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Abstract 

Patients with established coronary artery disease (CAD) remain at elevated risk of major adverse cardiac 

events (MACE). Specifically, stented coronary artery remains the highest-risk coronary lesion with 

annualized adverse event rates as high as 8-12% in the following year largely due to in-stent restenosis 

(ISR) and stent thrombosis. Plasminogen activator inhibitor-1 (PAI-1), an anti-fibrinolytic protein, has 

previously been associated with CAD with known mechanism of action to regulate the pathophysiological 

changes associated with in-stent restenosis and stent thrombosis. Moreover, extracellular vesicles (EVs) 

originating from circulating blood and vascular cells are increasingly being utilized as biomarkers and 

mediators of vascular disease. We first demonstrate the analytical and biochemical performance of plasma 

PAI-1 in patients with established CAD. Specifically, PAI-1 performs similarly to established biomarkers 

including C-reactive protein and NT-proBNP with an analytical (CVa = 4.1%), intra-individual (CVi
  = 

44.0%), and inter-individual (CVg = 118.6%) coefficients of variation. Following this, we demonstrate that 

plasma PAI-1 is not associated with MACE in one-year follow-up, but reduced levels of PAI-1 remain 

associated with unplanned revascularization. Subsequently, we sought to evaluate the relationship between 

PAI-1 and EVs in humans with platelets being a common source of origin. In the largest study of EV to-

date in CAD (n=489), we demonstrate the strong predictive ability of PAI-1 platelet-derived EVs (PAI-1+ 

PEV) with MACE following revascularization. Patients with high circulating levels of PAI-1+ PEV had 

higher rates of MACE (262.3 vs. 103.0 events per 1,000 person-years; hazard ratio (HR) 2.19; 95% CI, 

1.07-4.52; and HR 2.67; 95% CI, 1.22-5.84, discovery and validation cohorts, respectively). Furthermore, 

we reveal that high PAI-1+ PEV fractions did not enhance thrombogenicity but promoted a pro-

inflammatory vascular smooth muscle cell (VSMC) state by enhancing proliferation and migration, through 

up-regulation of pro-inflammatory genes such as KLF4. Inhibition of the PAI-1-LRP-1 interaction by 

TM5275 dampened the pro-inflammatory VSMC response, whereas inhibition of the PAI-1-vitronectin 

interaction by tiplaxtinin had no such effect. Our data reveals the potential of PAI-1+ PEV as a biomarker 

in the post-revascularization population and postulates the mechanism in an in vitro model of VSMCs. 
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Accordingly, our data demonstrates the potential of PAI-1 PEV as a strong biomarker following 

revascularization and PAI-1 inhibition by TM5275 is a promising strategy to reduce the pro-inflammatory 

VSMC state associated with ISR.  



iv 

 

Acknowledgements 

I am deeply grateful for the following individuals (trainees and mentors) for all their contributions 

and mentorship with my graduate and medical training, for this would not have been possible 

without their time and dedication.  

 

To the members of the Hibbert lab, Dr. Trevor Simard, Dr. F. Daniel Ramirez, and Dr. Pietro Di 

Santo, your guidance and continued mentorship have shaped my research career and provide 

continued aspiration for a clinician-scientist career. Specifically, Dr. Simard, you have taught me 

the work-ethic required in order to be a successful and passionate clinician-scientist.  

 

The members of the Thesis Advisory Committee, Dr. David Allan, Dr. Wenbin Liang, and Dr. 

Alexander Sorisky, thank you for the guidance in leading the direction of the project over the last 

few years.  

 

To all the other trainees who supported and continue to support our projects, thank you. This 

includes Alisha Labinaz, Taylor Gillmore, Shan Dhaliwal, Cameron Stotts, Stephanie Skanes, 

Cole Clifford, Dr. Denuja Karunakaran, Dr. Adil Rasheed, Dr. Anne-Claire Duchez, Dr. Simon 

Parlow, Dr. Dylan Perry-Nguyen, Dr. Pouya Motazedian, Dr. Graeme Prosperi-Porta, Dr. Annie 

Hung, Dr. Joanne Joseph, Dr. Omar Abdel-Razek, Dr. Kiran Sarathy, Dr. Jeffrey Marbach, and 

Dr. Robert Moreland. Your passion and dedication remain the backbone to all the research we are 

able to complete.  

