage linear step-up procedure of Benjamini, Krieger, and 

Yekutieli, with Q = 1%. Each row was analyzed individually without assuming a consistent SD. 

6.0 Tissue Harvest and Preservation 

After 14 days following surgical procedure, swine were sedated with intramuscular ketamine (10-

20mg/kg) and midazolam (0.1-0.5mg/kg), then heparinized, and finally euthanized with potassium 

chloride under anesthesia. The heart was excised within five minutes and immediately placed on ice 

(Figure 4.3). Cardiac tissue was cored using a 10mm punch biopsy from three distinct zones of the 

ischemic heart: 1) infarct zone (IZ; scar/necrotic tissue), 2) border zone (BZ; interface between ischemic 
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area and viable tissue), and 3) remote zone (RZ; outside infarct and border zone). Three samples from 

each zone were obtained for RNA, proteome, and histology analyses. Similarly, sample biopsies were 

obtained from thymus, lung, kidney, liver, and spleen.  

7.0 Determination of Infarct Size and Immunohistochemistry. 

Upon completion of the LV cores, the explanted heart was semi-frozen at -20ºC and sectioned from 

apex to base into 0.5cm thick short-axis segments using a meat slicer. The slices were weighed and then 

immersed in a 1% 2,3,4-triphenyl tetrazolium chloride (TTC, Sigma-Aldrich) solution and incubated in a 

water bath at 37ºC for 30 minutes. Slices were agitated and inverted every five minutes. After incubation, 

infarcted myocardium stained white (area of necrosis, AON) and viable tissue with oxidative activity 

stained red. Slices were digitally photographed at 8X magnification. AON, LV, RV, and whole slices were 

measured for each section using image analysis software (Image J 1.52a), and infarction size was 

reported as a percentage of AON to LV (unpaired t-test). Six assessors were blinded and independently 

evaluated the slices. The outlining method is illustrated in Figure 4.4. Slices were then fixed in 10% 

formalin for 48 hours and processed in ethanol for further immunohistochemical analysis.  

8.0 Immunohistochemistry and Histological Staining 

FFPE tissue blocks were stained using the following methodologies. Tissue was oriented to section 

and capture the full depth of heart tissue from the epicardium to the endocardium. 

Hematoxylin and Eosin Staining 

We stained sections with hematoxylin and eosin (H&E) to visualize overall tissue morphology and 

cellular infiltration. Tissues were rehydrated in an ethanol gradient (Appendix A) before staining with 

hematoxylin (Leica Hematoxylin 560, Richmond, IL, Ref: 3801570, Lot: 062819) and eosin (Leica 

Alocholic Eosin Y 515, Richmond, IL, Ref: 3801615, Lot: 013119) incubation (Appendix B). Five 

micrometer thick, stained LV sections were then imaged at 5X, 10X, 20X, 40X, and 63X using a Zeiss 

universal microscope (Axio Imager M1, Zeiss, Oberkochen, Germany).  

Picro-Sirius Red Staining 

The embedded tissue was sectioned at 5μm thickness and stained with picro-sirius red (PSR) 

according to standard protocols (Appendix C) to detect collagen fibers as a marker for scar 

development.180,181 Nuclei were stained with Weigert’s hematoxylin (Weigert’s iron hematoxylin solution, 
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Sigma-Aldrich, Part A solution Ref: HT107, Lot: SLBQ2139V, Part B Solution Ref: HT109 Lot: 

SLBQ2148V) before tissues were placed in PSR (Direct Red 80, Sigma-Aldrich, St. Louis, MO, Ref: 

365548) for one hour. Collagen content was quantified using previously established methods181 with 

minor modifications. Heart sections were visualized using a 5X objective under Alexa 488 (488nm in 

green) and Texas red (586nm in red) using Zeiss universal microscope (Axio Imager M1, Zeiss, 

Oberkochen, Germany). Tissue was exposed for 6.5-7.0 and 0.45 seconds at green and red 

wavelengths, respectively. Collagen and fibrosis appear red while live, highly-ordered sarcomeres appear 

green. Overlaid image of both wavelengths was digitized and then analyzed by ImageJ software (Image J 

1.52a) based on quantification of percent area using color threshold (Hue 13/35, Saturation 0/225, 

Brightness 132/255). For color threshold images, percent area is the percentage of pixels in the image or 

selection that have been highlighted in red (collagen). Biological replicates were averaged across each 

group (n=3 per group and zone). Significance (p<0.05) was noted based on multiple t-tests and 2-way 

ANOVA. 

CD206 Immunohistochemistry Staining 

The 5μm thick sections were stained for CD206, an M2a, anti-inflammatory macrophage marker, 

according to standard protocols (Appendix D). Negative control was performed for each slide, and tissue 

from spleen served as positive control. In brief, following deparaffinization and hydration, antigen retrieval 

was performed using sodium citrate buffer (Dako 1X Solution, Dako Target Retrieval Solution 10X, Ref: 

S169984-2) for approximately 15 minutes at 95-98 ̊C and cooled for 30 minutes at room temperature. 

Blocking was carried out using 3.0% H2O2 for 10 minutes to block endogenous peroxidase activity and 

then incubated with 2% BSA in TBS with 10% goat serum for 60 minutes to reduce nonspecific 

background staining. The mouse anti-human CD206 primary antibody (MCA5552Z, Bio-Rad 

Laboratories, Hercules, CA, Lot: 170104) was diluted at 1:50 and incubated for 60 minutes. A 1:500 

peroxidase-conjugated AffiniPure goat anti-mouse H+L secondary antibody (1155035-003, Jackson 

ImmunoResearch Laboratories, West Grove, PA, Lot: 120344) in 2% BSA in TBS with 10% goat serum 

was used for the and incubated for 60 minutes. Sections were then stained with 3,3’-Diaminobenzidine 

(DAB) chromogen kit (ImmPACT DAB Substrate Kit, Peroxidase, Burlingame, CA, Ref: SK-410, Lot: 

ZG0311) for one minute prior to counterstaining nuclei with hematoxylin and bluing agents. Slides were 
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imaged under light microscopy at 5X-40X magnification. Merged 5X images were analyzed for CD206 

expression using ImageJ software (Image J 1.52a) based on quantification of percent area using color 

threshold (Hue 20/233, Saturation 25/123, Brightness 98/166). For color threshold images, the percent 

area is the percentage of pixels in the image or selection that contain brown staining (CD206). Biological 

replicates were averaged across each group (n=3 per group). Significance (p<0.05) was noted based on 

t-tests and 2-way ANOVA. 

9.0 RNA Sequencing 

We performed transcriptome profiling for all three groups and zones. 

Sample Collection and Preparation  

Following excision of LV core from IZ, BZ, and RZ, samples were rinsed in 1X PBS (10X PBS 

Solution, 1.37M NaCl, 0.027M KCl and 0.119M phosphates, pH 7.4, Fisher BioReagents, Ref: BP3994) to 

remove any residual blood. Tissue was submerged in RNAlater® (Sigma-Aldrich, St. Louis, MO, Ref: 

R0901-500ML) and placed in 4ºC for 48 hours before storing in -80ºC.  

RNA Extraction 

The epicardial surface of the LV core biopsy (1/3 of the LV core) was utilized for RNA extraction. 

Tissue samples were submerged in 400μL of Trizol reagent (ThermoFisher, Carlsbad, CA, 

Ref:15596026) and were ground for 30 seconds in a 2mL flat centrifuge tube using an OMNI THQ digital 

rotor-stator (OMNI, Kennesaw, GA, Ref:12-500) at 15,000RPM and hard tissue OMNI TipTM (OMNI, 

Kennesaw, GA, Ref: 30750H). Each sample was ground using a fresh tip to prevent cross-contamination. 

Tubes were gently rocked back and forth to mix contents and were left undisturbed at room temperature 

for 10 minutes. After that, 100μL of chloroform (Millipore-Sigma, Milwaukee, WI, Ref:288306) was added, 

mixed, and centrifuged (Eppendorf 5424R, Hamburg, Germany) at 15,000RPM for 5 minutes. The 

supernatant was transferred to a new tube, to which lysis buffer from the Qiagen RNEasy Plus Mini kit 

(Qiagen, Hilden, Germany, Ref: 74134) containing BME was added to bring samples up to a volume of 

650μL. The total volume of the sample was then transferred to a gDNA eliminator column from the 

Qiagen RNEasy Plus Mini kit and centrifuged in the Eppendorf at 8,000RPM for 30 seconds. The flow-

through from the centrifugation step was then mixed in a 1:1 volume ratio of 70% EtOH, resulting in a final 



 
 

91 
 

concentration of 35% EtOH by volume of the total sample volume. The subsequent steps were followed 

according to the kit manufacturer’s protocol.   

RNA Quantification and Qualification  

RNA samples were assessed for quality with an Advanced Analytics Fragment Analyzer (High 

Sensitivity RNA Analysis Kit – Ref: DNF-471-0500) and quantity with a Qubit RNA quantification kit 

(Qubit® RNA HS Assay KitAssay Kit – Ref: Q32852). RNA quality number (RQN) of samples ranged from 

5.2 to 9.1. 

Novogene then performed quantity and quality validation prior to sequencing (Novogene Co. Ltd., 

Sacramento, CA). RNA degradation and contamination were monitored on 1% agarose gels, and the 

purity of samples was assessed utilizing the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). 

RNA integrity and quantitation were assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 

2100 system (Agilent Technologies, CA, USA).  

Library Preparation for Transcriptome Sequencing  

Given satisfactory quality and quantity, samples were used for library builds. A total amount of 1μg 

RNA per sample was used as input material for the RNA sample preparations. Libraries were constructed 

using NEBNext®UltraTMRNA Library Prep Kit for Illumina® (NEB, USA) according to the manufacturer’s 

recommendations. Index codes were added to attribute sequences to each sample. Poly-T oligo-attached 

magnetic beads were used to purify mRNA from the total RNA sample, and fragmentation was achieved 

using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer 

(5X). The first strand cDNA was synthesized using random hexamer primer and M- MuLV Reverse 

Transcriptase (RNase H-). Subsequently, second strand cDNA synthesis was performed using DNA 

Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via 

exonuclease/polymerase activities. To prepare for hybridization, NEBNext Adaptor with hairpin loop 

structure was ligated following 3’ end adenylation. The AMPure XP system (Beckman Coulter, Beverly, 

USA) was used to isolate cDNA fragments of approximately 150-200 base pairs long. PCR was 

performed using Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer 

following addition of 3μl USER Enzyme (NEB, USA) with size-selected, adaptor-ligated cDNA at 37°C for 
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15 minutes followed by 5 minutes at 95°C. Lastly, PCR products were purified (AMPure XP system), and 

library quality was assessed on the Agilent Bioanalyzer 2100 system. 

Clustering and Sequencing  

The clustering of the index-coded samples was generated on a cBot Cluster Generation System 

using PE Cluster Kit cBot-HS (Illumina) according to the manufacturer’s instructions. The sequencing run 

was performed on an Illumina platform, and 125 bp/150 bp paired-end reads were generated.  

Data Analysis - Quality control  

The raw fastq format reads were processed first. Data was cleaned and filtered by removing reads 

containing adapter, reads containing poly-N, and low-quality reads. Simultaneously, Q20, Q30, and GC 

content from the clean data were calculated.  

Reads Mapping to the Reference Genome  

Clean data was utilized for downstream analyses. Reference genome for Sus scrofa 

(ftp://ftp.ensembl.org/pub/release-82/fasta/sus_scrofa/dna) was indexed and built using hisat2 2.1.0, and 

the paired-end reads from the clean data were aligned to the reference genome using HISAT2.  

Quantification of Gene Expression Level  

Read numbers mapped to each gene were quantified using FeatureCounts v1.5.0-p3.182 Fragments 

Per Kilobase of transcript sequence per Millions base pairs sequenced (FPKM) for each gene was 

calculated based on gene length and read count and is utilized to estimate gene expression levels.183  

Differential Expression Analysis  

Using the DESeq 2 R package (1.14.1), differential expression analysis between two 

conditions/groups was performed using a model based on the negative binomial distribution. The 

resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the False 

Discovery Rate (FDR). Genes with an adjusted p-value <0.05 found by DESeq2 were assigned as 

differentially expressed.  

GO and KEGG Enrichment Analysis of Differentially Expressed Genes  

Pathway analyses were performed. Gene Ontology (GO) enrichment analysis of differentially 

expressed genes was executed by the clusterProfiler R package to correct gene length bias. GO terms 

with adjusted p-value <0.05 were considered significantly enriched by differential expressed genes. 
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Similarly, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 

(http://www.genome.jp/kegg/) was utilized using the clusterProfiler R package to understand high-level 

functions and utilities of the biological system based on statistically-enriched differential expression 

genes. These analyses provided the list of enriched pathways for our comparisons. 

10.0 Real-Time Polymerase Chain Reaction 

First strand cDNA was generated from extracted RNA using Superscript IVTM first-strand 

synthesis system Kit (18091050, Invitrogen, Carlsbad, CA). AbsoluteTM qPCR SYBRgreen ROX Mix 

(Thermo Fisher Scientific, Waltham, MA, USA) was used for real-time polymerase chain reaction (RT-

PCR) reactions. GAPDH primer set was used as an internal control for RT-PCR. The comparative cycle 

threshold (CT) method (2−ΔΔCt) was used to determine the relative gene expression after normalization to 

the reference gene. The specific primer sequences we used are provided below (Table 4.1). 

Table 4.1: RNA Primer Sequences 

Gene 
Forward Sequence 5’→3’ 

Sus scrofa 
Reverse Sequence 5’→3’ 

Sus scrofa 

GAPDH GGAGAACGGGAAGCTTGTCA GGTTCACGCCCATCACAAAC 

HSP40 AGGTGGCAAGAGGAAGAAGC TCTAGATGCAAGCACCTGGC 

HSP70 GAATCCGCAGAATACCGTGT TCCGCAGTCTCCTTCATCTT 

HSP90A1 CTGGTCAAGAAATGCTTGGAG TGGTCCTTGGTCTCACCTGT 

HSP90B1 AACACTGCGGTCAGGGTATC ACATTCCCTCTCCACACAGG 

HSF1 AGCATGGATTCCAAACTGCT3 AGCTCAGTGACGTCGGAGAT 

HAS2 AAGTGCCTTACTGAGACGCC TTTCCTCTAAGGCAGCTGGC 

PTX3 GCCTAGAGGAAGCTGGGACT AATCTTCTTGGAACGCATGG 

 

11.0 Proteomics 

Proteome analysis was performed for IZ cores for all three groups and RZ cores for MI only and 

MI+HPA groups. In addition, the HPA was subjected to proteome analysis.  

LV Sample Collection and Preparation  

Following excision of tissue from IZ and RZ, samples were rinsed in 1X PBS (10X PBS Solution, 

1.37M NaCl, 0.027M KCl and 0.119M phosphates, pH 7.4, Fisher BioReagents, Ref: BP3994) and 

dabbed with gauze to remove any residual blood. Tissue was then immediately flash frozen in liquid 

nitrogen and stored in -80ºC.  
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LV Tissue Homogenization and Protein Quantification 

The one-third of the LV core with the epicardial section of the RZ and IZ samples was obtained and 

weighed. A 1mg:10μL ratio of tissue and Katsumi buffer (Table 4.2) was used to homogenize samples on 

ice using the polytron homogenizer (Polytron® PT 10-35 GT, Kinematica, Ref: 13-874-617) at 

30,000RPM for 10 second-pulses until tissue fragments were not visible in the sterile test tube. After 10 

minutes of incubation on ice, contents were transferred into a pre-labeled sterile 1.5mL Eppendorf tube 

for centrifugation (Microcentrifuge Heraeus™ Fresco™, Thermo Fisher, Ref: 75002421) at 13,300RPM 

for 15 minutes at 4°C. The supernatant was removed, and protein concentrations were determined using 

the Bradford method. Specifically, a the PierceTM Coomasie (Bradford) Protein Assay Kit (Coomassie 

Plus-The Better Bradford; ThermoScientific, Rockford, IL, Ref: 23238, Lot: T1271479) was utilized to 

measure total protein concentration compared to a protein standard.  

Table 4.2: Katsumi buffer 

Final Concentration Stock 10mL 

ddH2O - 4.26 

50mM HEPES pH 7.6 1M 0.5 

150mM NaCl 5M 0.3 

20mM NaPO4 0.1M 2.0 

20mM B-glycerophosphate 1M 0.2 

10mM NaF 1M 0.2 

2mM Na-vanadate 0.1M 0.2 

2mM EDTA 0.5m 0.04 

1% IGEPAL CA-630 (=NP-40) 10% 1.0 

10% glycerol - 1.0 

2mM PMSF 0.1M 0.2 

1mM MgCl2 1M 0.01 

1mM CaCl2 1M 0.01 

10ug/ml leupeptin 1mg/ml 0.1 

10ug/ml aprotinin 1.3mg/ml 0.077 

 

HPA Tissue Homogenization and In-Solution Digestion 

Approximately 25mg of HPA tissue (AmnioBand® Membrane) was submerged in 1mL extraction 

buffer (Protease inhibitor tablet (Thermo Fisher, Ref: 88666) with 2mL of 2X RayBiotech lysis buffer 

(Raybiotech, EL-Lysis) and 2mM phenylmethulsulfonyl fluoride (PMSF). The 3.5mm stainless steel UFO 

beads (Next Advance, Ref: SSUFO35) were added to the solution and agitated overnight at 4ºC on a 

rotator. Thereafter, HPA was homogenized using a Bullet Blender (Next Advance Bullet Blender Storm, 

Ref: BBY24M) for 5 minutes on speed 12. Contents were transferred into a prelabeled 1.5mL Eppendorf 
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tube for centrifugation (Microcentrifuge Heraeus™ Fresco™, Thermo Fisher, Ref: 75002421) at 

13,300RPM for 15 minutes at 4°C. The supernatant was removed, and protein concentration was 

determined using the Lowry method. Appendix E defines the acetone precipitation, reduction, and 

alkylation process prior to ZipTip clean-up and mass spectrometry analysis.  

In-Gel Digestion of Left Ventricle Tissue 

For the LV samples, a 1:20 BME: SDS loading buffer, containing 4%SDS, 0.0625M Tris-HCl, 10% 

glycerol, 0.02% bromphenol blue, 8.0M urea, was formulated. The 100ug lysates were then combined at 

1:4 SDS solution: sample volume before the homogenates were separated by 12% SDS-PAGE, and the 

gels were stained with Bio-Safe Coomassie G-250 Stain (BioRad, Hercules, CA). 

Each lane of the SDS-PAGE gels was cut into six slices and underwent trypsin digestion. Resulting 

peptides were purified by C18-based desalting as previously described,184 and dried peptides were 

resuspended in 6μl of 0.1% FA (v/v) followed by sonication for two minutes. Final sample of 2.5μl was 

then analyzed by mass spectrometry.  