 



v 

 

To our collaborators, Dr. Katey Rayner, Dr. Fengxia Xiao, Dr. Suresh Gadde, Dr. Dylan Burger, 

and Dr. Marie Lordkipanidze, thank you for your support. Your expertise and guidance were 

valuable in order to elucidate the mechanistic role of PAI-1, especially in the last chapter of the 

thesis. 

 

All this work was supported by the Vanier Canadian Institutes of Health Research (CIHR) Canada 

Graduate Scholarship. Moreover, this work by Dr. Hibbert’s laboratory was supported by the 

Innovation Fund of the Alternative Funding Plan for the Academic Health Sciences Centres of 

Ontario and Canadian Foundation of Innovation. 

 

I would like to thank my family and friends for all their support over the years, especially during 

the COVID-19 pandemic. None of these accomplishments would be possible without you. I 

especially would like to thank Katlyn Taylor for her patience, guidance, and support during these 

years.  

 

I forever owe my deepest gratitude to my supervisor, Dr. Benjamin Hibbert. Your guidance and 

mentorship even during our first meeting truly shaped my career aspirations. Your continued 

support and mentorship over the past four years allowed the completion of this work. Thank you 

and one day I aspire to be even a fraction of the clinician-scientist and mentor you are.  

 

 

 



vi 

 

Table of Contents 

Click anywhere in the table below.  Right click mouse button and select “Update Field” then “Update 
entire table” to update the Table of Content.  Delete this help text when no longer required. 

Abstract ......................................................................................................................................................... ii 
Acknowledgements ...................................................................................................................................... iv 
List of Figures .............................................................................................................................................. xi 
List of Tables .............................................................................................................................................. xiii 
List of Abbreviations .................................................................................................................................. xiv 
Chapter 1 ....................................................................................................................................................... 1 

1.1 Preface ................................................................................................................................................. 1 
1.2 Abstract ............................................................................................................................................... 1 
1.3 Introduction ......................................................................................................................................... 2 
1.4 PAI-1 Structure and Function ............................................................................................................. 3 

1.4.1 PAI-1 Gene ................................................................................................................................... 3 
1.4.2 PAI-1 Polymorphism (-675 4G/5G) ............................................................................................. 4 
1.4.3 PAI-1 Protein Structure ................................................................................................................ 5 
1.4.4 PAI-1 Synthesis ............................................................................................................................ 6 

1.5 Platelet PAI-1 ...................................................................................................................................... 7 
1.5.1 Platelet-derived PAI-1 .................................................................................................................. 7 
1.5.2 Regulation of Platelet PAI-1 ........................................................................................................ 7 
1.5.3 Impact of PAI-1 on Cell Migration ............................................................................................ 10 

1.6 Clinical Applications of PAI-1 .......................................................................................................... 13 
1.6.1 Performance of PAI-1 as a Biomarker ....................................................................................... 13 
1.6.2 PAI-1 and Obesity, Insulin Resistance, and Diabetes ................................................................ 14 
1.6.3 PAI-1 and Atherosclerosis ......................................................................................................... 15 

1.7 PAI-1 and the Post-PCI Artery .......................................................................................................... 16 
1.7.1 Epidemiology ............................................................................................................................. 16 
1.7.2 In-Stent Restenosis ..................................................................................................................... 16 
1.7.3 Stent Thrombosis ........................................................................................................................ 18 

1.8 Therapeutic Targeting of PAI-1 ........................................................................................................ 20 
1.8.1 Tiplaxtinin .................................................................................................................................. 20 

1.9 Conclusion ......................................................................................................................................... 21 
1.10 Sources of Funding .......................................................................................................................... 21 



vii 

 

1.11 Conflict of Interest .......................................................................................................................... 21 
Chapter 2 ..................................................................................................................................................... 22 

2.1 Preface ............................................................................................................................................... 22 
2.2 Abstract ............................................................................................................................................. 22 
2.3 Introduction ....................................................................................................................................... 23 
2.4 Methods ............................................................................................................................................. 24 