Mass Spectrometry and Proteomics Database Search 

HPLC-ESI-MS/MS was performed in positive ion mode on a Thermo Scientific Orbitrap Fusion Lumos 

tribrid mass spectrometer fitted with an EASY-Spray Source (Thermo Scientific, San Jose, CA). NanoLC 

was performed without a trap column using a Thermo Scientific UltiMate 3000 RSLCnano System with an 

EASY Spray C18 LC column (Thermo Scientific, 50cm x 75μm inner diameter, packed with PepMap 

RSLC C18 material, 2µm, Ref: ES803); loading phase for 15 minutes at 0.300μL/min; mobile phase, 

linear gradient of 1–34% in Buffer B for 119 minutes at 0.220μL/min, followed by a step to 95% Buffer B 

over 4 min at 0.220μL/min, hold 5 min at 0.250μL/min, and then a step to 1% Buffer B over 5 min at 

0.250μL/min and a final hold for 10 minutes (total run of 159 minutes); Buffer A = 0.1% FA/H2O; Buffer B 

= 0.1% FA in 80% ACN. All solvents were liquid chromatography mass spectrometry grade. Spectra were 

acquired using XCalibur, version 2.3 (Thermo Scientific). A “top speed” data-dependent MS/MS analysis 

was performed. Dynamic exclusion was enabled with a repeat count of 1, a repeat duration of 30 

seconds, and an exclusion duration of 60 seconds. Tandem mass spectra were extracted from Xcalibur 

‘RAW’ files and charge states were assigned using the ProteoWizard 3.0.1 msConvert script using the 

default parameters.185 
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The Scaffold output file was created and then post-processed in Progenesis QI (version 2.4, 

Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK) to perform ion-intensity based label-free 

quantification. Due to variation in row 1 and 2 gel slices, data from these rows were excluded for 

proteomic analysis. In brief, in an automated format, .raw files were imported and converted into two-

dimensional maps (y-axis = time, x-axis =m/z) followed by selection of a reference run for alignment 

purposes. An aggregate data set containing all peak information from all samples was created from the 

aligned runs, which was then further narrowed down by selecting only +2, +3, and +4 charged ions for 

further analysis. The samples were then grouped as combinations of control, MI only, and MI+HPA with 

IZ and RZ (six meaningful comparisons). A peak list of fragment ion spectra from only the top eight most 

intense precursors of a feature was exported in Mascot generic file (.mgf) format and searched against 

the pig SwissProt_2018 TrEMBL database (40,708 entries) database using Mascot (Matrix Science, 

London, UK; version 2.4) using the default probability cut-off score. Search variables included: 10ppm 

mass tolerance for precursor ion masses and 0.5Da for product ion masses; digestion with trypsin; a 

maximum of two missed tryptic cleavages; variable modifications of oxidation of methionine and 

phosphorylation of serine, threonine, and tyrosine. Cross-correlation of Mascot search results with X! 

Tandem was accomplished with Scaffold (version Scaffold_4.8.7; Proteome Software, Portland, OR, 

USA). Probability assessment of peptide assignments and protein identifications were made using 

Scaffold. Only peptides with ≥ 95% probability were considered.   

Protein/Peptide Quantification 

Protein and peptide quantification and logarithmic transformation were performed. Extracted ion 

abundance was normalized in a run to those in a reference run. Statistical analysis of protein abundance 

was performed in transformed peak area data (sin-1(peak area)) using analysis of variance in Progenesis 

QI. For statistical analysis, significance (p<0.05) was determined using 1-way ANOVA (Progenesis QI) 

and t-tests with two-tailed distribution and unequal variance (Excel). 

Proteome Enrichment Analysis  

Progenesis QI proteome file was uploaded to Perseus for proteomics comprehensive analysis and 

visualization.186 Heatmap clustering matrices and significant (p<0.05) proteins and peptides were 

identified for GO and KEGG pathway enrichment using DAVID (version 6.8).187 A network correlation was 
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also conducted using commercially available software (GraphPad Prism 8.3.1, GraphPad, La Jolla, CA) 

and compared results from transcriptome (Ensembl ID) and proteome (Uniprot ID)analyses utilizing direct 

comparisons across groups. Each data point corresponds to a single gene-protein expression (log2(fold 

change) and log2(normalized abundance). Data points were colored for non-significant (gray), 

upregulated (pink), downregulated (teal), and congruent significantly differentiated expression (yellow 

outline and labeled).  

12.0 Left Ventricle Lysis and Western Blotting 

LV lysates following homogenization and the protein concentration using the Bradford method 

was utilized. The lysates were then combined with SDS sample loading buffer (4% SDS, 0.0625M Tris-

HCl, 10% glycerol, 0.02% bromphenol blue, 8.0M urea). The 30μg of homogenates were then separated 

by 12% SDS-PAGE, and the gels were either stained with Bio-Safe Coomassie G-250 Stain (1610406, 

BioRad, Hercules, CA) or transferred to a Polyvinylidene fluoride (PVDF) membrane for subsequent 

western blotting.  

PVDF membranes of swine cardiac LV lysates were incubated in 50% LI-COR blocking buffer 

(927-50000, LI-COR, Lincoln, NE) at room temperature for 1 hour. The membranes were probed with 

commercially available primary antibodies as described in Table 2.6 at 4°C overnight. Following primary 

antibody incubation and 1X PBST (10X PBS Solution, 1.37M NaCl, 0.027M KCl and 0.119M phosphates, 

0.1% Tween-20, pH 7.4, Fisher BioReagents, Ref: BP3994) washes membranes were incubated with 

secondary antibodies at 1:15,000 dilution (1155035-003, Jackson ImmunoResearch Laboratories, West 

Grove, PA, Lot: 120344) at room temperature for 60 minutes. Membranes were imaged using an 

Odyssey CLx Infrared Imaging System (LI-COR, Lincoln, NE). All protein band optical densities were 

analyzed in LI-COR Image Studio Lite (software version 5.1), and according to accepted guidelines, 

untreated control LV samples were loaded into each gel for multi-blot comparisons. Protein blots were 

normalized to loading control proteins, beta-tubulin. 

13.0 Statistical Analysis 

The sample size used was estimated to achieve a power of 0.9 and α = 0.05 using one-way 

ANOVA. Results are presented as mean ± SEM, unless otherwise stated. Statistical analysis was 

performed using commercially available software (GraphPad Prism 8.3.1, GraphPad, La Jolla, CA). 
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Comparisons between two groups were made using paired or unpaired t-test, where appropriate. Specific 

statistical analyses are defined in the previous methodological sections. For all statistical analyses, 

significance was accepted at p<0.05. 

 

RESULTS 

1.0 HPA Xenograft is Composed of ECM Proteins 

HPA xenograft was interrogated for its protein signature. Of the 1542 proteins detected, metabolite 

interconversion enzyme, protein modifying enzyme, cytoskeletal proteins, membrane trafficking proteins, 

and translational proteins were among the most common protein classes according to Panther analysis 

(Figure 4.5A). Biological processes revealed cytoskeletal and vesicular organization, organelle 

fission/fusion, response to chemical and cytokine stimulus, and localization of proteins were the major 

functions involved (Figure 4.5C). Molecular functions included binding and catalytic activity (Figure 

4.5D).  

A manual interrogation of the proteins was also performed. Using a cutoff of ≥10 for spectrum count, 

we identified and categorized 202 proteins. Of these, the most predominant protein type was keratin, 

followed by heat shock proteins, collagen, and annexin (Figure 4.5B). As expected, ECM proteins were 

noted. Although the presence of keratin and its association with placental vasculogenesis and apoptosis 

has been known, the mechanisms involved remain elusive. Heat shock proteins, involved in protein 

folding and translocation, are present in placental tissue and has been known to facilitate differentiation 

and migration. The proteomic profile for HPA revealed very low presence of HLA class proteins (spectral 

count 0-9), demonstrating that HPA is non-immunogenic and supports the safety of HPA use.  

Approximately one-fifth of the proteins were noted to have protein grouping ambiguity, predominantly 

within ECM and heat shock proteins. However, spectral count sensitivity indicated vimentin, fibronectin 1, 

keratin 8 and 19, plectin, filamin A and B, neuroblast differentiation-associated protein, and albumin were 

the top proteins detected in the HPA allograft. These, in addition to other proteins detected in HPA 

xenograft, were identified in LV transcriptome and proteomics profiles. The association of HPA tissues 

and its effects on cardiac remodeling will be described below. 
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2.0 HPA Preserved Cardiac Function and Structure after MI in a Swine Model 

We used three groups of animals (n=3 per group) in this study: control, MI only, and MI+HPA. Table 

4.3 summarizes functional echocardiographic changes obtained during early remodeling after IRI. As 

expected, EF decreased following the MI procedure in both experimental groups (Figure 4.6A-C). Prior to 

sacrifice, a final echocardiography was performed. EF worsened in MI only pigs, whereas the decline in 

EF was significantly (p=0.014) attenuated in swine receiving HPA xenograft. Maintenance of ventricular 

architecture and chamber geometry following an ischemic event is a favorable prognostic indicator, while 

increasing LV chamber size, LV wall thinning, and decreased EF are hallmarks of progression to HF. We 

show that HPA placement significantly protected against adverse cardiac remodeling within POD 14, as 

evidenced by maintained ESV (25.39mL, p=0.0036) and EDV (47.64mL, p=0.011) (Figure 4.6D, E). In 

contrast, the startling 2-fold increase in ESV and 1.5-fold increase in EDV in the MI only group by POD14 

signifies compromised preload and cardiac cycling. Moreover, an increase in PWT was attenuated with 

HPA treatment (Figure 4.6H). Otherwise, there were no other significant findings across groups or time 

points for HR, SV, CO, LVL, and Doppler measurements.  

3.0 HPA Attenuated Myocardial Tissue Remodeling after MI 

In order to investigate the effects of HPA on IRI, infarct size, collagen content, and cell infiltration 

were examined using TTC, PSR, and H&E, respectively. After 14 days post-surgery, pigs were sacrificed, 

and necropsy was performed. Hearts were rapidly excised, carefully cut into 7-12 0.5cm slices, and 

stained with TTC. Infarct size was calculated for all slices on both sides and was presented as a percent 

fraction of the total LV area. For the first time in a swine model of IRI, we demonstrate HPA placement on 

the heart following IRI significantly (p=0.039) protected against ischemic injury; HPA xenograft hearts 

exhibited 11.0  2.0% infarct of the entire LV compared to 22.03.0% of MI only hearts (Figure 4.7).  

Excised cores from the three zones spanning from the epicardial to endocardial surface were fixed 

and stained with PSR.188 As illustrated in Figure 4.8, LV IZ samples demonstrate robust fibrotic tissue, 

suggesting significant cardiac remodeling when compared to RZ and BZ. Intriguingly, BZ presented a 

mosaic pattern of infarct and viable tissue, and RZ indicated viable myocardium, as expected. Two-way 

ANOVA of PSR quantification revealed significant difference between the three zones (p=0.017) and 

between the three groups (p=0.042). Although IZ collagen content between MI only and MI+HPA did 
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follow the trend observed with TTC staining, it did not reach statistical significance (p=0.59). 

Nevertheless, the difference in IZ to RZ collagen content in the MI only group was significant (p=0.0086) 

whereas comparisons between IZ to RZ in the MI+HPA group showed no significance (p=0.31). This 

indicated that HPA reduced cardiac damage in IZ and had similar collagen content to its respective RZ. 

H&E staining revealed the transitional changes in cellular architecture from RZ and BZ to IZ. 

Compared with the control group, MI induced significant inflammation, including immune cell infiltration, 

and CM loss in IZ and BZ tissue biopsies. This response was less pronounced in the IZ of MI+HPA group 

than the MI only group (Figure 4.9A). Further interrogation at higher magnification of the epicardial 

surface revealed disordered cardiomyocytes, interstitial hemorrhage, and granulation tissue with a 

proliferation of lymphocytes, giant cells, and dendritic cells in the MI+HPA IZ group (Figure 4.9B-E). 

Although a similar trend was observed in the MI only group, the localization of lymphocytes was noted in 

the endocardial surface. Lymphoid aggregates can elicit protective or deleterious outcomes; thus, further 

evidence is needed to illuminate its function in this study. Vasculature was noted in both groups, often 

with pericytes skirting the basal lamina. These findings were consistent with the proliferative phase of 

infarct healing and initiation of angiogenesis. Comparable to the PSR findings, BZ elicited a mosaic 

pattern with necrotic and granulation tissue in both experimental groups. Interestingly, eosinophils were 

noted in the epicardium of the MI only group, and eccentric nuclei suggestive of plasma cells were 

spotted in both groups. These findings complement the transcriptomic and proteomic profiles described 

below.  

4.0 Transcriptome Analysis Revealed Moderate Clustering of Groups and Zones 

To investigate the transcriptional changes of MI+HPA in vivo, we performed interventions on the 

swine part of the MI only or MI+HPA group. Excised LV tissue from IZ, BZ, and RZ POD 14 were 

acquired for RNA sequencing. The PCA of the RNAseq data demonstrated loose clustering of the three 

groups and its respective three zones (PC1 11.6%, PC2 6.8%), indicating biological variability (Figure 

4.10A-B). Nevertheless, the gene expression pattern between groups and zones were found to be 

different with pathway enrichment. Heatmap revealed BZ and RZ clustered closer together in each group, 

suggesting similar gene expression changes. Additionally, all control samples clustered together, as 

expected (Figure 4.10C).  
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Differentially expressed genes (DEGs), volcano plots, and pathway analyses were examined. First, 

comparisons of all zones in control samples and RZ of MI only and MI+HPA groups were studied to 

establish similarity across “normal” LV tissues and to generate the background DEG in the context of 

treatment gene profiles.  

5.0 “Normal” LV Tissue Demonstrated Cell Cycle Regulation 

Control swine did not undergo any surgical procedure; therefore, LV tissue from all three zones was 

predicted to be similar. As expected, only eight genes were found to be significant, including ACTG2, 

COL1A2, SLC26A11, and MED29 with fold changes of 2.5, 1.9, 1.8, and -3.0/-3.2, respectively (Figure 

4.11). This assures that these control samples can be utilized as a standard for direct comparisons with 

experimental groups, and these control zone samples can be used interchangeably.  

Compared to the control RZ, MI only RZ contained 119 upregulated and 86 downregulated significant 

genes (Figure 4.12A). KEGG and GO pathway analyses (Figure 4.12B-D) both revealed upregulation of 

cell cycle processes with major contributed genes defined in Table 4.4.  

MI+HPA RZ expressed 364 upregulated and 271 downregulated genes in relation to control RZ 

samples. GO analysis and DEGs revealed the top three categories were associated with response to 

wounding (gene ratio 38/390, p-adj=5.28E-06), wound healing (gene ratio 26/390, p-adj=5.28E-06), and 

collagen trimer (gene ratio 11/401, p-adj=1.83E-05). The majority of the genes in these pathways were 

upregulated and are further characterized in Figure 4.13. Additional analysis of RZ between MI+HPA 

group and MI only group exhibited only 17 significant genes including ANKRD2 (-2.42, p-adj=0.0075), 

FOS (1.9, p-adj=0.017), PTN (2.9, p-adj=0.017), ANKRD12 (2.6, p-adj=0.022), CD209 (2.7, p-adj=0.022), 

and SCD (2.6, p-adj=0.040). No valuable biological processes were identified using GO or KEGG 

analyses. However, these genes indicate the promotion of adhesion, angiogenesis, and anti-inflammation 

in the MI+HPA RZ. 

Experimental groups’ RZ were also evaluated to control IZ. MI only group expressed 1675 

upregulated and 1392 downregulated genes, whereas the MI+HPA group revealed 1982 and 1956 

upregulated and downregulated genes, respectively (Figure 4.14A, C). The top category for the biological 

process in GO analysis for both groups was the regulation of the cell cycle process. Similarly, RZ of MI 

only and MI+HPA groups were compared to control BZ. Upregulation of 203 and downregulation of 106 
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genes generated mitotic responses as the top pathway in both KEGG and GO analyses (Figure 4.14B, 

D). Comparable differential modulation was apparent between comparisons revealing regulation of cell 

cycle (Table 4.4).  

RZ of MI+HPA group with respect to control BZ presented 670 upregulated and 430 downregulated 

genes. KEGG pathway demonstrated no significant pathways; conversely, GO processes revealed 

increased response to external biotic stimulus (gene ratio 47/690, p-adj=0.029) (Figure 4.15). A deeper 

dive of the genes in this pathway reveals upregulation of innate immune response (TLRs, MAVS), pro-

inflammatory effects (CD86, HSF1), and downregulation of neutrophil expression (IFRD1), apoptosis 

(FADD), and MAPK (MAPKAPK3) and NF-ĸB (NFKBIB) signaling.   

A summary of key pathways involved in “normal” LV tissue is illustrated in Figure 4.16. 

6.0 MI+HPA Infarct Zone Exhibits Immune Response and Cell Cycle Changes. 

Based on the upregulation of 2108 and downregulation of 2224 genes (Figure 4.17A, B), KEGG and 

GO pathways for MI only IZ versus control IZ demonstrated cell cycle regulation. This was consistent with 

the MI+HPA IZ versus control IZ comparison as well as the gene expression profiles of “normal” LV tissue 

(Table 4.4).  

In addition, of the 1199 upregulated and 501 downregulated genes, MI+HPA IZ exhibited significant 

inflammatory responses, including several categories of neutrophil and monocyte chemotaxis and 

migration compared to control IZ (Figure 4.17C, D, Table 4.5).  

To ascertain the HPA tissue response, we compared the experimental groups directly. Venn diagram 

was presented to display 1250 MI+HPA unique genes, 514 MI only differentially expressed genes, and 

11,673 overlapping genes (Figure 4.18A). A direct comparison of IZ in MI+HPA to MI only demonstrated 

148 upregulated and 13 downregulated genes (Figure 4.18B). GO and KEGG pathway analyses both 

confirmed cytokine-mediated signaling and receptor interaction was a key driver in the MI+HPA response 

(Figure 4.18C, D). Specifically, C-C and C-X-C motif chemokine ligands, IL-1β, IL17, CSF2RB, and OSM 

were upregulated. In addition, JAK-STAT signaling was found to be downregulated through EPO, IFN, 

and IL2/3, and cytokine receptors, resulting in the downregulation of cell cycle and anti-apoptosis (Figure 

4.18E). Chemokine signaling pathway noted upregulation of chemokines led to the downregulation of 

PI3K and downstream ubiquitin-mediated proteolysis (Figure 4.18F). 
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7.0 Anti-Inflammatory Macrophages Predominate in Infarct Zone with HPA Treatment 

To further interrogate the immune responses seen with transcriptome analysis, we stained IZ tissue 

with CD206, an M2a macrophage marker, using immunohistochemistry. Successful staining was 

performed with negative sections for each IZ sample (Figure 4.19A). Quantification using ImageJ 

revealed increased anti-inflammatory M2a macrophages in MI+HPA IZ samples compared to IZ control 

and MI only groups, although significance was not achieved (Figure 4.19B).  