2.4.1 Literature Search Strategy .......................................................................................................... 24 
2.4.2 Inclusion and Exclusion Criteria and Quality Assessment ........................................................ 25 
2.4.3 Statistical Analysis ..................................................................................................................... 25 

2.5 Results ............................................................................................................................................... 29 
2.5.1 Included Studies – Study Selection ............................................................................................ 29 
2.5.2 PAI-1 and Major Adverse Cardiac Events ................................................................................. 35 
2.5.3 Major Adverse Cardiovascular Events: Pre-Existing Versus no Known Coronary Artery 

Disease ................................................................................................................................................ 42 
2.5.4 Death .......................................................................................................................................... 45 
2.5.5 Restenosis ................................................................................................................................... 47 
2.5.6 High Versus Low PAI-1 Levels ................................................................................................. 49 

2.6 Discussion ......................................................................................................................................... 51 
2.7 Conclusion ......................................................................................................................................... 54 
2.8 Sources of Funding ............................................................................................................................ 54 
2.9 Conflict of Interest ............................................................................................................................ 54 

Chapter 3 ..................................................................................................................................................... 55 
3.1 Preface ............................................................................................................................................... 55 
3.2 Abstract ............................................................................................................................................. 55 
3.3 Introduction ....................................................................................................................................... 56 
3.4 Methods ............................................................................................................................................. 57 

3.4.1 Ethics Statement ......................................................................................................................... 57 
3.4.2 Study Design and Patient Data Collection ................................................................................. 57 
3.4.3 PAI-1 Quantification .................................................................................................................. 58 
3.4.4 Statistical Analysis ..................................................................................................................... 58 

3.5 Results ............................................................................................................................................... 59 
3.5.1 Baseline Characteristics ............................................................................................................. 59 
3.5.2 Analytical Performance of Plasma PAI-1 .................................................................................. 61 
3.5.3 Impact of Biological Variables on Plasma PAI-1 Levels ........................................................ 61S 



viii 

 

3.6 Discussion ......................................................................................................................................... 64 
3.7 Conclusion ......................................................................................................................................... 65 
3.8 Sources of Funding ............................................................................................................................ 65 
3.9 Conflict of Interest ............................................................................................................................ 65 

Chapter 4 ..................................................................................................................................................... 66 
4.1 Preface ............................................................................................................................................... 66 
4.2 Abstract ............................................................................................................................................. 66 
4.3 Introduction ....................................................................................................................................... 67 
4.4 Methods ............................................................................................................................................. 68 

4.4.1 Ethics Statement ......................................................................................................................... 68 
4.4.2 Study Population and Data Collection ....................................................................................... 69 
4.4.3 Plasma Processing for Measurement of Plasma PAI-1 Levels .................................................. 69 
4.4.4 Follow-up and Outcomes ........................................................................................................... 70 
4.4.5 Systematic Review Search Strategy ........................................................................................... 70 
4.4.6 Statistical Analysis ..................................................................................................................... 72 

4.5 Results ............................................................................................................................................... 73 
4.5.1 Differences in Plasma PAI-1 Levels Following Coronary Angiography .................................. 76 
4.5.2 Baseline Plasma PAI-1 Levels and Clinical Events ................................................................... 78 
4.5.3 Systematic Review of the Association Between Plasma PAI-1 and MACE after PCI .............. 86 

Study Selection ...................................................................................................................................... 86ß 
Plasma PAI-1 and Clinical Outcomes ..................................................................................................... 88 
4.6 Discussion ......................................................................................................................................... 92 
4.7 Conclusion ......................................................................................................................................... 95 
4.8 Sources of Funding ............................................................................................................................ 96 
4.9 Conflict of Interest ............................................................................................................................ 96 

Chapter 5 ..................................................................................................................................................... 97 
5.1 Preface ............................................................................................................................................... 97 
5.2 Abstract ............................................................................................................................................. 97 
5.3 Introduction ....................................................................................................................................... 98 
5.4 Methods ............................................................................................................................................. 99 

5.4.1 Ethics statement .......................................................................................................................... 99 
5.4.2 Study population and sample collection ................................................................................... 100 
5.4.3 Clinical outcomes ..................................................................................................................... 100 
5.4.4 Washed platelet preparation ..................................................................................................... 101 



ix 

 

5.4.5 Plasma PAI-1 assessment ......................................................................................................... 101 
5.4.6 Extracellular vesicle analysis ................................................................................................... 101 
5.4.7 Electron microscopy ................................................................................................................. 102 
5.4.8 Thrombus formation using the Total Thrombus Analysis System .......................................... 102 
5.4.9 Human coronary artery smooth muscle cell assessment .......................................................... 103 
5.4.10 Real-time gene expression analysis ........................................................................................ 103 
5.4.11 Cell proliferation and apoptosis ............................................................................................. 104 
5.4.12 Platelet EV interaction with human coronary VSMCs .......................................................... 104 
5.4.13 Internalization of platelet EVs into VSMCs .......................................................................... 105 
5.4.14 Scratch assay .......................................................................................................................... 105 
5.4.15 Statistical analysis .................................................................................................................. 105 

5.5 Results ............................................................................................................................................. 106 
5.5.1 PAI-1+ PEVs in human circulation .......................................................................................... 106 
5.5.2 Plasma PAI-1+ PEV does not impact thrombus formation ...................................................... 109 
5.5.3 PAI-1+ PEVs modulate VSMC phenotypic switching ............................................................. 112 
5.5.4 PAI-1+ PEV is elevated in major adverse cardiac events ......................................................... 117 
5.5.5 Utility of PAI-1+ PEV as a biomarker of MACE: discovery and validation cohort ................ 121 
5.5.6 Inhibition of PAI-1 attenuates SMC phenotypic switch but not thrombus formation ............. 124 

5.6 Discussion ....................................................................................................................................... 127 
5.7 Conclusion ....................................................................................................................................... 130 
5.8 Sources of Funding .......................................................................................................................... 130 
5.9 Conflict of interest ........................................................................................................................... 131 

Chapter 6 ................................................................................................................................................... 132 
6.1 Summary of Findings ...................................................................................................................... 132 
6.2 Implication of PAI-1 as a biomarker following revascularization .................................................. 133 
6.3 Mechanism of PAI-1 platelet-derived extracellular vesicles on ISR and ST .................................. 135 
6.4 Limitations of experimental studies and barriers to clinical translation ......................................... 138 
6.5 Future directions .............................................................................................................................. 139 

Bibliography (or References) .................................................................................................................... 142 
Appendix A Methodological quality of COVID-19 clinical research ...................................................... 157 
Appendix B RIPK1 expression associates with inflammation in early atherosclerosis in humans and can 

be therapeutically singled to reduce NF-kB activation and atherogenesis in mice ................................... 169 
Appendix C Transradial versus transfemoral access for percutaneous coronary intervention in ST-

elevation myocardial infarction: a systematic review and meta-analysis ................................................. 186 



x 

 

Appendix D Transcatheter mitral-valve repair in cardiogenic shock and severe mitral regurgitation: a 

patient-level multi-center analysis ............................................................................................................ 188 
Appendix E The secretome of liver X receptor agonist treated early outgrowth cells decreases 

atherosclerosis in Ldlr-/- mice ................................................................................................................... 200 
Appendix F Physician prediction of 1-year mortality in the cardiac catheterization laboratory: comparison 

to a validated risk score ............................................................................................................................. 215 
Appendix G Contrast-free optical coherence tomography: systematic evaluation of non-contrast media for 

intravascular assessment ........................................................................................................................... 225 
Appendix H Commentary: geographic variation in the statin trials – underrepresentation of Asian 

populations ................................................................................................................................................ 241 
Appendix I Performance of plasma adenosine as a biomarker for predicting cardiovascular risk ........... 245 
Appendix J Clinical features, sex differences and outcomes of myocardial infarction with nonobstructive 

coronary arteries: a registry analysis ......................................................................................................... 255 
Appendix K Evaluation of plasma adenosine as a marker of cardiovascular risk: analytical and biological 

considerations ............................................................................................................................................ 264 
Appendix L Journal initiatives to enhance preclinical research: analyses of stroke, nature medicine, 

science translational medicine ................................................................................................................... 286 
Appendix M Female authorship in preclinical cardiovascular research: temporal trends and influence on 

experimental design ................................................................................................................................... 297 
Appendix N A shifting paradigm – the role of focused cardiac ultrasound in bedside patient assessment