8.0 HPA Response Reveals a Pro-Inflammatory Signature 

Further interrogation of IZ profiles of MI+HPA and MI only depicted a more pro-inflammatory profile 

with HPA (Figure 4.20A, Table 4.5). Interleukin genes revealed 2-3-fold increase in IL-1β (p-adj 0.023), 

IL-21R (p-adj 0.017), IL-33 (p-adj 0.045), and IL-7 (p-adj 0.0082) with MI+HPA. Additionally, pro-

inflammatory chemokine receptors associated with neutrophils and adaptive immune cells, including 

CCR1 (3.3, p-adj 0.0085), CCR7 (3.2, p-adj 0.016), respectively, were upregulated. CCR2, a leukocyte 

chemoattractant and known mediator in CAD, demonstrated a 3-fold increase (p-adj 3.6E-04) in MI only 

IZ and 4.8-fold increase (p-adj 8.2E-05) in MI+HPA compared to control IZ. However, this variation was 

not statistically significant when directly comparing experimental groups, suggesting the gene is altering 

to the MI response. Although no direct neutrophil markers were found to be significant in MI+HPA IZ, 

LCP1, an actin-bundling protein that regulates T cell activation, was upregulated when compared to 

control IZ (3.54, p-adj 6.8E-05) and MI only IZ (2.08, p-adj 0.081).  

We also explored anti-inflammatory biomarkers in the IZ experimental groups. Although there was a 

4.2-fold increase in IL-10 (p-adj 0.0015) in MI+HPA IZ compared to control IZ, the effect did not uphold 

with direct comparison to MI only IZ (1.79, p-adj 0.31). The same trend with other anti-inflammatory 

markers including IL-6ST, IL-4I1, and TGFβ, was evident. ANXA-1, an anti-inflammatory and apoptotic 

mediator, was upregulated in both MI only (2.4, p-adj 2.2E-06) and MI+HPA (3.1, p-adj 3.1E-04) 

compared to control IZ; however, direct comparison of experimental groups did not show significant 

difference (0.69, p-adj 0.85). Taken together, we deduce pro-inflammatory markers continue to 

predominate in the MI+HPA IZ sample.  
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9.0 HPA Modulates Extracellular Matrix Remodeling 

To characterize the cardiac remodeling expected in the experimental groups, the ECM profiles for the 

three comparisons of IZ between control, MI only, and MI+HPA were categorized (Figure 4.20B, Table 

4.6). A 3-fold increase in COL5A1 (p-adj 0.011) and COL7A1 (p-adj 0.0078) was noted in MI+HPA group 

IZ compared to MI only IZ, suggestive of wound healing. Similarly, MMP14 (2.91, p-adj 0.0055), ADAM, 

and ADAMTS involved in degrading and rebuilding matrix were upregulated in MI+HPA IZ with respect to 

MI only IZ. This response was also modulated by the upregulation of TIMP1 (4.1, p-adj 5.7E-04), an ECM 

proteolysis inhibitor. Other matrix proteins including SDC1 (3.7, p-adj 0.0013), S100A4 (2.7, p-adj 0.015), 

EMILIN1 (2.7, p-adj 0.014), and CDH11 (2.4, p-adj 0.049) were pronounced with HPA treatment. 

Although FAP, a serine protease marker for tissue remodeling and wound healing, is elevated in MI only 

(3.0, p-adj 4.64E-09) and MI+HPA (2.5, 4.7E-04) IZ compared to control IZ, HPA does not seem to 

contribute to its upregulation.  

Over 25 proteins can be matched between HPA proteomic analysis and the significant genes of the 

pairwise comparison between MI+HPA IZ and MI only IZ. The majority of these proteins are upregulated 

ECM proteins with HPA use, including collagen, MMPs, TIMPs, keratin, elastin, lectin, tubulin, and S100.  

10.0 HPA Induces Molecular Changes in the Remote Zone 

Much of the prevailing literature regarding IRI utilizes the RZ as a control sample within each group. 

However, recently, groups have called attention to the importance of deciphering the molecular 

modifications within the RZ and its influence in remodeling. Therefore, we revisited the RZ comparisons 

within the experimental groups. The wound healing responses appreciated in the MI+HPA RZ sample in 

comparison to control RZ (Figure 4.13) were distinctive from the MI only RZ responses compared to 

control RZ. This is suggestive that HPA has peripheral effects promoting restoration and preservation of 

LV tissue. Moreover, pathways involved in collagen trimer and striated muscle cell differentiation were 

apparent in the MI+HPA RZ tissue. Consequently, changes noted in the RZ suggest future work should 

further define alterations in signature profiles with HPA placement in other zones.  
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11.0 HPA Downregulates Proteolysis within Border Zone 

To assess remodeling within the BZ, we compared the experimental BZ samples to control BZ. 

Although there was a respectable number of significant DEGs in MI only BZ (464 upregulated, 732 

downregulated) and MI+HPA BZ (180 upregulated, 100 downregulated) compared to control BZ, no 

significant KEGG pathways arose. GO pathways were consistent with RZ findings, including cell cycle 

and actin-binding processes. Comparison of MI+HPA BZ to control BZ revealed collagen trimer and 

transcription regulation with GO enrichment. Direct BZ comparisons between MI+HPA and MI only 

uncovered 145 upregulated and 26 downregulated genes with substantial negative regulation of 

proteolysis and protein catabolic processes in conjunction with chromatin remodeling. These 

developments are similar to RZ comparisons and is consistent with the heatmap dendrogram clustering.  

12.0 Proteome Analysis Revealed Unique Clustering of HPA IZ Samples 

We subjected RZ from experimental (MI only and MI+HPA) groups and IZ samples from all three 

groups to high-throughput quantitative proteomics with three biological replicates (Figure 4.21A). High 

proteome coverage was achieved with more than 5300 proteins from the IZ and RZ samples. The PCA 

plot illustrated modest clustering with PC1 variance of 42.3% and PC2 variance of 20.8% (Figure 4.21B), 

and the heatmap revealed 555 significant changes in z-scored proteins across all samples (Figure 

4.21C). The heat trace patterns of directional differences were consistent across three replicates within 

the IZ samples. Consistent with the transcriptome heatmap, MI+HPA IZ distinguished itself from other 

groups, denoting HPA xenograft produced the largest difference in the proteomic profile of the LV tissue. 

Dendrogram depicts directional patterns with four main branches: 15 proteins downregulated in RZ (RZ 

down, red), 127 proteins upregulated in control IZ (Control IZ up, blue), 360 proteins downregulated in 

control IZ (Control IZ down, green), and 44 proteins upregulated in RZ (RZ up, orange). Proteins or 

peptides containing a pseudo-one abundance was not considered during functional analysis.  

13.0 HPA Mitigates LV Hypertrophy and Decreases Protein Secretion 

To better characterize HPA’s effects on IZ, a focused analysis was performed on IZ samples 

across experimental treatments. PCA of IZ samples for all three groups illustrated tight clustering with 

PC1 of 56.9% and PC2 of 20.2% (Figure 4.22B). The heatmap depicted 89 differentially expressed z-

scored proteins with dendrogram identification of notable group clustering, and row dendrogram with 
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respective directional expression patterns (11 proteins downregulated in RZ (red) and 78 proteins 

upregulated in control IZ (blue) (Figure 4.22E).  

Volcano plots showed alterations in protein abundance in IZ samples. GO and KEGG pathway 

analysis of the 76 upregulated and 82 downregulated proteins indicate changes in energy metabolism 

and mitochondrial organization (Figure 4.22D). Specific protein changes in MI only IZ to control IZ 

implicated the following: TCA cycle suppression (ALDH5A1, PDK2, PFKP, SUCLA2, SUCLG2, SDHB, 

ATP5S, MDH1, MDH2), mitochondrial remodeling (NADK2, LOC100524873, ARMCX3), transcription 

(SMARCD3, H2A, NFIB, CDK5RAP3) and translation (RARS, GUF1) processes, and apoptosis regulation 

(XIAP, OSGIN1, ARHGEF7) (Figure 4.22C). A decrease in SOD2 (2.1, p=0.03) abundance suggested 

decreased clearance of ROS and, therefore, expansion of cell death. Induction of platelet-activating factor 

(PAFAH1B2, 1.46, p=0.04) following ischemia and ROS production was consistent with IRI. In addition, it 

has shown to can promote vasoconstriction and hyperpermeability in arteries in an endothelial- and PMN-

dependent mechanism. The response was further supported by the upregulation of PTPN1 (2.6, 

p=0.0034), worsening endothelial dysfunction, and limiting eNOS production. Additionally, an increase in 

UFL1 (1.54, p=9.3E-04) and SCFD1 (1.1, p=0.0034) suggest ER stress-induced ufymlation, results in 

less secretion of ECM proteins. This was substantiated by decreased hyaluronan and proteoglycan 

binding proteins (HAPLN03, -2.0, p=0.0023) involved in cell adhesion and migration.   

 MI+HPA IZ compared to control IZ presented 76 and 82 significant upregulated and 

downregulated proteins, respectively. Similar to MI only IZ responses, mitochondrial remodeling was 

evident with respect to MI+HPA treatment. Of the significant proteins, there were distinct changes in 

microtubule dynamics (MAPRE2, DCTN3, TUBA4A, SYNE3, CD2AP), ER to Golgi vesicular transport 

(NSF, SAR1A, AP3S2, SCFD1, RAB18, NIPSNAP3B, ACTR1A, SRP68), and energy metabolism 

(DPYSL4, NME3, INPP, ARMCX3, MRPL1, QRSL1, NME3). The HPA scaffold appeared to promote cell 

migration as well as adhesion (CD2AP, ITIH2, AHNAK, RRAS, CCNY, HP1BP3, SUN2, AVL9, RAB3A). 

Upregulation of NME3 (1.8, p=0.0014) support mitochondrial fusion, allowing increased efficiency in 

energy metabolism for sustaining cell viability. However, the role of aerobic metabolism seemed to be 

reduced with downregulation of TCA proteins (NME3, ALDH5A1, ACO2, OGDH) and decreased shift in 

ATP production (ADSSL1, CPT1, PHKA2, ACOT1, GLYR1). Changes in cell cycle processes including 
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transcription (DAZAP1, HNRNP, BTF3, PURB) and translation (DCP1A, EIF2D, FARSA, FARSB, 

SAMD4A) can be attributed to stress-related regulation. Immune markers playing a role in innate 

response, granulocyte differentiation (PGLYRP2, LRG1, TGF), or adaptive immunity (IGBP, 1.4, p=0.033) 

demonstrated a concerted effort to attenuate injury. Moreover, MI+HPA IZ tissue revealed changes in 

controlled cell death with apoptosis induced by ER-stress and autophagy signaling pathways (BAK1, 

RPL19, GBA, NEK7, RAB18, CKMT1, HSDL2, GAS6, FKBP8). There is clear evidence these changes of 

metabolic programming are to moderate LV hypertrophy, which is further supported by regulators of LV 

hypertrophy (GYG1, ERBB3, HSP40, NUDC, INPP, RBP4, PPP3CB, PSMD13). Heatmaps of the 

aforementioned genes in this section are illustrated in Figure 4.22C.  

 Direct comparisons of MI+HPA IZ and MI only IZ revealed 13 upregulated and 14 downregulated 

proteins (Figure 4.22A). Collectively, the significant proteins do not supplement additional discoveries but 

do support previous findings of responses due to HPA presence. For MI+HPA IZ versus MI only IZ, 

changes in mitochondria (CCDC51, 1.57, p=0.022), lipid metabolism (HACL1, -2.4, p=0.017), 

transcription (NOVA2, 2.6, p=0.039) and translation (PUS1, 2.1, p=0.0063) regulation results in an overall 

decrease in protein secretion (DNAJA2, BTF3, STXBP6), and an increase in apoptosis (HTATIP2, 1.5, 

p=0.045). Hypertensive and volume-overload responses following IRI seemed to be mitigated with 

inhibition of renin activity (RENBP, 1.5, p=0.0063) and mechanosensitive signaling (LRRC10, 3.0, 

p=0.0051). Moreover, MARK3 (-3.0, p=0.045), a Class IIa HDAC kinase, was found to be downregulated, 

indicating active prevention of hypertrophy. Consistent with RNAseq findings, proteomic analysis 

corroborated mechanisms involving MAPKAPK2, PLCD1, AKT2, and TNIP1. 

14.0 MI+HPA Remote Zone Demonstrates Dynamic Response to Ischemia Injury 

As shown in Figure 4.23, volcano plots reveal 12 upregulated and 6 downregulated proteins 

between MI+HPA RZ and MI only RZ with several proteins of interest identified. AKAP13, a scaffolding 

protein that facilitates activation of cAMP-dependent PKA, is known to influence cardioprotective 

remodeling against oxidative stress and promote anti-apoptosis. This was upregulated in MI+HPA RZ in 

comparison to MI only RZ. Interestingly, overall the protein abundance was highest in the MI+HPA IZ 

group. This beneficial effect was challenged by an increases in CDC37L1 (1.2, p-value 0.013), where 

assembly with HSP90 modulates TGFβ receptors and promotes collagen upregulation with cardiac 
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hypertrophy. Moreover, immune responses seemed to be present in the RZ proteomic profile. 

Specifically, SHPK was upregulated and indicated metabolic reprogramming which is necessary for M1 

and M2 macrophage polarization. Other significant proteins demonstrate a role in mitochondrial 

remodeling (NUDT13, MRSP2), downregulation of cell adhesion (SGCE, MYCT1), DNA double-strand 

break repair (RNA169), and post-transcriptional (LSM8) and post-translational (USPL1) modifications. 

15.0 IRI Demonstrates Different Spatial Adaptations in Infarct and Remotes Zone 

Localized effects following IRI is pertinent to understanding the central and peripheral effects of 

injury. As such, a comparison of IZ to RZ within the MI only group was executed and illustrated 11 

upregulated and 21 downregulated proteins (Figure 4.24A). Following functional annotation using GO 

and KEGG, a manual search of the significant proteins was performed. Analysis uncovered decreased 

energy reserves (TIGAR, PIK3R1), decreased cell proliferation (KIAA0586, PRKACB), changes in 

transcription (SBNO2, MYCT1, FUS, PPP1R13L) and translation (GON7) regulation, downregulation of 

mitochondrial proteins (RARS2, CCDC51, BID), and decreased apoptosis and autophagy (ATG7, BID, 

PPP1R13L, TAB1, HSP90AB1, TBC1D25, TIGAR). Moreover, changes in immune processes such as 

upregulation of PPP6C suggest regulation in the differentiation of regulatory T cells. However, decreases 

in TMEM9B and SBNO2 imply regulation in pro-inflammatory cascades; that is, TMEM9B enhances the 

production of pro-inflammatory cytokines, and SBNO2 additively represses NF-ĸB activation. A decrease 

in P2RX7 was also observed and signifies reduced ATP-dependent lysis of macrophages. Another 

noteworthy finding was the upregulation of FLG2 in MI only IZ, which is known to mediate the formation of 

fibrin-rich microthrombi in cardiac microvascular endothelial cells following IRI.  

16.0 HPA Modulates Intracellular Transport Proteins and Alters Energy Dynamics 

A similar comparison was performed with MI+HPA IZ to MI+HPA RZ. Volcano plot illustrates 27 

and 157 upregulated and downregulated genes, respectively (Figure 4.24B). GO and KEGG functional 

annotation disclosed response to ischemia, apoptosis, energy metabolism, and calcium signaling 

processes. Further interrogation of the proteins revealed protein trafficking, specifically decreased 

regulation of vesicle secretion to the plasma membrane (RAB3A), increased regulation of synaptic vesicle 

exocytosis (CPLX1), increased vesicle trafficking from Golgi to lysosomes (AP3S2) but decreased sorting 

of ubiquitinylated transmembrane proteins to lysosomes for degradation (VPS37A, SNF8), and 
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cardioprotective apoptosis via inhibition of an accumulation of misfolded proteins (FKBP1A, FKBP8). This 

was additionally supported by increased autophagy machinery and apoptotic regulators (WDR45B, GBA, 

ABRAXAS2) but counteracted by decreases in ubiquitination and apoptotic/autophagy signaling 

(UBE2G1, TIGAR, RRAGC, IRF1). Energy homeostasis was altered with TCA suppression (FH), changes 

in oxidative phosphorylation (COX4I1, MT-ATP6, NUDT13), energy mobilization/homeostasis (GLYR1, 

GUCYA1, DAP3, ND5, SLC25A4, GSK3B), and calcium signaling (PHKG1, PPP3CB, P2RX7, SLC25A4, 

CACNA2D1). As previously noted, cardiac remodeling and LV hypertrophy seemed to be modulated by 

several proteins (HSP40, PPP3CB, MARK3). Based on the literature, low molecular weight 

phosphotyrosine protein phosphatases, seen in MI+HPA IZ group and encoded by ACP1, have 

demonstrated a demand for a hypertrophic response with activation of PDGF, IGF1, and insulin. An 

increase in TTR in the MI+HPA IZ compared to RZ has shown to result in transthyretin cardiac 

amyloidosis that often presents similarly to hypertrophic disease. In addition, the downregulation of 

PDCD5 in MI+HPA IZ versus RZ can lead to decreased calcium reserve and lead to diastolic dysfunction. 

Nevertheless, the downregulation of class IIb HDAC (HDAC10) protects from hypertrophy and systolic 

dysfunction. 

Angiogenic factors such as KDR, a VEGF receptor, were upregulated in MI+HPA IZ and can 

induce endothelial proliferation. ECM proteins involved in wound healing were either favorably 

upregulated (WARP, SOD3) or negatively downregulated (FAM234A, ITGA6). HIF1AN, a hypoxia-

inducible factor, was downregulated in MI+HPA IZ, limiting cell survival, metabolism, and angiogenesis. 

Gap junctions (GJA1), integrins (ITGA6), and sarcoglycan proteins (SGCB) crucial in maintaining 

structural integrity and synchronized contraction were downregulated in the MI+HPA IZ. Downregulation 

of pro-inflammatory markers by UBE2L3, decreased macrophage polarization (SHPK), and reduced ATP-

dependent lysis of macrophages (P2RX7) was apparent within the MI+HPA IZ group. Taken together, we 

believe the short- and long-term response to HPA should be investigated to characterize mechanisms 

and chronic remodeling, respectively.  

17.0 Ion Phosphopeptides Reveal Functional Modifications with HPA Application 

Post-translational modifications temporally modulate protein function, and phosphorylation is 

known to be one of the most regulatory mechanisms in IRI. Therefore, a peptide level analysis was 
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performed to determine site-specific phosphorylation. Progenesis QI was utilized to determine ion-

intensity based label-free quantification of phosphorylation based on previous reported techniques.189–191 

Analysis revealed 18,953 significant (one-way ANOVA, p<0.05) ion peptides, of which 275 were 

phosphopeptides from 116 proteins across groups and zone samples. Hierarchical clustering based on Z 

scores of the log2 normalized abundances of the 275 phosphopeptides is illustrated in Figure 4.25A with 

a heatmap and dendrogram. Four main clusters were identified: MI only IZ up (13 phosphopeptides, red), 

RZ down (59 phosphopeptides, blue), RZ up (182 phosphopeptides, green), and MI only and MI+HPA IZ 

up (21 phosphopeptides, orange). The PCA revealed consistency within replicates and showed modest 

clustering with PC1 of 39.6% and PC2 of 17.1% variance (Figure 4.25B). To appreciate the functionality 

of the modification at the determined site, we performed direct comparisons between groups, and each 

phosphopeptide was individually assessed. For each direct comparison, the human ortholog with the 

porcine phosphoprotein was additionally assessed for the conservation of the predicted phosphorylated 

sites and to determine clinical significance. All phosphorylation sites are matched to Sus scrofa alignment 

unless otherwise stated.  

Phosphopeptide in Infarct Zone Suggests Mechanisms of Cardiac Remodeling 

First, the IZ samples between the three groups were interrogated. Direct comparison of MI only IZ 

to control IZ revealed 19 unique and significant phosphopeptide changes. Of these, five were found to be 

strictly related to MI response. Proteins encoded by NACA are responsible for sorting and translocation 

polypeptides from ribosomes. Phosphorylation of Ser-166 (human) was noted to be downregulated (-

3.27) in MI only IZ. Although previously shown to be responsive to bone morphogenetic protein during 

differentiation in embryonic stem cells, cell-type-specific kinases and phosphatases can vary. Given Ser-

166’s proximity to the UBA domain, function may be attributed to ER-associated protein degradation. 

Downregulation (-2.19) of DPSYL3Ser-522
 (human) was found to contain a MyoD/myogenin binding site and 

affects spindle microtubule alignment during mitosis progression in a GSK3β phosphorylation-dependent 

manner.192,193 Whereas, downregulation of MYOZ2 (-3.07) with phosphorylation at Thr-107 and CAPZB (-

1.40) at Ser-292 reveal decreased inhibition of calcineurin activity with less attenuation of hypertrophy194 

and decreased regulation of actin filaments interaction in the sarcomere, respectively.  
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When examining MI+HPA IZ to control IZ, 18 unique phosphopeptides are noted with primary 

function involved in anaerobic cell energetics (PGK1, GOT2, ALDOA, TPI1, ALDOC). YAP1, a 

transcriptional regulator involved in cell proliferation and suppression of apoptosis, was 7-fold greater in 

MI+HPA IZ compared to control IZ. YAP1Ser-128 phosphorylation has shown to localize in the nucleus and 

promote wound healing.195,196 Conversely, PGRMC1, a steroid membrane receptor involved in cholesterol 

homeostasis, was downregulated (-2.33). In breast cancer, differential abundance and phosphorylation of 

PGRMC1 regulates cell survival, and it is thought to play a role in hypoxia-induced de-differentiation in 

necrotic sites.197 In the same vein, a hypoxic milieu in an IRI setting can potentially modulate cell survival. 

Serine 180 phosphorylation directs protein activity and regulates interaction with other proteins. Another 

unique phosphopeptide in the MI+HPA IZ encoded by AHSG was increased (3.05) in MI+HPA IZ. This 

protein, in the context of intestinal cancer, has exhibited competitive binding for TGFβ1, thereby blocking 

SMAD2/3 activation and increasing immunosuppression198,199. This suggests that HPA application with 

IRI may limit angiogenic and myofibroblast differentiation during the proliferative phase and may require 

alternative mechanisms for cardioprotection. The only phosphorylated peptide shown to have directional 

differences between MI+HPA IZ and MI only IZ compared to control IZ was calnexin (CANX), a calcium-

binding ER-associated chaperone protein involved in protein folding and assembly. Phosphorylation by 

ERK-1 of serine 583 residue (human) was downregulated in MI+HPA IZ, suggestive of decreased 

interaction with ribosomes and SERCA2b; whereas, upregulation of serine 554 residue (human) in MI 

only IZ incited ribosome interaction to promote efficient protein folding.200  

To determine the effects of HPA, direct comparison of MI+HPA IZ to MI only IZ was performed. 

Seven phosphopeptides (MYL2, UQCRC1, TRIP10, G3BP1, HSPB6, uncharacterized protein) were 

found to be significant with three (UQCRC1, TRIP10, HSPB6) unique phosphopeptides characterizing 

HPA effects with moderate fold changes (Figure 4.25C). UQCRC1 is a subunit located in complex III of 

the electron transport chain. Although many of the phosphorylation sites are present in this subunit, 

phosphorylation modification has not thought to be affected by mitochondrial metabolism or protein 

activity; rather, it may only moderate structure and assembly of complex III.201 TRIP10 regulates a diverse 

set of cellular processes including insulin-mediated GLUT4 endocytosis, microtubule arrangement, and 

cell survival modulator following DNA damage. A 4-fold increase with HPA placement suggests an 
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important role; however, no literature is available regarding the significance of site-specific 

phosphorylation for TRIP10. HSPB6, also referred to as HSP20, was downregulated (-2.28) in MI+HPA IZ 

compared to MI only IZ. Phosphorylation of HSP20Ser-16 is known to have cardioprotective properties, 

such as prevention of hypertrophy following β-adrenergic stimulation, suppression of autophagy, and 

reduction of cell death.202,203 This is challenged by recent evidence demonstrating long-term constitutive 

HSP20Ser-16 phosphorylation in transgenic mice resulted in failing hearts with increased fibrosis, LV 

dysfunction, and worsened induction of IL-6.204 Further experimentation from this group proposed 

blocking IL-6’ effects can attenuate profibrotic responses and preserve cardiac function.204  

Remote Zone Phosphopeptide Comparison   

The findings described above, coupled with the literature regarding the significance of peripheral 

tissue, prompted an examination of the phosphorylation modifications within the MI+HPA and MI only RZ 

tissues. Fourteen phosphopeptides were found to be significant. In contrast to the IZ tissue, HSPB6 Ser-16 

was downregulated in MI+HPA RZ (3.11) compared to MI only RZ. This inverse response is perhaps due 

to IL-6 presence in IZ and indicative that proliferation may need to be downregulated within the RZ. 

GAPDH (1.99), a ubiquitous protein, and SLC25A4 (2.20) were upregulated and phosphorylated in the 

threonine 182 and serine 155 residue, respectively. Although there is no literature suggesting site-specific 

significance in cardiac tissue, changes in abundance for these two proteins affect glycolysis and 

apoptosis with GAPDH and ADP/ATP transport in SLC25A4. The 60S ribosomal protein involved in the 

elongation step during protein synthesis (RPLP1) was downregulated (-2.33), suggesting decreased 

translation. However, TRA2B, a pre-mRNA splicing regulator, was upregulated (2.64) in MI+HPA, 

potentially promoting cell survival and proliferation. 

Infarct Zone to Remote Zone Phosphopeptide Comparison   

To decipher the relative local phosphopeptide modifications occurring between experimental 

group, we performed IZ to RZ comparisons for MI only and MI+HPA groups. A total of 91 phosphopeptide 

modifications were noted between both sets of comparisons; however, no site-specific changes were 

noted in the literature. Actin (ACTA1, ACTC1, and ACTA2) were downregulated at serine 273 residue in 

both MI only IZ to RZ (-1.65) and MI+HPA IZ to RZ (-3.05). YAP1Ser-128 (human) was upregulated in 

MI+HPA IZ to RZ, suggestive of increased wound healing. SERPINF2Ser-475 was also 7-fold higher in the 



 
 

113 
 

MI+HPA IZ compared to the RZ, demonstrating association with anti-plasmin to decrease fibrinolysis, 

tissue remodeling, and inflammation. Moreover, PRDX6, an antioxidant and regulator of oxidative injury, 

and G3BP1 involved in innate immunity were also downregulated (-3.72; -4.63) in IZ. CAVIN1, a protein 

essential in endocytic processing, cell growth, and cell movement, was severely downregulated (-8.14) in 

the MI+HPA IZ group. The remainder of the significant phosphopeptide modifications are illustrated in 

Figure 4.26 with the majority downregulated in MI+HPA IZ to RZ, impacting both energy metabolism 

(PGAM1, PGAM2, ACO2, GYS1, PGK1, TPI1, CKMT1, ACSS2, LDHA, LDHB, LDHC, MDH2, DHRS11) 

and mitochondrial function (SLC25A46, SLC25A4, SLC25A5). 

18.0 Ion Acetylpeptides Support Proteomic Profile Differences 

Acetylation modification has different effects on cellular pathways, and lysine acetylation is 

reversible, permitting an opportunity for fine-tuning modifications to activate and deactivate processes. 

Hierarchical clustering based on Z scores of the log2 normalized abundances of the 69 acetylpeptides is 

illustrated in Figure 4.27A with a heatmap and dendrogram. Three main clusters were identified: RZ 

down 14 acetylpeptides, red), RZ up (47 acetylpeptides, blue), and control IZ down (8 acetylpeptides, 

green). The PCA revealed consistency within replicates and demonstrated moderate variance (PC1 

37.5%, PC2 16.9%) (Figure 4.27B).  

Within the IZ, there were 15 noted significant acetylpeptides. The GTPase protein anchored to 

the inner membrane of the mitochondria, encoded by OPA1, was downregulated in MI only (-1.94) and 

MI+HPA (-1.64) compared to control IZ. A decrease in OPA1 is known to increase sensitivity to IRI and 

often leads to mitochondrial fission.205,206 Acetylation at lysine 931 (human) residue of OPA1 can 

decrease its GTPase activity under stress conditions, and when coupled with SIRT3-induced 

deacetylation, function may be preserved and mitochondrial dynamics may be improved. MDH1, involved 

in the malate-aspartate shuttle, was also decreased in MI only (-2.00) and MI+HPA (-3.04) IZ compared 

to control IZ, suggestive of decreased adipogenesis. In MI+HPA IZ, PRDX2, an antioxidant and apoptosis 

regulator, was mildly decreased (-0.80) compared to control IZ and has shown to attenuate oxidative 

damage by SIRT3-mediated deacetylation in intestinal IRI. However, no significance of lysine 10 

acetylation was noted in the literature. Direct comparisons of MI+HPA IZ to MI only IZ only revealed 
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acetylation upregulation of serum albumin (ALBLys-547, 1.46) and fructose-bisphosphonate aldolase 

(ALDOALys- 326, 2.09) Figure 4.27C. 

 Difference between MI+HPA RZ and MI only RZ revealed ten significant acetylation changes with 

the majority involving mitochondrial function. Solute carriers involved in cytoplasmic ADP with 

mitochondrial inner membrane ATP exchange (SLC25A4, SLC25A5, SLC25A6) were upregulated (2.67). 

Additionally, ALBLys-536 (1.31) and XIRP2Lys-762 (1.55) were upregulated.  

 Comparison of IZ to RZ of MI only and MI+HPA did not demonstrate an overlap of acetylpeptides. 

The majority of peptide modifications were related to proteins involving energy metabolism with inverse 

expression of solute carriers (upregulation in MI only and downregulation in MI+HPA) and downregulation 

of mitochondrial and ATP synthase subunits with MI+HPA.  

 

19.0 Network Analysis Encouraged Further Interrogation 

To determine the correlation between the transcriptome and proteome profiles of MI only and 

MI+HPA groups, we performed a network analysis. Their respective fold changes were mapped with 

genes on the x-axis and proteins on the y-axis. To do so, we match genes and proteins based on their 

UniProtID and Ensembl ID. Direct comparisons of IZ (Figure 4.28A), RZ (Figure 4.28B), and IZ to RZ 

(Figure 4.28C, D) of MI+HPA and MI only were performed. No noteworthy overlapping gene-protein IDs 

were identified. Therefore, manual investigation was continued.  

Based on our findings, inflammatory and immune pathways encouraged further investigation of 

heat shock proteins due to their protective response in stressful conditions including apoptosis, protein 

degradation, and fibrotic remodeling. Figure 4.29A depicts the fold changes of HSP 40, 70, and 90, as 

well as PTX3, HSF1, and HAS2. Significance between groups was evident with HSP40 (p=0.047), HSP70 

(p=0.023), and HSP90 (p=0.025), but only significance between zones was with HSP90 in MI+HPA and 

control IZ samples (p=0.021). Western blot analysis revealed a similar trend with increased response with 

MI+HPA IZ samples Figure 4.29B. Relative normal to increased levels of HSP70 within MI+HPA group 

could modulate inflammation and apoptosis through p38 MAPK signaling.207 This beneficial response is 

challenged with similar HSP90 relative protein abundance and increased gene expression due to its 
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modulatory effects in LV hypertrophy via the MAPK pathway.208 Therefore, further studies investigating 

the long-term effects of HPA application in swine models should be pursued.  

DISCUSSION 

This study suggests that the application of HPA to injured myocardium produces some 

advantageous responses in cardiac remodeling. We present the first comprehensive transcriptome and 

proteome signature analysis underlying the proliferative remodeling stage in the ischemic, border, and 

remote myocardium 14-days following IRI with HPA allograft use in swine. Our results reveal preserved 

cardiac function and marked decrease in infarct size coupled with a dynamic pattern of molecular 

responses within the three zones.  

Accumulating evidence assures early revascularization is imperative and the most efficient 

cardioprotective therapy available. Adjunctive treatment with HPA has demonstrated utility in wound 

healing in other medical conditions, such as diabetic ulcers and ligament repairs, due to its 

immunologically privileged nature and composition of growth factors and ECM. We recognized the value 

and suitability of this existing therapy and were the first group to examine its efficacy in cardiac repair in 

murine, swine, and humans. We previously observed promising long-term cardiac remodeling with 

preserved function and morphometrics in a murine model and prompted us to understand the cellular and 

molecular mechanisms of HPA xenograft-induced cardioprotection using deep phenotyping as well as to 

confirm reproducibility in a large animal model.  

 First and foremost, we substantiated HPA limited extent of cardiac injury by 50% and preserved 

EF, ventricular dimensions, and wall thickness; whereas, MI only swine exhibited decreased EF and 

dilated cardiac remodeling with compensated hypertrophy, as expected with post-infarction remodeling, 

volume overload, and impending systolic dysfunction.209,210 These early events govern the degree of 

myocardial salvage. As such, the unbiased, non-hypothesis-driven proteomic analysis of swine IZ LV 

biopsies was sought, and we identified modulation of LV hypertrophy regulators. Furthermore, 

abundances of phosphopeptides attenuating hypertrophy was also found. As expected, correlations 

between transcriptomic and proteomic data is often low given the temporal dynamic response and 

translational efficiency; to be explicit, mRNA expression differences are a real-time snapshot of IRI 

response on POD 14 while protein abundance changes may be historical transcriptional and translational 
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evidence, persisting proteins, or post-translationally modified proteins. Therefore, low correlation may be 

apparent, as noted by the lack of significant hypertrophy mRNA sequences.  

In contrast, RNA sequencing pathways revealed a significant immune response. Specifically, 

cytokine and chemokines markers indicated lymphocyte, macrophage, and dendritic infiltration of the 

heart with HPA treatment. This pattern of immune cells is consistent with the proliferative phase of cardiac 

repair and has been noted in other studies.211,212 Histological evidence supported transcriptome findings 

and presented macrophage and adaptive cell influx with H&E. Additionally, IHC staining for CD206, a 

surrogate M2-macrophage marker, exhibited increased M2-macrophage presence in infarcted tissue with 

HPA treatment compared to MI only IZ. At steady-state, cardiac tissue maintains an M2 resident 

macrophage majority.211,213,214 With IRI, this balance is often lost with increased cell death.215 

Consequently, the conservation of these anti-inflammatory mediators must be an active response with 

HPA treatment. This macrophage response may be due to the modulation by hyaluronan accumulation 

and synthesis to promote wound healing.216 However, further functional analysis of macrophage 

polarization is warranted to make any conclusive statements.  

 Transcriptome analysis also revealed a pro-inflammatory milieu with HPA treatment based on the 

variety of cytokines and chemokines in the immune response, including IL-1β, IL-21R, IL-33, and IL-7. 

Potent immune regulators such as IL-1β are mediated by inflammasomes and often induced by pro-

inflammatory monocytes following ischemia. They serve to regulate MMP expression, apoptosis, 

phagocytosis, and adhesion molecule activation. Chemokines, specifically CCL5, was upregulated with 

HPA treatment, and is known to help determine infarct size and HF.217,218  

This inflammatory response, coupled with calcium imbalance and increased ROS, also results in 

cellular structural changes and metabolic dysfunction. The PI3K/Akt/mTOR signaling pathway regulates 

protein synthesis, and activation of PI3K ultimately phosphorylates mTOR to inhibit apoptosis proteins 

such as caspases and promote anti-apoptotic factors including Bcl-2. Other studies concur with our 

transcriptome data that this pathway is downregulated with IRI.219 Proteomic analysis substantiates that 

HPA treatment promotes controlled cell death with apoptosis induced by ER-stress and autophagy. 

Another well-known regulator of apoptosis and myocardial contractile function involves the p38 MAPK 

pathway. Previous studies demonstrate that inhibition of this pathway improves function as well as protect 
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against IRI. This is thought partly due to regulation by heat shock proteins (HSP70) during oxidative 

stress. Upregulation of these genes with HPA treatment in our qPCR and Western blot data questions the 

protein quality control given altered protein secretion and ubiquitination processes. Cardioprotective 

effects of HSP70 appears to be temporal and can have opposing effects during acute and chronic injury 

with POAF and HF, and consequently demands further investigation on its effects on chronic remodeling.  

Dynamic changes in ECM composition with HPA application demonstrated the preservation of 

ventricular architecture. Specifically, increased collagen deposition complicated by MMP degradation and 

proteolysis inhibition denote fibrosis and matrix rearrangement following IRI. This reorganization protects 

from cardiac rupture and favors cardiac function, as evidenced by echocardiography. Our data might 

suggest the efficacy of HPA xenograft is not directly associated with the prevention of fibrosis. The 

formation of this ECM conduit provides a cytoskeletal framework for immune cell infiltration and removal 

of dead cells and debris. The strikingly selective localization of these proteins adds to the daunting 

complexity of ECM proteins’ function beyond matrix remodeling. Temporal regulation with stop signals for 

proliferation is vital to prevent ventricular stiffness and diastolic dysfunction. Hence, the balance of 

proliferation and degradation with targeted spatial regulation is essential. Complete engraftment of HPA 

to epicardium was not noted compared to previous observation in murine models. This may be due to the 

difference in composition or the duration of HPA application. Therefore, spatial and temporal molecular 

and phenotype responses can help ascertain the contribution of HPA to infarcted tissue.  