 ................................................................................................................................................................... 305 
Appendix O Evaluation of an in vitro coronary stent thrombosis model for preclinical assessment ....... 306 
Appendix P Photoplethysmography using a smartphone application for assessment of ulnar artery 

patency: a randomized clinical trial .......................................................................................................... 315 
Appendix Q Sex bias is increasingly prevalent in preclinical cardiovascular research: implications for 

translational medicine and health equity for women ................................................................................ 326 
Appendix R Evaluation of cobalt and chromium levels following implantation of cobalt chromium 

coronary stents: a pilot study ..................................................................................................................... 330 
Appendix S Methodological rigor in preclinical cardiovascular studies .................................................. 336 
Appendix T Progenitor cells for arterial repair: incremental advancements towards therapeutic reality . 349 
Chapter 7 Curriculum vitae ....................................................................................................................... 365 
  

 



xi 

 

List of Figures 

Click on the bold text below.  Right click mouse button and select “Update Field” to display the current 

list of figures in the document.  Delete this help text when no longer required. 

Figure 1-1. Plasminogen activator inhibitor-1 (PAI-1) transcription and translation regulation in 

megakaryocytes. ............................................................................................................................................ 9 
Figure 1-2. In-stent restenosis, a major complication of percutaneous coronary intervention. .................. 12 
Figure 1-3. Stent thrombosis, a major complication of percutaneous coronary intervention. .................... 19 
Figure 2-1. Flow diagram of the included PAI-1 studies for meta-analysis ............................................... 30 
Figure 2-2. Funnel plots for studies examining PAI-1 antigen levels (ng/mL) and MACE ....................... 33 
Figure 2-3. Funnel plots for studies examining PAI-1 activity levels (IU/mL) and MACE ....................... 34 
Figure 2-4. Comparison of mean PAI-1 antigen levels (ng/mL) in patients with major adverse cardiac 

events and control patients. ......................................................................................................................... 36 
Figure 2-5. Comparison of mean PAI-1 antigen levels (ng/mL) and major adverse cardiac events in high-

quality studies utilizing the Newcastle-Ottawa Scale ................................................................................. 37 
Figure 2-6. Comparison of mean PAI-1 antigen levels (ng/mL) in studies which reported morning blood 

draws ranging from 7:00-10:00 am and major adverse cardiac events ....................................................... 38 
Figure 2-7. Comparison of mean PAI-1 activity levels (U/mL) in patients with major adverse cardiac 

events and control patients. Data is expressed as a mean difference and analyzed using a random effects 

model ........................................................................................................................................................... 40 
Figure 2-8. Comparison of mean PAI-1 activity levels (IU/mL) and major adverse cardiac events in high-

quality studies utilizing the Newcastle-Ottawa Scale ................................................................................. 41 
Figure 2-9. Comparison of mean PAI-1 antigen levels (ng/mL) in patients with primary and secondary 

major adverse cardiac events and control patients. ..................................................................................... 43 
Figure 2-10. Comparison of mean PAI-1 activity levels (U/mL) in patients with secondary major adverse 

cardiac events and control patients .............................................................................................................. 44 
Figure 2-11. Comparison of mean PAI-1 antigen levels (ng/mL) in event and control patients for 

mortality ...................................................................................................................................................... 46 
Figure 2-12. Comparison of mean PAI-1 antigen and activity levels in patients with restenosis and control 

patients. (A) Comparison of mean PAI-1 concentration levels (ng/mL) in patients with restenosis. (B) 

Comparison of mean PAI-1 activity levels (U/mL) in patients with restenosis. Data is expressed as a mean 

difference and analyzed using a random effects model .............................................................................. 48 



xii 

 