Another striking pattern identified with deep phenotyping was altered protein secretion with HPA 

application. Proteome profiles of IZ samples demonstrated decreased ER-dependent protein secretion 

and targeting. This coupled with less targeted ubiquitination can result in reduced clearance and protein 

aggregation. Nevertheless, other studies suggest that proteasome inhibition seems to confer 

cardioprotection through NF-ĸB inhibition and regulation of heat shock proteins.220 Identification of which 

protein levels are maintained, accumulated, and degraded will determine the beneficial response 

observed with HPA.  

These processes are, in large part, driven by mitochondrial bioenergetics. Hypoxic injury with 

ischemia abruptly alters oxidative phosphorylation and thus shifts energy production towards anaerobic 

glycolysis, which then leads to lactate accumulation and acidosis. This generates calcium overload and 



 
 

118 
 

stimulates ROS production. Following reperfusion, aerobic respiration is reinitiated, and cellular 

homeostasis is implored. With HPA treatment following IRI, by POD 14, bioenergetics was not restored, 

similar to MI only swine. Lipid peroxidation with hypoxic injury and ischemia was evident and signified 

damaged mitochondrial membrane structure and function. This was further supported by decreased 

mitochondrial proteins involving assembly of the electron transport chain. Functionally, TCA suppression 

was present in both experimental groups with the IZ, revealing failure to return to aerobic function 

completely. To mitigate this dysfunction, cells strive to promote mitochondrial fusion over fission. 

Proteome of the IZ tissue revealed the upregulation of NME3 in HPA compared to control IZ, signifying 

mitochondrial fusion was occurring. However, this trend was not supported when compared to MI only IZ. 

Moreover, downregulated acetylation of OPA1 revealed increased susceptibility to IRI and mitochondrial 

fission with HPA treatment. This ultimately increases oxidative stress and apoptosis. Several molecular 

targets have been proposed and examined to improve mitochondrial quality control;221–223 however, 

inhibition of fission with pharmacological therapy has been varying.222,223 This discrepancy is observed 

with treatment at different phases of injury, also alluding to the fact our conflicting data can be explained 

by the timing of protein abundance and post-translational modification.  

Alterations in mitochondrial dynamics and ER-mediated protein secretion unveil the feedback 

response between mitochondria and ER and their microdomain. Communication with signaling 

molecules, often defined in ER-mitochondria contact sites, to convey oxidative stress and cardiac injury 

promote regulation of mitochondrial fission, mitophagy, calcium concentration, and apoptosis.224–226 This 

crosstalk also fosters inflammasome formation and secretion of IL-1β which stimulates a pro-inflammatory 

environment. Additional targets or clues for mechanistic insight of HPA modulation include reperfusion 

injury salvage kinase (RISK) axis, survivor activating factor enhancement (SAFE), and NO/cGMP/PKG 

pathways.227 Neither pro-survival cardioprotection through RISK pathways with Akt and Erk1/2 activation, 

and SAFE pathways with STAT3 regulation nor NO-mediated effects appear to be the primary 

mechanism of HPA efficacy. However, the downregulation of these cascades proposes HPA treatment 

shares an alternative and coordinated pathway to limit cardiac injury and preserve cardiac function. 

Interrogating SIRT3 pathways may be a promising opportunity, given its effects with ROS, fatty acid 

oxidation, and mitochondrial dynamics and remodeling. 
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Remote myocardium demonstrated modulatory effects following cardiac injury. With HPA 

applications, cardioprotective anti-apoptosis, negative regulation of proteolysis, and macrophage 

polarization were noted. Collagen deposition and hypertrophic proteins were upregulated; this is perhaps 

to compensate and preserve cardiac function. Post-translational modification revealed decreases in 

HSPB6 phosphorylation which prevent hypertrophy and upregulate acetylation of ATP-solute exchanges. 

Transcriptome analysis revealed decreased cell migration. This sequencing profile was similar in the 

border zone with decreased proteolysis and cytoskeletal processes. Further workup is needed to 

extrapolate evidence of HPA utility. 

 Overall, our transcriptomic and proteomic signatures of the infarct, border, and remote 

myocardium highlights that HPA promotes beneficial cardiac remodeling following IRI. Infarct expansion 

is possibly the first mechanism to initiate the subsequent mechanisms of LV remodeling. Therefore, HPA 

allograft’s ability to considerably modulate infarct size demonstrates a significant therapeutic advantage to 

its use after cardiac injury. With continued efforts to further understand the mechanisms involved, we 

expect HPA to be the standard adjunctive therapeutic strategy for cardiac injury. 

Limitations 

There are several limitations to this study. First, the results are presented based on a healthy 

animal model without the classical comorbidities observed in cardiac patients. Therefore, although swine 

are the most clinically translatable animal model, deducing results for clinical medicine should be 

evaluated appropriately. Likewise, the sample size for this study is small, thereby resulting in potential 

sampling error, increasing variability in cellular composition, and reduces the generalizability of this study. 

Second, the molecular data come from homogenized LV tissue, which limits the interpretation of cell type 

alterations in signaling processes and changes in subcellular compartments with post-translational 

modifications. Third, arrhythmia monitoring following surgery was not performed, and as such, we cannot 

comment on HPA’s effects on arrhythmogenicity based on this swine study. Finally, functional annotation 

of swine genes and proteins from current databases is incomplete, thereby limiting biological 

interpretation.  

Future Directions 
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 This study, in conjunction with our previous murine study, defines a major milestone to elucidating 

the effects of HPA allograft in IRI. Nevertheless, further interrogation of local and systemic signaling can 

offer insight into the mechanistic basis of beneficial cardiac remodeling. Utilizing spatiotemporal deep 

phenotype mapping with single-cell sequencing during defined cardiac repair stages can uncover 

sequential patterns of the reparative progression. Furthermore, tracking of the HPA composition from 

engraftment to endogenous responses can illuminate key features of these mechanisms. Analyses to 

assess and categorize immune cell types can clarify the immunomodulatory effects of HPA allograft. 

Future studies warrant a sham group with an inert allograft to determine if a physical barrier is sufficient 

for a beneficial response. Additionally, this study needs to be supplemented with dose-dependent HPA 

use to maximize efficacy and delineate safety measures.  
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FIGURES 
 
Figure 4.1 

 
 
Figure 4.1: Schematic diagram of the swine study. Timeline illustrates swine randomized to MI only (n=4) 

or MI+HPA (n=3) groups underwent 45-minute ischemia reperfusion injury with or without HPA xenograft 

therapy with scheduled blood collection and echocardiography. Four swine remained as controls. On 

post-operative day (POD) 14, swine were sacrificed for tissue harvest for histological, transcriptomic, and 

proteomic analyses. On the right, a representation of sutured HPA xenograft placement onto infarcted LV 

apex is presented.   
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Figure 4.2 

 
 
Figure 4.2: Ischemia reperfusion injury surgical procedure. (A) Angioplasty balloon placement under 

fluoroscopic guidance. (B) Midline incision performed using cautery between subcutaneous tissue and 

underlying pectoral fascia. (C) HPA tissue sutured to the infarct zone using 6-0 prolene after 45-minute 

occlusion. 
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Figure 4.3 

 
Figure 4.3: Excised MI only and MI+HPA swine hearts. (A) MI only swine had a virgin chest without 

adhesions. Infarcted area could be visualized in the apex. (B) A punch biopsy was used to core the 

infarct, border, and remote zones. (C) Intact sutured human placental amniotic (HPA) xenograft can be 

grossly visualized and demonstrates partial engraftment. (D) MI+HPA swine previously underwent a 

median hemi-sternotomy and was noted to have chest wall adhesions. Panel D illustrates the most 

severe case. (E-F) The white arrows point to the sutured HPA xenograft to the LV apex.   
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Figure 4.4 

 
 
Figure 4.4: Outlining method of TTC stained left ventricle (LV) slices. Panel A and B illustrate the same 

slice. (A) LV and (B) infarcted area are outlined using ImageJ software to quantify infarct size over LV 

size.  
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Figure 4.5 

 
Figure 4.5: Composition of human placental amniotic (HPA) tissue. HPA is composed of primarily 

extracellular matrix proteins. (A) Protein classes of HPA are classified according to Panther and are 

categorized in descending order. (B) The top HPA proteins based on spectrum count are defined. (C) 



 
 

126 
 

Biological process and (D) molecular function based on Panther classification reveal cellular processes 

and catalytic activity are the top categories, respectively.     
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Figure 4.6 

 
Figure 4.6: HPA xenograft therapy preserved cardiac function. Echocardiographic parameters were 

measured pre- and post-IRI and on post-operative day (POD) 14 in MI only (black circle; n=3) and 

MI+HPA (red square; n=3) groups. (A) EF decreased in both groups post-IRI with nearly restored EF in 

MI+HPA group by POD 14 (*p=0.014). (B) Difference in final and baseline EF was minimal in MI+HPA 

group (-5.66%) compared to MI only group (-22.51%). (C) Directional change in EF between POD 14 and 

post-IRI are inverse with improvement in MI+HPA group. (D) Preserved ESV (**p=0.0036) and (E) EDV 

(*p=0.011) are noted in MI+HPA group by POD 14. (F) SV in both groups demonstrate similar trend. (G) 

Chamber size based on LVIDd was significantly different (*p=0.041) post-IRI between the groups. (H) 

Notable increase in PWT was seen in MI only group on POD 14. (I) RWT were comparable in both groups 

by POD 14. Abbreviations: EDV, End diastolic volume; EF, Ejection fraction; ESV, End systolic volume; 

LVIDd, Left ventricular internal diameter at end-diastole; PWT, Posterior wall thickness; RWT, Relative 

wall thickness; SV, Stroke volume. Data is presented as meanS.E.M. 
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Figure 4.7 

 
Figure 4.7: Infarct size was attenuated by HPA administration. After sacrifice, hearts were excised, and 

0.5cm thick short-axis segments were stained with 1% 2,3,4-triphenyl tetrazolium chloride (TTC) to 

determine infarct size. (A) Representative images of transverse slices between cardiac apex and base 

from the three groups (n=3 per group) are shown with viable myocardium stained red and infarcted tissue 
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remaining white. Scale bars=1cm. (B) Quantitative analysis demonstrated significant (*p=0.039) decrease 

in infarct size to left ventricle (LV) area with human placental amniotic (HPA) xenograft application. Data 

is presented as mean ± S.E.M. 
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Figure 4.8 

 
Figure 4.8: Cardiac remodeling was evident in infarct and border zone. Punch biopsies from remote 

(non-ischemic), border, and infarct zone were excised, fixed and stained with picro-sirius red (PSR) 14 

days post ischemia reperfusion injury. Fibrosis is visualized as red fluorescence in PSR-stained hearts 

using a Texas red fluorescence filter, and viable, non-fibrotic tissue is visualized as green. (A) 

Representative images at merged 5x magnification (scale bar = 2mm) of PSR and enlarged epicardial 

section at 20x (scale bar = 10um) are displayed. Robust cardiac remodeling and increased fibrosis is 

more evident in ischemic area compared to non-ischemic and border zone regions. (B) Quantification of 
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collagen content demonstrated significant difference in groups (*p=0.042) and zones (*p=0.017), 

significant difference between remote and infarct zone in MI only swine hearts (**p=0.0086), and 

significant difference between border zone in control and MI+HPA (*p=0.042). Data is presented as 

meanS.E.M. 
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Figure 4.9 

 

 
 
Figure 4.9: H&E staining revealed changes in cellular architecture. (A) LV tissue from infarct, border, and 

remote zones were stained with Hematoxylin and Eosin (H&E) (n=3 per group), and representative 

images at merged 5x magnification (scale bar = 2mm) and 20x (scale bar = 10um) are displayed. Tissue 

from MI+HPA infarct zone revealed (B) interstitial hemorrhage (white arrow), (C) granulation tissue with 

giant cells, (D) disordered cardiomyocytes, and (E) proliferation of lymphocytes and dendritic cells.  
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Figure 4.10 

 

Figure 4.10: Transcriptome summary of experimental groups and LV zones. (A) Principal component 

analysis of control, MI only, and MI+HPA groups. (B) Principal component analysis of infarct (IZ), border 

(BZ), and remote (RZ) zone of control (black), MI only (green), and MI+HPA (red) groups. (C) Heatmap of 

differentially expressed genes between control, MI only, and MI+HPA group with the respective LV zones. 

N = 3 per group.  
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Figure 4.11 

 

Figure 4.11: Control group transcriptome expression profiles. (A) Venn diagram of significant differentially 

expressed genes between infarct zone (IZ), border zone (BZ), and remote zone (RZ) in control group. 

Volcano plot with significantly expressed genes presented as -log10(p-adj) and log2(fold change) of (B) IZ 

to RZ (5 upregulated, 1 downregulated), (C) BZ to RZ (0 upregulated, 1 downregulated), and (D) BZ to IZ 

(1 upregulated, 1 downregulated) in the control group. N=3 for each group. Significant criteria of 

differential expression genes are -log10(p-adj) > 1.3 and |log2(FoldChange)| > 1. 
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Figure 4.12 
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Figure 4.12: Transcriptome profile of remote zone (RZ) of MI only to control group. (A) Volcano plot with 

205 significantly expressed genes presented as -log10(p-adj) and log2(fold change) of RZ of MI only to 

control group (119 upregulated [red], 86 downregulated [green]). (B) GO analysis of top 20 pathways of 

the differentially expressed genes between MI only RZ and control RZ. (C) KEGG analysis of top 20 

pathways of the differentially expressed genes between MI only RZ and control RZ. (D) KEGG pathway 

map of cell cycle. N=3 for each group. Significant criteria of differential expression genes are -log10(p-adj) 

> 1.3 and |log2(FoldChange)| > 1.  
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Figure 4.13 
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Figure 4.13: Transcriptome profile of remote zone (RZ) of MI+HPA to control group. (A) Volcano plot with 

635 significantly expressed genes presented as -log10(p-adj) and log2(fold change) of RZ of MI+HPA to 

control group (364 upregulated [red], 271 downregulated [green]). (B) Cnet plot of GO biological processes 

with significantly expressed genes. (C) Dot plot of GO analysis of significantly differentially expressed 

genes. (D) GO analysis of top 20 pathways of the differentially expressed genes. (E) Table of significantly 

expressed gene related to GO wound healing pathway (GO:0042060) with upregulation [red] and 

downregulation [green] defined. N=3 for each group. Significant criteria of differential expression genes 

are -log10(p-adj) > 1.3 and |log2(FoldChange)| > 1. 

 

  



 
 

139 
 

Figure 4.14 

 

Figure 4.14: Transcriptome profile of remote zone (RZ) of MI only and MI+HPA to control infarct zone 

(IZ). (A) Volcano plot with 3067 expressed genes presented as -log10(p-adj) and log2(fold change) of MI 

only RZ to control IZ (1675 upregulated [red], 1392 downregulated [green]). (B) KEGG analysis of top 20 

pathways of the differentially expressed genes between MI only RZ and control IZ. (C) Volcano plot with 

3938 significantly expressed genes presented as -log10(p-adj) and log2(fold change) of MI+HPA RZ to 

control IZ (1982 upregulated [red], 1956 downregulated [green]). (D) KEGG analysis of top 20 pathways 

of the differentially expressed genes between MI+HPA RZ and control IZ. N=3 for each group. Significant 

criteria of differential expression genes are -log10(p-adj) > 1.3 and |log2(FoldChange)| > 1. 
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Figure 4.15 

 

 

Figure 4.15: Transcriptome profile of remote zone (RZ) of MI only and MI+HPA to control border zone 

(BZ). (A) Volcano plot with 309 expressed genes presented as -log10(p-adj) and log2(fold change) of MI 

only RZ to control BZ (203 upregulated [red], 106 downregulated [green]). (B) GO analysis of top 20 

pathways of the differentially expressed genes between MI only RZ and control BZ. (C) Volcano plot with 

1100 significantly expressed genes presented as -log10(p-adj) and log2(fold change) of MI+HPA RZ to 

control BZ (670 upregulated [red], 430 downregulated [green]). (D) GO analysis of top 20 pathways of the 

differentially expressed genes between MI+HPA RZ and control BZ. (E) Table of significantly expressed 

gene related to GO response to external biotic stimulus pathway (GO:0043207) in MI+HPA RZ to control 

BZ. N=3 for each group. Significant criteria of differential expression genes are -log10(p-adj) > 1.3 and 

|log2(FoldChange)| > 1. 
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Figure 4.16 

 

Figure 4.16: Major gene expression profile pathways of “normal” LV tissue.  
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Figure 4.17 

 

Figure 4.17: Transcriptome profile of infarct zone (IZ) of MI only and MI+HPA to control IZ. (A) Volcano 

plot with 4332 expressed genes presented as -log10(p-adj) and log2(fold change) of MI only IZ to control IZ 

(2108 upregulated [red], 2224 downregulated [green]). (B) GO analysis of top 20 pathways of the 

differentially expressed genes between IZ of MI only and control. (C) Volcano plot with 1700 significantly 

expressed genes presented as -log10(p-adj) and log2(fold change) of MI+HPA IZ to control IZ (1199 

upregulated [red], 501 downregulated [green]). (D) GO analysis of top 20 pathways of the differentially 

expressed genes between IZ of MI+HPA and control. N=3 for each group. Significant criteria of 

differential expression genes are -log10(p-adj) > 1.3 and |log2(FoldChange)| > 1. 
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Figure 4.18 
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Figure 4.18: Transcriptome profile of infarct zone (IZ) of MI+HPA and MI only. (A) Venn diagram of 

differentially expressed genes between infarct zone (IZ) of MI+HPA and MI only. (B) Volcano plot with 

161 expressed genes presented as -log10(p-adj) and log2(fold change) IZ of MI+HPA to MI only (148 

upregulated [red], 13 downregulated [green]). (C) GO analysis of top 20 pathways of the differentially 

expressed genes between IZ of MI+HPA to MI only. (D) KEGG analysis of top 20 pathways of the 

differentially expressed genes between IZ of MI+HPA to MI only. (E) KEGG pathway map of JAK-STAT 

signaling. (F) KEGG pathway map of chemokine signaling. N=3 for each group. Significant criteria of 

differential expression genes are -log10(p-adj) > 1.3 and |log2(FoldChange)| > 1. 
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Figure 4.19 

 

Figure 4.19: HPA promotes anti-inflammatory M2 macrophage infiltration to infarct zone. CD206 is an 

M2a macrophage marker, and these macrophage types are anti-inflammatory. (A) Representative images 

of CD206-stained infarct zones (IZ) of the three groups are presented as merged 5x (scale bar = 2mm) 

and 20x (scale bar = 10um) images. (B) Quantification of CD206 using ImageJ of the three infarct zones 

(n=3-4/group) revealed MI+HPA IZ had more M2a macrophages. Data is presented as meanS.E.M. 
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Figure 4.20 

 

Figure 4.20: Immune and ECM profiles alter with HPA treatment. (A) Heatmap of differential expressed 

immunomodulatory genes between MI only IZ vs control IZ, MI+HPA IZ vs control IZ, and MI+HPA IZ vs 

MI only IZ. A pro-inflammatory profile is evident with HPA application. (B) Heatmap of differential 

expressed ECM genes between MI only IZ vs control IZ, MI+HPA IZ vs control IZ, and MI+HPA IZ vs MI 

only IZ. HPA use demonstrate wound healing response. N=3 for each group. 
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Figure 4.21 

 

Figure 4.21: Proteomic analysis of experimental groups and infarct and remote zones. (A) Schematic 

diagram of proteomic workflow of homogenization of infarct (IZ) and remote (RZ) zones (n = 3/group), 

fractionation, Sus scrofa alignment, statistical analysis, and bioinformatics visualization. (B) Principle 

component analysis of replicate and group variation with Component 1 of 42.3% and Component 2 of 

20.8%. (C) Heatmap of 555 differentially expressed z-scored proteins with dendrogram identification of 

group clustering (MI+HPA IZ is distinctive), and row dendrogram with respective directional expression 

patterns (15 proteins downregulated in RZ (red), 127 proteins upregulated in control IZ (blue), 360 

proteins downregulated in control IZ (green), and 44 proteins upregulated in RZ (orange). Statistical 

analysis involved one-way ANOVA and p<0.05.  
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Figure 4.22 
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Figure 4.22: Proteomic analysis of infarct zone. (A) Volcano plot of MI+HPA infarct zone (IZ) to MI only IZ 

show 13 upregulated [pink] and 14 downregulated [teal] proteins as -log10(p-value) and log2(fold change). 

(B) Principal component analysis of IZ of all three groups with PC1 of 56.9% and PC2 of 20.2%. (C) Mini-

heatmaps of differentially expressed proteins between MI only IZ vs control IZ and MI+HPA IZ vs control 

IZ. (D) GO and KEGG analysis of top pathways of the differentially expressed proteins in IZ between all 

three groups. (E) Heatmap of 89 differentially expressed z-scored proteins with dendrogram identification 

of notable group clustering (MI+HPA IZ is distinctive), and row dendrogram with respective directional 

expression patterns (11 proteins downregulated in RZ (red) and 78 proteins upregulated in control IZ 

(blue). N=3 per group. Statistical analysis involved one-way ANOVA and p<0.05.  
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Figure 4.23 

  

 

Figure 4.23: Proteomic analysis of remote zone. (A) Volcano plot of MI+HPA remote zone (RZ) to MI only 

IZ show 12 upregulated [pink] and 6 downregulated [teal] proteins as -log10(p-value) and log2(fold 

change). (B) Principal component analysis of RZ of all three groups with PC1 of 73.1% and PC2 of 9.3%. 

(C) Heatmap of 38 differentially expressed z-scored proteins with dendrogram identification of notable 

group clustering (MI+HPA IZ is distinctive), and row dendrogram with respective directional expression 

patterns (12 proteins downregulated in MI+HPA RZ (red) and 26 proteins upregulated in MI+HPA RZ 

(blue). N=3 per group. Statistical analysis involved one-way ANOVA and p<0.05.  
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Figure 4.24 

 

Figure 4.24: Proteomic analysis of infarct to remote zone of MI only and MI+HPA groups. (A) Volcano 

plot of MI only infarct zone (IZ) to remote zone (RZ) show 11 upregulated [pink] and 21 downregulated 

[teal] proteins as -log10(p-value) and log2(fold change). (B) Volcano plot of MI+HPA IZ to RZ show 27 

upregulated and 157 downregulated proteins as -log10(p-value) and log2(fold change). N=3 per group. 

P<0.05.  
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Figure 4.25 

 

 

Figure 4.25: Global phosphorylation of infarct and remote zone samples. (A) Heatmap of 275 

differentially expressed z-scored proteins with dendrogram identification of notable group clustering 

(MI+HPA IZ is distinctive), and row dendrogram with respective directional expression patterns (13 

proteins downregulated in MI+HPA RZ (red) and 59 proteins upregulated in control IZ (blue), 182 proteins 

downregulated in control IZ (green), and 21 proteins upregulated in RZ (orange). Statistical analysis 

involved one-way ANOVA and p<0.05. (B) Principal component analysis of IZ and remote zone (RZ) of all 

three groups with PC1 of 39.6% and PC2 of 17.1%. (C) Volcano plot of MI+HPA infarct zone (IZ) to MI 

only IZ show 4 upregulated [pink] and 3 downregulated [teal] phosphopeptides as -log10(p-value) and 

log2(fold change). 
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Figure 4.26 

 

Figure 4.26: Significant phosphopeptides between infarct (IZ) and remote (RZ) zones. P<0.05. 
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Figure 4.27 

 

 

Figure 4.27: Global acetylation of infarct and remote zone samples. (A) Heatmap of 69 differentially 

expressed z-scored proteins with dendrogram identification of notable group clustering (MI+HPA IZ is 

distinctive), and row dendrogram with respective directional expression patterns (14 proteins 

downregulated with RZ (red) and 47 proteins upregulated with RZ (blue), 8 proteins downregulated in 

control IZ (green). Statistical analysis involved one-way ANOVA and p<0.05. (B) Principal component 

analysis of IZ and remote zone (RZ) of all three groups with PC1 of 37.5% and PC2 of 16.9%. (C) 

Volcano plot of MI+HPA infarct zone (IZ) to MI only IZ show 2 downregulated acetylpeptides as -log10(p-

value) and log2(fold change). N=3 per group. P<0.05. 

  



 
 

155 
 

Figure 4.28 
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Figure 4.28: Network analysis of LV transcriptome and proteome data. Genes and proteins were 

matched based on UniProtID and Ensembl ID. Scatter plots of corresponding protein abundance and 

gene expression were mapped highlighting significant gene expression [orange], significant protein 

abundance (purple), and significance achieved in both gene and protein expression [yellow] (p<0.05). (A) 

MI+HPA infarct zone (IZ) to MI only IZ show 40 significant genes and 22 significant proteins. (B) MI+HPA 

remote zone (RZ) to MI only RZ show 5 significant genes and 6 significant proteins. (C) MI only IZ to RZ 

show 0 significant genes and 21 significant proteins. (D) MI only IZ to RZ show 0 significant genes and 21 

significant proteins. (E) Labeled MI+HPA IZ to MI only IZ network analysis of significant expression.  
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Figure 4.29 
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Figure 4.29: Gene expression and relative protein abundance with RT-PCR and Western blot. (A) -PCR 

was utilized to determine relative expression of heat shock proteins (HSPs) in infarct and remote zone in 

all three groups. Bar graphs of HSP40, HSP70, and HSP90, PTX3, HSF1, and HAS2. (n=3/group) 

MI+HPA samples demonstrated general trend of increased HSPs compared to other groups. (B) Western 

blot was performed to detect relative protein abundance of HSP40, HSP70, and HSP90. Data is 

presented as meanS.E.M. 
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TABLES 
 
Table 4.3: Echocardiographic Parameters  
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Table 4.4: Cell cycle of “Normal” LV tissue 
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Table 4.5: Inflammatory profile 
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Table 4.6: Extracellular matrix profile 
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AIM 3 ABSTRACT 

 
Introduction: Post-operative atrial fibrillation (POAF) continues to be a devastating complication following 

cardiac surgery, affecting 25-40% CABG and 30-40% valve patients. Although the pathophysiology 

remains to be unclear, the inflammatory milieu may confer a prothrombotic state by stimulating 

endothelial damage and platelet activation. Human placental amniotic (HPA) tissue is known to have anti-

inflammatory effects and therefore may promote anti-arrhythmic effects in patients undergoing cardiac 

surgery. The aim of this study was to determine if HPA use on the epicardial surface decreases incidence 

of POAF in CABG and valve patients. 

 

Methods: We retrospectively analyzed data on a cohort of 125 patients who underwent isolated CABG 

and valve surgeries between 2014 and 2018 to evaluate the incidence of POAF. Seventy-eight were 

identified to be CABG cases with 45 patients receiving amniotic allograft, and 20 of the 47 valve patients 

were noted to be in the treatment group. Exclusion criteria included need for concomitant surgery or prior 

history of atrial fibrillation.  

 

Results: Of the 78 patients who underwent CABG, 9/33 (27.3%) control patients and 3/45 (6.7%) 

allograft patients experienced POAF. Similarly, 8/27 (29.6%) control valve patients and 0/20 (0.0%) 

allograft patients had an incidence of POAF. Within the CABG group, we found increasing age 

corresponded to a higher risk of POAF, while the HPA allograft significantly reduced the risk of POAF (OR 

= 0.17, p=0.02). 

 

Discussion: Peri-operative allograft placement has demonstrated a strong reduction in the incidence of 

POAF. Overall, there is an increase in POAF that correlates with increasing age. Secondary outcomes 

including stroke and mortality in our study did not demonstrate differences between the two groups, 

although the number of events was found to be small.  

  



 
 

164 
 

CHAPTER 5: PERI-OPERATIVE ALLOGRAFT PLACEMENT AND LONG-TERM SURVIVAL IN 

PATIENTS UNDERGOING CABG AND VALVE SURGERY 

 

Chapter 5 is presented as a research paper on the clinical outcome of human placental amniotic allograft 

treatment.  
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INTRODUCTION 

Among 370,000 patients undergoing cardiac surgery annually, 25-40%1,2 CABG and 30-40%3 valve 

patients are affected by POAF in the United States. Despite reasonable effectiveness with the use of drug 

treatment and rhythm control for diagnosed cases,12,33,41,42,50 the prevalence of POAF continues to be 

elevated, and the risk of POAF is greatest within the first 48-72 hours with a slow decline over a week.4 

Although considered to be transient in nature, POAF can result in subsequent adverse outcomes 

including stroke, cardiogenic shock, respiratory failure, ventricular arrhythmia, and impaired quality of 

life.4–13 Further, the annual cost for POAF treatment and its sequelae surmounts to $2 billion in the United 

States alone.228 Therefore, it seems undisputed that lowering the incidence would be desirable, 

significantly reducing the overall clinical and economic burden. 

Although the pathophysiology is complex and remains uncertain, proposed mechanisms characterize 

an inflammatory milieu compounded by oxidative stress as a contributor to the development of 

POAF.10,229–232 In an animal model, a reduced incidence of POAF was observed when subjects were 

treated with steroid therapy.233 These findings suggest a reduction of inflammatory response could have a 

similar therapeutic effect in cardiac surgical patients. Moreover, the anti-inflammatory potential of amniotic 

allografts is observed in wound healing.155,156 A similar finding was concluded with allograft placement in a 

patient with constrictive pericarditis.234 Given these findings, we hypothesized epicardial allograft 

placement will impede the development of POAF. 

Thus, the aim of the present study was to determine the association between intra-operative allograft 

placement and the incidence of POAF in patients undergoing CABG or valve surgery. 

 

METHODS 

1.0 Study Design 

A single-center, retrospective study was conducted. We identified cardiac surgical patients 

undergoing isolated CABG or valve surgery between January 2014 and June 2018. Patients were 

included in the study if they met all the inclusion criteria: 1) Subject is 18 years of age or older, and 2) 

Subject must be undergoing an isolated CABG or valve procedure using a median sternotomy approach. 

Exclusion criteria included 1) Subject has a history of AF (i.e. primary or secondary hospital discharge 
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diagnosis of AF at any time prior to hospitalization for CABG or valve surgery), 2) Subject has 

concomitant or prior history of MAZE procedure and/or pulmonary vein isolation, and 3) Subject has prior 

history of anti-arrhythmia drug treatment (amiodarone, dronedarone, or sotalol) six months prior to 

surgery. The study was limited to one primary surgeon to minimize variability in procedure performance. 

Figure 5.1 illustrates the overall study design architecture. Institutional review board approval for data 

collection was obtained prior to the study start.  

2.0 Patient Population 

We identified 125 patients who underwent isolated CABG and valve surgeries between 2014 and 

2018 to evaluate the incidence of POAF. Seventy-eight were identified to be CABG cases with 45 

patients receiving allograft, and 20 of the 47 valve patients were noted to be in the allograft group.   

3.0 Data Collection 

Data including demographic, pre-, intra-, and post-operative outcomes, and imaging were abstracted 

and analyzed from electronic medical records and Xcelera imaging software. Six-month and four-year 

follow-up outcomes were collected.  

4.0 Measurements/Clinical Outcomes 

The primary safety endpoint was a composite endpoint consisting of procedure-related mortality 

events occurring within 30 days post-procedure. The primary effectiveness endpoint was to assess the 

incidence of new-onset POAF, as defined by STS, prior to hospital discharge. The secondary endpoints 

included the rate of treated or sustained episodes of POAF prior to hospital discharge, stroke, bleeding, 

discharge mortality status, and readmission within 30 days of discharge. Further, potential predictors of 

atrial fibrillation were chosen based on a review of the literature and are described in Table 5.1. 

5.0 Treatment 

Following routine isolated CABG or valve procedure, the surgeon placed three amniotic allografts on 

the epicardial surface of the right and left atria and LV without requiring a suture prior to surgical closure. 

Two different allografts were used among allograft patients (PalinGen® Membrane, AT, LLC and 

AmnioBand® Membrane, MTF Biologics®).  
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6.0 Statistical Analysis 

Baseline characteristic differences were tested using χ2 test or Fisher Exact test for categorical 

variables and the Mann Whitney test for continuous variables. Given this is a retrospective study, possible 

confounding and imbalances in covariates between groups regarding peri-operative outcomes were 

considered and assessed. We found an imbalance in several variables, notably age. All baseline 

characteristic statistical analyses were performed with STATA version 15 (STATACorp, LLC). A two-tailed 

p-value less than 0.05 was considered statistically significant. 

 

RESULTS 

1.0 Baseline Characteristics 

As illustrated in Table 5.1, there were no significant differences between the control and allograft 

group with respect to baseline characteristics, except for valve disease (p<0.001), nitrate use (p=0.05), 

and non-elective surgery (p<0.001) in CABG patients and age (p=0.02) and non-elective surgery in valve 

patients (p=0.03). Regarding risk predictors, patients with CHA2DS2VASc of 4 and HAS-BLED of 3 were 

higher in the control group in CABG and valve patients, respectively (p=0.04; p=0.03). Moreover, the STS 

predicted risk scores for mortality and morbidity, or mortality were higher in the allograft group in CABG 

patients (p=0.001; p=0.01). All other variables were not found to be statistically significant. 

2.0 Safety and Efficacy Outcomes 

The primary safety endpoint was met; there were no mortality events that reached statistical 

significance in CABG or valve patients. The cause of mortality that occurred in the allograft CABG group 

was brain death secondary to global ischemic stroke on POD 2 (Table 5.2). New-onset of POAF, as 

defined by STS, was significantly reduced in the allograft group in CABG (p=0.02) and valve (p=0.006) 

patients. Further, secondary endpoints including the rate of treated or sustained episodes of POAF prior 

to hospital discharge, stroke, bleeding, discharge mortality status, and readmission within 30 days of 

discharge, did not reach statistical significance in both surgical groups. However, post-operative anemia 

was found to be higher in the allograft group in both CABG (p=0.02) and valve (p=0.001) patients. 

After comparing balance among covariates, we then fit several logistic regression models to test for 

an effect of the patch on POAF. Overall, we found evidence of a significant reduction in POAF for both 
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types of surgery. For the CABG group, we found a significant effect of age and patch on the probability of 

POAF. Specifically, increasing age corresponded to a higher risk of POAF, while the patch significantly 

reduced the risk of POAF (OR = 0.17, p=0.02), even after adjusting for age, sex, and ethnicity. Note that 

for the valve group, there were zero cases of POAF, so a logistic regression could not be performed. 

3.0 Imaging Findings 

Bright blood steady-state free precession and T2-weighted cardiac MRI was performed pre- and post-

operatively in both control and allograft groups. Figure 5.2 illustrates post-operative MRI images of two 

patients who underwent CABG surgery with and without amniotic allograft placement. The first patient 

was a 74-year-old female control who was imaged on post-operative day 11. Panel A-C reveals a 

moderate-sized complex pericardial effusion related to a prior CABG, and the superior aspect of the 

anterior wall of the right ventricle demonstrates abnormal signal consistent with myocardial 

edema/inflammation. Panel E-F is of an 81-year-old male on post-operative day seven status post CABG 

and allograft placement. The anterior aspect of the heart in the region of allograft placement 

demonstrates no significant inflammatory or edematous changes. 

4.0 Follow-Up Clinical Outcomes 

Long-term outcomes were assessed to identify if allograft patients developed any new conditions or 

symptoms after hospital discharge. A thirty percent response rate was achieved, and the rest were lost to 

follow-up. Two patients from the CABG and valve group had a 6-month follow-up while the remainder of 

follow-up data was based on a 4-year follow-up. Overall, one valve and two CABG patients reported atrial 

fibrillation and arrhythmia, respectively. No new incidence of stroke, structural heart problem, 

thromboembolism was described. Approximately 9-28% of patients revealed chest pain, palpitations, and 

shortness of breath symptoms, comparable between CABG and valve patients (Table 5.3).  

 

DISCUSSION 

POAF continues to be the most common arrhythmic complication following cardiac surgery with 

potentially serious clinical and economic implications. Although there have been several efforts to mitigate 

the risk through drug interventions, one in three patients continue to develop POAF. Our anecdotal 
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experience demonstrating a decrease in post-operative inflammation and POAF in patients receiving HPA 

allograft prompted this retrospective analysis.  

In this study, we found the application of HPA allograft over the epicardial surface prior to closure 

following cardiac surgery reduced the incidence by over 20%. Moreover, potential complications including 

stroke, bleeding, infection, readmission, and mortality were comparable between the control and allograft 

groups. However, we note that the overall number of events is small, and the study was not powered to 

address such incidents. Although the findings are preliminary and limited by a small cohort, the data 

suggests that patients undergoing CABG or valve surgery may benefit from allograft placement to reduce 

risk of POAF, even after adjusting for age. 

Previous studies have suggested an inflammatory process instigates the development of POAF. 

Amniotic membrane with extracellular matrix denuded of stem cells has exhibited anti-inflammatory and 

wound healing properties. Therefore, amniotic allograft placement on the epicardial surface was expected 

to decrease inflammation. These findings were supported by T2-weighted MRI post-operative images of 

control and HPA allograft patients. Patients who received allograft placement had reduced incidence of 

myocardial edema and inflammation and less likely to develop POAF. 

There have been few reports of peri-operative interventions that have been utilized to reduce POAF. 

Studies describing pericardial fat removal with ventral denervation and posterior pericardiotomy to reduce 

POAF incidence have been thought to be due to lower incidence of pericardial effusion.52,53,235 Of note, 

there has been seldom use of allograft material to mitigate POAF risk. Boyd et al. revealed the use of 

pericardial reconstruction ECM composed from small intestinal submucosa decreased incidence of 

POAF;236 however, the subsequent clinical trial did not support this finding. Therefore, further analysis of 

patch content and mechanism is warranted to confirm efficacy. Moreover, a comparison of alternative 

allograft materials is necessary to provide potential recommendations for POAF prevention. 