Figure 2-13. Comparison of risk of major adverse cardiac events in patients stratified by PAI-1 antigen 

levels (ng/mL). Data is expressed as a risk ratio and analyzed using a random effects model .................. 50 
Figure 3-1. Influence of plasma PAI-1 levels (pg/mL) by biological and procedural characteristics. ....... 63 
Figure 4-1. Flow diagram for patient selection and plasma PAI-1 quantification ...................................... 74 
Figure 4-2. Difference in absolute plasma PAI-1 levels (pg/mL) by clinical outcomes. ............................ 77 
Figure 4-3. Baseline plasma plasminogen activator inhibitor-1 (PAI-1) levels stratified by type of 

unplanned revascularization. ....................................................................................................................... 81 
Figure 4-4. Kaplan-Meier curves of clinical outcomes after stratification of plasma PAI-1 levels into 

tertiles. ......................................................................................................................................................... 82 
Figure 4-5. Cumulative incidence curves of individual components of major adverse cardiac events 

stratified by plasma PAI-1 levels. ............................................................................................................... 84 
Figure 4-6. Flow diagram of selection of plasma PAI-1 studies for systematic review and meta-analysis 87 
Figure 4-7. Comparison of mean plasma PAI-1 levels (pg/mL) with major adverse cardiac events 

(MACE). ...................................................................................................................................................... 91 
Figure 5-1. Flow cytometry gating profile to identify PAI-1+ PEV. ......................................................... 108 
Figure 5-2. PAI-1+ PEV levels stratified by antiplatelet agent. ................................................................ 110 
Figure 5-3. Impact of PEV and PAI-1+ PEV on thrombus formation. ...................................................... 111 
Figure 5-4. PEVs modulate VSMC phenotypic switching. ...................................................................... 114 
Figure 5-5. Interaction between PEV and VSMCs. .................................................................................. 115 
Figure 5-6. Effect of PEV on VSMC migration by scratch assay. ............................................................ 116 
Figure 5-7. Difference in PEV levels (/uL) stratified by MACE. ............................................................. 120 
Figure 5-8. Utility of PAI-1+ PEV complex for prediction of MACE. ..................................................... 123 
Figure 5-9. PAI-1 activity of PAI-1+ PEV complex in the presence of PAI-1 inhibition. ........................ 125 
Figure 5-10. Inhibition of PAI-1 does not affect thrombus formation but attenuates the pro-inflammatory 

VSMC phenotype. ..................................................................................................................................... 126 
Figure 6-1. Mechanism of action of PAI-1+ PEV and VSMCs. ................................................................ 137 
Figure 6-2. New Zealand white rabbit in vivo model to evaluate the role of PAI-1 PEV in neointimal 

formation. .................................................................................................................................................. 140 
 



xiii 

 

List of Tables 

Click on the bold text below.  Right click mouse button and select “Update Field” to display the current 

list of tables in the document.  Delete this help text when no longer required. 

Table 2-1. Studies reporting PAI-1 antigen levels (ng/mL) and major adverse cardiovascular events and 

restenosis ..................................................................................................................................................... 27 
Table 2-2. Studies reporting PAI-1 activity levels (U/mL) and major adverse cardiovascular events and 

restenosis ..................................................................................................................................................... 28 
Table 2-3. Newcastle-Ottawa Quality Assessment Scale for Observational Studies of PAI-1 concentration 

levels (ng/mL) ............................................................................................................................................. 31 
Table 2-4. Newcastle-Ottawa Quality Assessment Scale for Observational Studies of PAI-1 activity levels 

(U/mL) ......................................................................................................................................................... 32 
Table 2-5. Meta-regression results or the effect of time of blood draw and acute phase reaction on PAI-1 

antigen and activity levels ........................................................................................................................... 39 
Table 3-1. Baseline characteristics of patients undergoing coronary angiography with measured plasma 