This study is not without other limitations. Due to the nature of a retrospective study, there is a lack of 

randomization between control and allograft patients. Further, small sample size and single-center 

experience limit balance in covariates between the two groups and is underpowered for secondary 

outcomes. However, the results from this study are promising and urge for additional studies.  
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FIGURES 
 
Figure 5.1 

 
 
Figure 5.1: Retrospective clinical study design. A retrospective study was conducted to evaluate the 

association between intra-operative HPA placement and the incidence of POAF.  

Abbreviations: AF, Atrial Fibrillation; CABG, Coronary Artery Bypass Grafting   
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Figure 5.2

 
Figure 5.2: T2-Weighted MRI images of control and allograft patients. Panel A-C: Axial MRI images from 

a 74-year-old female status post CABG (post-operative day 11) without allograft placement. Panel A: 

Steady-State Free Precession image demonstrate a moderate-sized complex pericardial effusion related 

to prior CABG seen as a high intensity collection (arrows). Panel B: T2-Weighted image demonstrates 

increased signal in superior aspect of the anterior wall of the right ventricle (arrow) that is consistent with 

myocardial edema/inflammation. Panel C: T2-weighted Short T1 Inversion Recovery image removes 

normal bright fat signal. In this image, the inflammatory edema involving the pericardium (arrowheads) 

and right ventricle (arrow) are more conspicuous. Also, the complex pericardial collection is seen as a 

predominately bright signal collection suggesting an inflammatory effusion. Panel E-F: Axial MRI from an 

81-year-old male status post both CABG and allograft placement (post-operative day 7). Panel E: Steady-

State Free Precession image demonstrates expected post-thoracotomy bilateral pleural effusions 

(arrows). There is no evidence of effusion or complex fluid collection in the pericardial space. Panel F: T2-

Weighted image demonstrate normal homogeneous signal in the myocardium of the anterior aspect of 

the heart in the region of allograft membrane patch placement demonstrates with no evidence of 

significant inflammatory or edematous changes.   
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TABLES 
 

Table 5.1: Baseline Characteristics of the Study Population* 

Baseline Characteristics 

CABG Patients (N=78) Valve Patients (N=47) 

Control  
(N=33) 

Allograft 
(N=45) 

P-Value 
Control 
(N=27) 

Allograft 
(N=20) 

P-Value 

Ethnicity   0.861   0.92 

White or Caucasian (%) 87.9 80.0 0.54 88.89 85.0 1.0 

Black or African American 
(%) 

0.0 2.2 1.0 3.7 5.0 1.0 

Asian (%) 3.0 4.4 1.0 3.7 0.0 1.0 

American Indian/Alaska 
Native (%) 

0.0 4.4 0.51 0.0 5.0 0.43 

Pacific Islander (%) 0.0 2.2 1.0 0.0 0.0  

Other (%) 9.1 6.7 0.69 3.7 5.0 1.0 

Hispanic (%) 36.4 37.8 0.90 11.1 15.0 1.0 

Age 64.0±10.1 64.5±9.9 0.83 60.6±17.3 48.4±16.0 0.02 

≤ 64 48.5 51.1 0.82 55.6 80.0 0.12 

65-74 36.4 33.3 0.78 14.8 15.0 1.0 

≥ 75 15.2 15.6 0.96 29.6 5.0 0.06 

Sex       

Male (%) 69.7 80.0 
0.30 

48.2 65.0 
0.25 

Female (%) 30.3 20.0 51.9 35.0 

Hypertension (%) 78.8 77.8 0.92 66.7 40.0 0.07 

Diabetes Mellitus (%) 60.6 53.3 0.52 22.2 10.0 0.44 

Body Mass Index, average 30.2±5.0 28.9±5.0 0.26 30.7±6.9 30.2±7.8 0.79 

Chronic Heart Failure (%) 21.9 11.1 0.20 11.1 30.0 0.14 

Heart Failure - 2 weeks (%) 31.3 42.2 0.33 55.6 30.0 0.08 

Previous MI (%) 34.9 65.1 0.14 14.8 0.0 0.13 

Valve Disease (%) 12.1 52.3 <0.001 - - - 

Pre-Op Medications       

ACEI/ARB (%) 51.5 37.8 0.23 40.7 30.0 0.45 

Beta-Blocker (%) 54.6 60.0 0.63 48.2 30.0 0.21 

Calcium Channel Blocker 
(%) 

27.3 17.8 0.32 14.8 25.0 0.47 

Nitrate (%) 24.2 6.7 0.05 14.8 0.0 0.13 

Statin (%) 81.8 80.0 0.84 33.3 25.0 0.54 

Non-elective (%) 36.4 82.2 <0.001 7.4 35.0 0.03 

CHA2DS2VASc    0.04   0.23 

0 (%) 6.1 2.2 0.57 7.4 20.0 0.38 

1 (%) 6.1 11.1 0.69 18.5 25.0 0.72 

2 (%) 12.1 28.9 0.10 18.5 35.0 0.31 

3 (%) 24.2 37.8 0.21 18.5 15.0 1.0 

4 (%) 33.3 13.3 0.04 25.9 5.0 0.11 

5 (%) 15.2 2.22 0.08 3.7 0.0 1.0 

6 (%) 3.0 4.4 1.0 7.41 0.0 0.5 

HAS-BLED   0.89   0.11 

0 (%) 9.1 11.1 1.0 18.52 40.0 0.19 

1 (%) 24.2 22.2 0.83 29.6 40.0 0.46 

2 (%) 45.5 40.0 0.63 22.2 15.0 0.53 

3 (%) 18.2 24.4 0.51 29.6 5.0 0.03 

4 (%) 3.0 0.0 0.42 - - - 

5 (%) 0.0 2.22 1.0 - - - 

5-Meter-Walk-Test, average 4.18±1.4 5.61±3.4 0.46 4.41±1.2 3.67±0.6 0.08 

STS Mortality Risk Score (%) 0.8±0.5 2.3±3.1 0.001 2.05±2.4 0.9±0.6 0.12 

STS Morbidity & Mortality Risk 
Score (%) 

9.34±4.3 14.2±11.0 0.01 14.8±8.7 9.8±2.8 0.09 
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*Plus-minus values are means ±SD. Percentages may not sum to 100 because of rounding. Within CABG 

patients, more patients were found to have valve disease (p<0.001) and receive non-elective surgery 

(p<0.001) than patients in the control group; whereas, more patients in the control group were prescribed 

nitrates than in the allograft group (p=0.05). Age was higher in the allograft group in valve patients 

(p=0.02). Moreover, there was significant difference in CHA2DS2VASc scores, specifically CABG patients 

with a score of 4, and HAS-BLED of 3 in valve patients between control and allograft patients. Allograft 

CABG patients were found to have a higher mortality risk score (p=0.001) and a higher morbidity and 

mortality risk score (0.01). 
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Table 5.2: Peri-operative Outcomes*  

Peri-operative Outcomes CABG Patients (N=78) Valve Patients (N=47) 

Control  
(N=33) 

Allograft 
(N=45) P-Value 

Control 
(N=27) 

Allograft 
(N=20) P-Value 

Bypass Time, average (min) 127.3±37.3 125.7±38.3 0.85 153.0±62.0 152.7±58.2 0.99 

Cross-Clamp Time, average (min) 84.1±31.8 84.6±29.0 0.94 108.6±54.6 106.3±51.5 0.88 

POAF 27.3 6.7 0.02 33.3 0.0 0.006 

POD 1-3 (%) 33.3 66.7 0.52 66.7 0.0 - 

POD 4-6 (%) 44.4 0.0 0.49 22.2 0.0 - 

POD >6 (%) 22.2 33.3 1.0 11.1 0.0 - 

Stroke (%) 0.0 2.2 1.0 0.0 0.0 - 

Bleeding (%) 3.0 4.4 1.0 0.0 10.0 0.18 

Anemia (%) 3.0 22.2 0.02 0.0 35.0 0.001 

Heart Failure (%) 0.0 2.2 1.0 0.0 0.0  

Major Infection (%) 6.1 17.8 0.12 3.7 20.0 0.15 

Renal Failure (%) 9.1 11.1 1.0 18.5 25.0 0.72 

Respiratory Failure (%) 3.0 15.6 0.13 0.0 5.0 0.43 

Hypotension/Syncope (%) 3.0 8.9 0.39 14.8 10.0 1.0 

Warfarin Toxic Effect (%) 0.0 0.0 - 0.0 0.0 - 

Amiodarone Toxic Effect (%) 0.0 0.0 - 0.0 0.0 - 

Pleural Effusion (%) 6.1 15.6 0.29 0.0 10.0 0.18 

Other (%) 9.1 90.9 0.07 18.5 5.0 0.22 

Hospital Length of Stay (days) 10.3±3.7 12.2±6.8 0.13 11.0±7.8 17.4±18.4 0.16 

Post-Surgery Length of Stay (days) 8.6±2.8 8.4±5.2 0.83 9.90±4.5 13.6±14.6 0.28 

ICU Length of Stay (days) 3.2±1.4 4.2±4.9 0.19 4.0±1.8 7.7±11.2 0.18 

Readmission (%) 3.0 4.4 1.0 14.8 15.0 1.0 

ED Visit (%) 0.0 33.3 1.0 25.0 0.0 1.0 

<24hr Stay (%) 100.0 33.3 1.0 33.3 33.3 0.43 

Re-Hospitalization (%) 0.0 33.3 1.0 75.0 66.7 1.0 

Cause of Readmission  

CV-Treatment for AF (%) 0.0 0.0 - 0.0 0.0 - 

CV-Other (%) 100.0 66.7 1.0 50.0 66.7 1.0 

Non-CV (%) 0.0 33.3 1.0 50.0 33.3 1.0 

30-day Mortality (%)! 0.0 2.2 1.0 0.0 0.0 - 

*Plus-minus values are means ±SD. Percentages may not sum to 100 because of rounding. There were 

no significant differences between the two groups with respect to safety outcomes. POAF was identified 

based on Society of Thoracic Surgeons definition. The only statistically significant different outcomes 

were POAF in CABG (p=0.02) and valve (p=0.006) and anemia in CABG (p=0.02) and valve (0.001) 

patients.  

!The cause of mortality for allograft patient was brain death secondary to global ischemic stroke. 
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Table 5.3: Follow-Up Outcomes* 

 CABG 
Allograft 
(N=11) 

Valve  
Allograft  

(N=7) 

New Conditions   

Atrial Fibrillation (%) 0.0 14.3 

Other arrhythmias (%) 18.2 0.0 

Stroke (%) 0.0 0.0 

Structural heart problem (%) 0.0 0.0 
PE/DVT (%) 0.0 0.0 

New Symptoms   

Chest pain (%) 18.2 28.6 

Heart palpitations (%) 9.1 14.3 

Shortness of breath (%) 18.2 14.3 

Leg swelling (%) 0.0 0.0 
Orthopnea (%) 0.0 0.0 
Fatigue (%) 0.0 0.0 

*Two patients from each group were surveyed during 6-month follow-up while remainder of follow-up data 

is based on 4-year follow-up. 
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS 
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CONCLUSION 
The research aims presented in this dissertation describe our efforts to mitigate cardiac injury. This 

was addressed by interrogating clinical data to develop predictive models for POAF following CABG 

surgery, elucidating the cellular and molecular mechanisms of HPA xenograft-induced cardioprotection 

against IRI, and determining the effectiveness of HPA use to reduce POAF incidence. Our P2OAF-NN 

model was found to be superior to the CHA2DS2-VASc score in predicting POAF in CABG patients and 

holds promise in improving the incidence of POAF in cardiac surgery patients. Second, a large animal 

model of IRI provided convincing evidence that HPA had beneficial effects on injured myocardium. The 

decrease in infarct size, preserved cardiac function, and a unique transcriptome and proteomic signature 

suggested HPA can be a promising therapeutic strategy in cardiac surgery. Lastly, this was further 

substantiated by our clinical data, indicating improved clinical outcomes with HPA application. In 

conclusion, we successfully identified several key findings that instigate cardiac injury and have 

discovered new opportunities to investigate and prevent injury. 

 

FUTURE DIRECTIONS 

Our future studies will focus on further interrogating predictive performance models and testing 

hypothesis-driven, mechanism-led experiments to create targeted therapies. The translation of these 

findings to clinical practice will ultimately allow for better prognostics and precision medicine. Leveraging 

multi-modal sources of data to measure continuous real-time data and exploit opportunities to intervene 

early will revolutionize patient management and healthcare overall. 
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APPENDIX 
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APPENDIX A: Tissue Processing 
 

Original Date: 11/19/19 
Revision Dates:  
Revised By:  

Written By: Rinku Skaria 
Change:  

Approved By: Rinku Skaria 
Approval Date: 11/19/19 

 
Purpose:  
The purpose of this SOP is to outline standard laboratory methods for paraffin embedding. 
 
Applicability:  
This SOP is intended for use by anyone processing tissue. All practices are to be performed in MRB 
340E.  
 
Equipment and Materials Required:  

− Gloves 

− Lab marker 

− 70% Ethanol 

− 80% Ethanol 

− 95% Ethanol 

− 100% Ethanol 

− Xylene 

− Paraffin wax 

− Embedding tissue samples 

− Histology cassettes

−  
 
Safety and Handling:  
This SOP is to be performed using the proper PPE.  
 
Procedure: 
1. Gloves. Procedures involving xylene are performed in chemical fume hood.  
2. Top off xylene reagents before use, if needed. Replace xylene when it becomes dirty or cloudy. 
3. Top off the EtOH reagents before use, if needed. Replace EOH when it becomes dirty, cloudy, or 

excessively stained with carryover from the previous reagent. 
4. Deionized water is changed each day of use. 
 
Perform the following steps for tissue processing if using the Leica processing machine. This was used 
for all LV biopsies. 
1. Fix tissues with 10% formalin or other fixatives for 48 hours at room temperature. Make sure you 

have enough fixative to cover tissues. Fixative volume should be 5-10 times of tissue volume. 
a. 70% ethanol until program begins 
b. 70% ethanol: 15 min 
c. Processing water: 1 min – 40° Celsius 
d. Ethanol (70%): 15 min – Room temp 
e. Ethanol (80%): 30 min – 40 Ethanol (95%): 90 min – 40 degrees Celsius 
f. Ethanol (100%): 45 min – 40° Celsius 
g. Ethanol (100%): 45 min – 40° Celsius 
h. Ethanol (100%): 45 min – 40° Celsius 
i. Xylene: 45 min – 40° Celsius 
j. Xylene: 45 min – 40° Celsius 
k. Xylene: 45 min – 40° Celsius 
l. Paraffin: 45 min – 60° Celsius 
m. Paraffin: 60 min – 60° Celsius 
n. Paraffin: 60 min – 60° Celsius 

 
Perform the following steps for tissue processing if using the Leica processing machine. This was used 
for spleen samples. 
1. Fix tissues with 10% formalin or other fixatives for 48 hours at room temperature. Make sure you 

have enough fixative to cover tissues. Fixative volume should be 5-10 times of tissue volume. 
2. Trim fixed tissues into appropriate size and shape and place in tubes OR embedding cassettes. 
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3. Process for paraffin embedding schedule as follow (total 16 hours): 
a. 70% Ethanol, two changes, 1 hour each 
b. 80% Ethanol, one change, 1 hour 
c. 95% Ethanol, one change, 1 hour 
d. 100% Ethanol, three changes, 1.5 hour each 
e. Xylene or xylene substitute (i.e. Clear Rite 3), three changes, 1.5 hour each 
f. Paraffin wax (58-60 ºC), two changes, 2 hours each 
g. Embedding tissues into paraffin blocks. 

4. Trim paraffin blocks as necessary and cut at 5 um. 
5. Place paraffin ribbon in water bath at about 40-45 ºC. 
6. Mount sections onto slides. 
 
Supplemental Documents: 
IHCWorld.com 

 
References:   
IHCWorld.com 
 
Signature and Indication of Record Control: 
Approval by Rinku Skaria indicates that this SOP is complete and meets the requirements specified in 
SOP AD01: Creation of SOPs. 
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APPENDIX B: H&E Staining 
 

Original Date: 3/14/19 
Revision Dates: 10/27/19 
Revised By: Rinku Skaria 

Written By: Brij Kathuria 
Change:  

Approved By: Rinku Skaria 
Approval Date: 4/9/19 

 
Purpose:  
The purpose of this SOP is to outline standard laboratory methods to run Hematoxylin and Eosin staining 
with good sterile technique to prevent contamination. These workplace practices are essential to obtain 
quality histology slides that can be used for further analysis. 
Applicability:  
This SOP is intended for use by anyone staining tissue samples using Hematoxylin and Eosin 
techniques. All practices are to be performed in MRB 340E.  
 
Equipment and Materials Required:  

− Prepared histology slides 

− Fume hood 

− Staining Rack 

− Filter paper 

− 95 and 100% Ethanol (EtOH) 

− Xylene 

− Deionized Water 

− Bluing Agent 

− Acid Rinse  

− Hematoxylin 

− Eosin 

− Acetic Acid 

− Sodium bicarbonate 

− Lithium carbonate 

− Staining dishes 

− Glass coverslips 

− Xylene or Toluene-based Mounting Media 

 
Safety and Handling:  
This SOP is to be performed using the proper PPE.  
 
Procedure: 
5. Gloves. Procedures involving xylene are performed in chemical fume hood.  
6. Top off xylene reagents before use, if needed. Replace xylene when it becomes dirty or cloudy. 
7. Top off the EtOH reagents before use, if needed. Replace EOH when it becomes dirty, cloudy, or 

excessively stained with carryover from the previous reagent. 
8. Deionized water is changed each day of use. 
9. Hematoxylin is skimmed with filter paper to remove the metallic sheen on the surface each day of 

use. Top off before use, if needed. Observe the filter paper used for skimming for a dark purple “wine” 
stain that appears at the edge of the stain. If a dark purple stain does not form, then replace the 
hematoxylin. 

10. Top off eosin reagent before use, if needed. If 100mls or more are used, then add one mL of Acetic 
Acid per 100mL of eosin to the eosin reagent.  

11. If bluing agent is cloud or contains slime, make new as follows: 
a. To a clean staining dish, add 0.8g of sodium bicarbonate and 0.16g of lithium carbonate to 

400mLs of deionized water. Stir until chemicals are dissolved. 
12. If the acid rinse is very dark (like cola), make new as follows: 

a. To a clean staining dish, add 16mLs of glacial acetic acid to 400mLs of deionized water. Stir until 
well mixed. 