PAI-1 levels ................................................................................................................................................. 60 
Table 3-2. Multivariable linear regression to determine variables associated with plasminogen activator 

inhibitor-1 .................................................................................................................................................... 62 
Table 4-1. Search Strategy for Ovid MEDLINE (<1946 to Dec 17, 2019 ................................................. 71 
Table 4-2. Baseline characteristics .............................................................................................................. 75 
Table 4-3. Differences in baseline characteristic of those with unplanned revascularization .................... 80 
Table 4-4. Clinical outcomes predicted by plasma PAI-1 levels ................................................................ 83 
Table 4-5. Primary and secondary outcomes in early- and late- stent complications ................................. 85 
Table 4-6. Included studies reporting plasma PAI-1 antigen levels (ng/mL) and major adverse cardiac 

events ........................................................................................................................................................... 89 
Table 4-7. Study quality of included studies examined using Newcastle-Ottawa Scale ............................ 90 
Table 5-1. Baseline characteristics ............................................................................................................ 118 
Table 5-2. Differences in baseline characteristics by major adverse cardiac events ................................ 119 
Table 5-3. Major adverse cardiac events predicted by PAI-1+ PEV levels ............................................... 122 
 



xiv 

 

List of Abbreviations 

AUC – area under the curve 

CAD – coronary artery disease 

CRP – C-reactive protein 

DAPT – dual antiplatelet therapy 

DM – diabetes mellitus  

ELISA – enzyme linked immunosorbent assay 

EV – extracellular vesicles  

FITC – fluorescein isothiocyanate 

FSC – forward scatter  

HbA1c – hemoglobin A1c  

HR – hazard ratio 

IQR – interquartile range 

LRP1 – low-density lipoprotein related receptor-1 

MACE – major adverse cardiac events 

MFI – median fluorescence intensity  

MI – myocardial infarction 

NT-proBNP – N-terminal pro b-type natriuretic peptide 

PAI-1 – plasminogen activator inhibitor-1 

PAI-1+ PEV - plasminogen activator inhibitor-1 positive platelet-derived extracellular vesicles 

PBS – phosphate buffered saline 

PCI – percutaneous coronary intervention 

PE - phycoerythrin 

PEV – platelet extracellular vesicles 

ROC – receiver operating characteristic 

SSC – side scatter 

tPA – tissue-type plasminogen activator 

uPA – urokinase-type plasminogen activator 

VSMC – vascular smooth muscle cells 



 

 

 

1 

Chapter 1 

Literature Review of the Role of Plasminogen Activator Inhibitor-1 in 

Coronary Pathophysiology 

1.1 Preface 

This chapter has been previously published as a review article in Thrombosis Research: 

Jung RG, Simard T, Labinaz A, Ramirez FD, Di Santo P, Motazedian P, Rochman R, 
Gaudet C, Faraz MA, Beanlands RSB, Hibbert B. Role of plasminogen activator 
inhibitor-1 in coronary pathophysiology. Thromb Res. 2018;164:54-62 

 

1.2 Abstract 

The standard of care for obstructive atherosclerotic coronary disease is revascularization, 

predominantly achieved via percutaneous placement of a stent with concurrent medical therapy.  

Advancements in percutaneous coronary intervention (PCI) have dramatically improved outcomes. 

However, major complications from PCI due to target lesion failure continue to occur at rates between 5-

10% in the first twelve months following intervention limiting its therapeutic efficacy. Plasminogen 

activator inhibitor-1 (PAI-1) is a protein of interest for both arterial remodelling and thrombotic risk as it 

regulates cell migration and vascular thrombosis. Elevated PAI-1 antigen levels have been identified as a 

potential biomarker for coronary artery disease and metabolic syndrome while being modulated by a 

number of atherosclerotic risk factors. Although linked by some studies as a marker of disease severity and 

prognosis, it remains to be understood whether it is also a mediator and/or therapeutic target of vascular 

disease.  In this review, we discuss the current understanding of PAI-1 in vascular disease and its potential 

role in in-stent restenosis and stent thrombosis.  
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1.3 Introduction 

Cardiovascular diseases remain the leading cause of morbidity and mortality in North America. 

Obstructive coronary atherosclerotic disease can present in both stable and acute forms and is commonly 

treated with a combination of medical therapy and coronary revascularization by percutaneous coronary 

intervention1. Atherosclerotic plaque rupture or vascular injury sustained during stent implantation, can 

initiate the coagulation cascade leading to pathogenic clot formation in the blood vessel. In situ thrombosis 

which occurs after plaque rupture or stent implantation can then lead to ischemia, myocardial cell necrosis 

and myocardial infarction (MI)1. 