13. All reagent-staining dishes are labeled with name of reagent.  
14. Slides are stained in the following reagents in this order for the specified amount of time 

a. Xylene-three changes- 3 min each  
i. TIP- Order should be Xylene 1, Xylene 2, Xylene 3 (Xylene 3 = cleanest) 

b. 100% EtOH- three changes- 10 dips each 
i. TIP – First 100% EtOH should come from used EtOH bottle 

c. 95% EtOH- three changes – 10 dips each 
d. Distilled water- two changes- 10 dips each 
e. Richard Allen Hematoxylin for 2 minutes 
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f. Acid rinse- 10 dips 
g. Distilled water- 10 dips 
h. Bluing reagent- 1 minute 
i. Distilled water- two changes- 10 dips each 
j. 95% EtOH two changes- 10 dips each 
k. Richard Allen eosin for 15-20 seconds 
l. 95% EtOH- 3 changes- 10 dips each  
m. 100% EtOH- 3 changes- 10 dips each 
n. Xylene- Two changes- 10 dips each 
o. Xylene- final reagent. Slides are placed here, and cover slipped from this final reagent 

15. Lay an appropriately sized coverslip on surface under hood. Remove one slide from xylene. Drain 
briefly. Place one drop of mounting medium on the surface of the slide near the tissue and angle slide 
so that the medium flows down to the bottom edge of the slide. Then place the slide medium-side-
down against the bottom edge of the coverslip at a bout a 45-degree angle. Allow the medium to run 
along the bottom edge of the coverslip. Gently lower the slide onto the coverslip, and the medium 
should spread over the section and slide. Eliminate any bubbles by applying gentle pressure to the 
coverslip. Place slide in slide holder under hood to dry.  

 
Supplemental Documents: 
IHCWorld.com 

 
References:   
IHCWorld.com 
 
Signature and Indication of Record Control: 
Approval by Rinku Skaria indicates that this SOP is complete and meets the requirements specified in 
SOP AD01: Creation of SOPs. 
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APPENDIX C: PSR Staining 
 

Original Date: 3/15/19 
Revision Dates:  
Revised By:  

Written By: Brij Kathuria 
Change:  

Approved By: Rinku Skaria 
Approval Date: 4/9/19 

 
Purpose:  
The purpose of this SOP is to outline standard laboratory methods to run Picrosirius Red 
staining with good sterile technique to prevent contamination. These workplace practices are essential to 
obtain quality histology slides that can be utilized for further analysis. 
 
Applicability:  
This SOP is intended for use by anyone staining tissue samples using Picrosirius Red techniques. All   
practices are to be performed in MRB 340E.  
 
Equipment and Materials Required:  

− Prepared histology slides 

− Fume hood 

− Staining Rack 

− 95 and 100% Ethanol 

− Xylene 

− Deionized Water 

− Weigert’s Hematoxylin 

− Acidified Water 

− Pico-Sirius Red 

− Staining dishes 

− Glass coverslips 

− Xylene or Toluene-based Mounting Media 
 
Safety and Handling:  
This SOP is to be performed using the proper PPE.  
 
Procedure: 
1. Gloves. Procedures involving xylene are performed in chemical fume hood. 
2. Top off xylene reagents before use, if needed. Replace xylene when it becomes dirty or cloudy 
3. Top off the ETOH reagents before use, if needed. Replace ETOH when it becomes dirty, cloudy, or 

excessively stained with carryover from the previous reagent. 
4. Deionized water is changed each day of use. 
5. Hematoxylin is skimmed with filter paper to remove the metallic sheen on the surface each day of 

use. Top off before use, if needed. Observe the filter paper used for skimming for a dark purple “wine” 
stain that appears at the edge of the stain. If a dark purple stain does not form, then replace the 
hematoxylin. 

6. If the acid rinse is very dark (like cola), make new as follows: to a clean staining dish add 16mLs of 
glacial acetic acid to 400mLs of deionized water. Stir until well mixed 

7. All reagent-staining dishes are labeled with name of reagent. 
8. Slides are stained in the following reagents in this order for the specified amount of time: 

a. 100% EtOH- three changes- 10 dips each 
b. 95% EtOH- three changes – 10 dips each 
c. Distilled water- two changes- 10 dips each 
d. Weigert’s hematoxylin- 8 minutes 
e. Flush with running DI water- 10 minutes 
f. Pico-sirius red- 1 hour 
g. Acidified water- two changes- 10 dips each 
h. Remove water from slides with vigorous shaking 
i. 95% EtOH two changes- 10 dips each 
j. 100% EtOH- 3 changes- 10 dips each 
k. Xylene- Two changes- 10 dips each 
l. Xylene- final reagent. Slides are placed here, and cover slip from this final reagent 

9. Lay an appropriately sized coverslip on surface under hood. Remove one slide from xylene. Drain 
briefly. Place one drop of mounting medium on the surface of the slide near the tissue and angle slide 
so that the medium flows down to the bottom edge of the slide. Then place the slide medium-side-
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down against the bottom edge of the coverslip at a bout a 45-degree angle. Allow the medium to run 
along the bottom edge of the coverslip. Gently lower the slide onto the coverslip, and the medium 
should spread over the section and slide. Eliminate any bubbles by applying gentle pressure to the 
coverslip. Place slide in slide holder under hood to dry. 

 
Supplemental Documents: 
IHCWorld.com 

 
References:   
IHCWorld.com 
 
Signature and Indication of Record Control: 
Approval by Rinku Skaria indicates that this SOP is complete and meets the requirements specified in 
SOP AD01: Creation of SOPs. 
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APPENDIX D: CD206 Staining 

Original Date: 4/23/2020 
Revision Dates:  
Revised By: Rinku Skaria 

Written By: Brij Kathuria 
Change:  

Approved By: Rinku Skaria 
Approval Date: 4/28/20 

 
Purpose:  
The purpose of this SOP is to outline standard laboratory methods to perform CD206 staining with good 
sterile technique to prevent contamination. These workplace practices are essential to obtain quality 
histology slides that can be used for further analysis. 
Applicability:  
This SOP is intended for use by anyone staining tissue samples using CD206 techniques. All practices 
are to be performed in MRB 340E.  
 
Equipment and Materials Required:  

− Prepared histology slides 

− Fume hood 

− Staining rack 

− 95 and 100% Ethanol (EtOH) 

− Xylene 

− Citrate unmasking solution 

− Hydrogen peroxide 

− 1X TBST 

− Blocking Solution 

− TBS 

− DAB 

− Bluing agent 

− Acid rinse 

− Hematoxylin 

− Deionized water 

− Staining dishes 

− Glass coverslips 

− Mounting Media 
 
Solution Preparation: 

− 1X TBS/0.1% Tween-20 (1X TBST): To prepare 1L, add 100mL 10X TBS to 900mL dH2O. Add 1mL 
Tween-20 and mix. 

− 10X Tris Buffered Saline (TBS): To prepare 1L, add 24.2 g Trizma® base (C4H11NO3) and 80g 
sodium chloride (NaCl) to 1L dH2O. Adjust pH to 7.6 with concentrated HCl. 

− 3% Hydrogen Peroxide: To prepare, add 10mL 30% H2O2 to 90mL dH2O. 
Safety and Handling:  
This SOP is to be performed using the proper PPE.  
 
Procedure: 
 Gloves. Procedures involving xylene are performed in chemical fume hood.  
 
Deparaffinization/hydrate section: 
1. Xylene 3 washes – 5 minutes each 
2. 100% ethanol 3 washes – 5 minutes each 
3. 95% ethanol 3 washes – 10 minutes each 
4. dH2O – 2 washes – 5 minutes each 
 
Antigen Unmasking for Citrate: 
1. Heat slides in microwave submerged in 1X citrate unmasking solution (Dako 1x Solution, Dako Target 

Retrieval Solution 10x, Ref: S169984-2) until boiling is initiated  
2. Follow with 10 minutes at a sub-boiling temperature (95˚-98˚C) 
3. Cool slides on bench top for 30 minutes 
 
Staining: 
1. Wash sections in dH2O 3 times – 5 minutes each  
2. Incubate sections in 3% hydrogen peroxide for 10 minutes 
3. Wash sections in dH2O 2 times – 5 minutes each 
4. Wash sections in 1X TBST wash buffer – 5 minutes 

5. Block each section with 100-400l of preferred blocking solution (2% BSA in TBS with 10% goat 
serum) – 1 hour at room temperature 
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Primary Antibody: 

1. Remove blocking solution and add 100-400l primary antibody (MCA5552Z, Bio-Rad Laboratories, 
Hercules, CA) (2% BSA in TBS with 10% goat serum). Incubate at 1 hour at room temperature (OR 
overnight at 4˚C) 

a. 1:50 dilution (mouse anti-human) 
2. Remove antibody solution and wash sections with 1X TBST wash buffer 3 times – 5 min each 
 
Secondary Antibody: 
1. Cover section with 1:500 goat anti-mouse (CF®750 - 20070-1, Biotinium, Fremont, CA) in 2% BSA in 

TBS with 10% goat serum – 1 hour at room temperature 
2. Wash sections 3 times with 1X TBST wash buffer – 5 min each 
 
Visualization: 
1. Incubate with DAB (ImmPACT DAB Substrate Kit, Peroxidase, Burlingame, CA, Ref: SK-410, Lot: 

ZG0311) - 1 minute 
2. dH2O 3 times – 8 minutes each 
3. Hematoxylin – 2 minutes 
4. Acid rise – 10 dips 
5. Bluing agent – 1 minutes 
6. Rinse dH2O – 2 times – 10 dips each 
 
Dehydration: 
1. Incubate sections in 95% ethanol 2 times – 10 dips each 
2. Repeat in 100% ethanol, incubating sections 2 times – 10 dips each 
3. Repeat in xylene, incubating sections 2 times – 10 dips each 
4. Mount sections with coverslips and mounting medium (#14177) 
 
Supplemental Documents: 
IHCWorld.com 

 
References:   
IHCWorld.com 
 
Signature and Indication of Record Control: 
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APPENDIX E: In-Solution Digestion of HPA Proteins 

Original Date: 5/4/2020 
Revision Dates:  
Revised By:  

Written By: Brij Kathuria 
Change:  

Approved By: Rinku Skaria 
Approval Date: 5/4/20 

 
Purpose:  
The purpose of this SOP is to outline standard laboratory methods to in-solution digestion of HPA 
proteins with good sterile technique to prevent contamination. These workplace practices are essential to 
obtain a quality proteomic profile. The protocol is adapted from the Langlais lab. 
 
Applicability:  
This SOP is intended for use by anyone staining tissue samples using in-solution digestion of HPA 
protein techniques. All practices are to be performed in room MRB 304E.  
 
Equipment and Materials Required:  

- Centrifuge 
- Heat Block 
- Digestion Buffer 
- NH4HCO3 
- H2O 
- Acetone 
- Lo-Bind Tube 
- Bath Sonicator 
- Ultrapure Water 

- DTT 
- Acrylamide 
- Lys-C Protease 
- Trypsin Master Stock 
- 40% FA/1% HFBA 
- 5% HFBA 
- ZipTip Wash Solution 
- ZipTip Elution Solution

 
Safety and Handling:  
This SOP is to be performed using the proper PPE.  
 
Procedure: 
1. Before starting: 

a. Turn heat block on and set to 56°C 
b. Turn on 4°C centrifuge  
c. Make 1 mL of fresh Digestion Buffer (50 mM NH4HCO3). 

i. 50 µL 1 M NH4HCO3 
d. 950µL H2O  

2. Samples for this experiment: 

Tube # Sample Group 
Concentration 
ug/uL 

uL  
6x 
Volume 

1 2x Patch 0.398 30 180 

2 5x Patch 0.427 30 180 

3. Acetone precipitation, Reduction, and Alkylation 
4. The sample will start in 1.5mL Lo-Bind tube.  
5. The total volume of each sample was used.  

6. Add 6 volumes1 of -20C 100% acetone to each sample. Follow table above. 

7. Briefly vortex and incubate at -20C for 1 hour to precipitate proteins. 

8. Centrifuge at 16,000 x g for 10 minutes at 4C. 
9. Carefully decant out the acetone without dislodging the pellet(s). 

a. Remove excess acetone by carefully tapping tube(s) onto a Kimwipe. 

10. Add 400 L of -20C 90% acetone and briefly vortex. 

11. Centrifuge at 16,000 x g for 5 minutes at 4C. 
12. Carefully decant out the acetone without dislodging the pellet(s). 

a. Remove excess acetone by carefully tapping tube(s) onto a Kimwipe. 
13. Allow pellet(s) to air-dry for 3 minutes.  
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14. Add 100 L of Digestion Buffer and re-suspend by pipetting up and down to break the pellet.  
15. Ensure complete dissolution of protein by using the bath sonicator. 

a. Settings: 
i. Mode: Sweep 
ii. Freq.: 37 Hz 
iii. Power: 100 

b. Sonicate for 5 minutes. Check samples, and if needed, sonicate for another 5-minute cycle.  
16. Briefly spin sample(s) down in centrifuge.  

17. Add 200 L of ultrapure water to a No-Weigh DTT tube (Pierce #20290) and pipette up and down 
until dissolved (final concentration is 250 mM).  

18. Add 2.0 L of 250 mM DTT to each sample (final concentration is 5 mM).  

19. Vortex for several seconds on low setting (3-4) and incubate at 56C for 30 minutes. 
20. Cool sample(s) to room temperature for 10 minutes.  

21. Add 1.5 L of 1.0 M acrylamide1 to each sample (final concentration is 15 mM). 
22. Vortex for several seconds on low setting (3-4) and incubate at RT for 30 minutes protected from 

light. 

a. Add 2.0 L of 250 mM DTT to each sample to quench the alkylation reaction. Vortex on low 
setting and incubate in the dark at RT for 15 minutes.  

b. Add 2 L of stock Lys-C (0.5 g/ L) (total of 1 g per reaction) to each sample so that the 
Enzyme: Substrate = 1 g Enzyme: 100 g Substrate. 

i. 1 µg of Lys-C would be used to digest 100 µg of protein (Enzyme: Substrate = 1 g 
Enzyme: 100 g Substrate). 

ii. 1 tube of stock Lys-C contains 40 L at a concentration of 0.5 g/L. This is enough 
for 20 reactions. 

iii. Store any remaining Lys-C in single use volumes at -80C. 

c. Incubate on shaker for 2 hours at 300 rpm, 37C. 

d. Add 50 L of 50 mM NH4HCO3. 

e. Add 2 L of stock trypsin (1.0 g/L) for a total of 2 g per reaction (Enzyme: Substrate = 
1 g Enzyme: 50 g Substrate). 

i. 2 µg of trypsin would be used to digest 100 µg of protein. If using less or more 
protein, decrease or increase the amount of trypsin appropriately to maintain 1 g 
Enzyme: 50 g Substrate. 

ii. 1 tube of stock trypsin contains 5 L at a concentration of 1.0 g/L. This is enough 
for 2.5 reactions in this in-solution digestion protocol. 

f. Incubate overnight on shaker at 300 rpm, 37C. 
g. Add 14.7 µL of 40% FA/1% HFBA to each sample (final concentration is 4% FA/0.1% HFBA) 

and mix gently by pipetting. 
i. This step will simultaneously stop trypsin digestion and cause precipitation of the 

SDC contained in the digestion buffer. 
h. Let samples sit for 10 minutes at RT. 
i. Remove SDC by centrifuging at 12,000 x g for 10 minutes. Transfer as much volume as 

possible without touching the SDC into a new 1.5 mL LoBind tube. 
23. Zip Tip Clean-Up 

a. Use 1.5 mL LoBind tubes for all subsequent steps. 
b. Use the P200 pipette and large ZipTips (100 µL bed). Set volume to 115 – this will draw 

and dispense approx. 100 µL. 
c. Add 650 µL ZipTip Wash Solution to a new tube. 325ul in top (lid) of tube 325ul in the bottom 

of the tube. 
d. Add 500 µL of 100% ACN to a new tube. 
e. Add 20 µL 50% ZipTip Elution Solution to bottom a new tube. 
f. Add 20 µL 80% ZipTip Elution Solution to cap of same tube in previous step. 
g. After depressing plunger to the 1st stop, seat a ZipTip firmly onto the pipette.   
h. Place tip into tube containing 100% ACN. Slowly draw 100 µL to wet the resin. Without 

removing the tip from the ACN slowly dispense the liquid back into the tube. Repeat 4 times. 
i. Equilibrate tip with 100 µL ZipTip Wash Solution. Repeat twice more for a total of 3 washes.  
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j. Load sample onto tip by pipetting up and down 10 times. 
k. Wash tip with 100 µL ZipTip Wash Solution. Repeat twice more for a total of 3 washes. 
l. Elute 10 times with the 50% ZipTip Elution Solution in the bottom of the tube. 
m. Elute 10 times with the 80% ZipTip Elution Solution in the cap. Dispense eluate into the 

bottom of the tube to combine both eluates together. 

n. Speed Vac to 0 µL @62C (Program #1). Watch closely, please pull the samples right when 
each one becomes dry. DO NOT OVERDRY. The peptides will bake into the tube wall if over 
dried and you will lose peptide yield.  

o. Store at -80°C. 
 

Solutions and Reagents 
1. Reduction, alkylation, and acetone precipitation 

a. Digestion Buffer: 50 mM NH4HCO3, 1% SDC 
a. 50 mM NH4HCO3 (50mM Ammonium Bicarbonate) (always make fresh): 

i. 950L ddH20 + 50L 1M AmBicarb 
b. 500 mM DTT  
c. 1 M acrylamide 

i. Use MS-grade water and store in brown glass bottle (needs to be protected from 
light). 

ii. 0.7108 grams in 10 mL LC/MS H2O 
iii. Half-life of 10 days 

d. 90 and 100% acetone 
i. Store in glass bottles in -20°C. 

2. Enzymatic Digestion 
a. Lys-C Protease (Pierce #90307) 

i. To make stock, add 200 L of MS-grade H2O to vial containing 100 g Lys-C (Pierce 
Lys-C Protease #90307) and let sit 5 minutes. Mix gently with pipette and make five 

40 L aliquots. Store at -80°C. 
b. Trypsin Master Stock (Pierce Trypsin – Thermo – cat # 90058). 

i. Reconstitute 100mg vial of lyophilized trypsin with 106ml of 50mM Acetic Acid 
(LC/MS Grade).  This is the Trypsin Master Stock (1 g/ml). 

c. 40% FA/1% HFBA 
i. Add 1 mL 100% FA to 1 mL H2O. 
ii. Add 0.5 mL 5% HFBA. 

d. 5% HFBA 
i. Add 1 mL 100% HFBA to 19 mL H2O. 

3. ZipTip Clean-Up 
a. 0.1% HFBA/4% FA 

i. 0.2 mL 0.5% HFBA + 0.8 mL FA 
b. ZipTip Wash Solution: 0.005% HFBA/5% FA 

i. 50 µL 0.1% HFBA/4% FA + 950 µL FA 
c. “50% ZIPTIP ELUTION SOLUTION” = 1%FA/50%ACN (always make fresh): 

i. 40L 5%FA + 100L 100%ACN + 60L ddH20 
d. “80% ZIPTIP ELUTION SOLUTION” = 1%FA/80%ACN (always make fresh): 

i. 40 L 5% FA in 160 L 100% ACN 
 
Supplemental Documents: 
None 

 
References:   
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