The hemostatic cascade maintains a dynamic homeostasis between blood remaining in its free-

flowing state while still allowing rapid response to repair vascular injury with fibrin clot formation, 

thrombus formation disturbs this hemostatic balance 2. Virchow’s triad for thrombogenesis stipulates that 

vessel wall changes including endothelial dysfunction, alterations in blood flow (ie. blood stasis), and 

abnormal blood constituents are required for thrombus formation 3. In myocardial infarction, thrombosis 

occurs in the presence of significant vascular injury in the form of plaque rupture and disturbance in blood 

flow. Thrombus formation may initially be triggered by platelet activation which occurs due to stimulation 

by sub-endothelial matrix agonists such as von Willebrand factor, collagen, and fibronectin exposed during 

vascular injury 4. Subsequently, active platelets provide a nidus for procoagulant proteins resulting in fibrin 

polymerization to complete thrombus formation. Thrombi contain circulating erythrocytes, leukocytes, and 

platelets, in addition to factor XIIIa which cross-links fibrin to increase its stability 5.  

To counter thrombus generation, fibrinolysis is activated by the conversion of inactive plasminogen 

to plasmin on thrombus or cell surfaces by serine proteases such as tissue or urokinase plasminogen 

activator (t-PA and u-PA, respectively) 6. Thrombus surfaces are key sites of action as t-PA complexed to 

fibrin demonstrates a 500-fold increase in the rate of activation of plasminogen 7. The end-product of serine 

protease action is plasmin which cleaves lysyl- and arginyl-peptide bonds of fibrin into fibrin degradation 

products to resolve the thrombus 8. Thus, development of thrombus depends on the nidus or initiating signal 
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and the balance of pro and anti-thrombotic pathways at the level of the injury, which is highly regulated to 

ensure balance in hemostasis. 

Plasminogen activator inhibitor-1 (PAI-1) is an important inhibitor of the fibrinolytic pathway. 

Under normal physiological conditions, PAI-1 inhibits t-PA and u-PA by forming a 1:1 stoichiometric 

complex, preventing plasmin formation. However, elevated levels of PAI-1 have been associated with 

various pathologic conditions including myocardial infarction, diabetes, and metabolic syndrome - 

potentially contributing to the observed increased rates of adverse events 9-11.  

Thus, the current review seeks to summarize the current knowledge of the biology of PAI-1 and 

potential contribution to atherothrombotic events and development of vascular lesions. Specifically, a focus 

will be made on translational applicability of PAI-1 in diagnosis, treatment, and ultimately, prevention of 

vascular diseases. 

1.4 PAI-1 Structure and Function 

1.4.1 PAI-1 Gene 

 PAI-1 is a member of the serine protease inhibitor (serpin) family. Serpins are homologous proteins 

that arose from a common ancestral gene 600 million years ago 12. About 40 different members of the serpin 

family exist in viruses, plants, and higher organisms 8. Other members of the family include PAI-2 (Serpin 

B2), PAI-3 (Protein C inhibitor or Serpin A5), and anti-thrombin 11. The PAI-1 gene is found on 

chromosome 7q21.3-q22, spans 12.3kb, and comprises 9 exons and 8 introns 11, 13, 14. The gene codes for 

two distinct mRNA transcripts that vary in length (2.3 and 3.2 kb) at the 3’ end due to alternative 

polyadenylation 15. The longer transcript appears to contain an AT rich sequence that confers greater mRNA 

stability 15.  

The 5’ promoter region of the PAI-1 gene contains numerous regulatory elements and its potential 

role in cardiovascular diseases has been characterized in detail (Error! Reference source not found.)11, 14, 16. F

or example, the PAI-1 promoter region contains a glucocorticoid-response element (GRE) as well as an 

aldosterone response site that upregulate expression of PAI-117, 18. These receptor elements have potential 
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implications in hypertension. Indeed, angiotensin II stimulates PAI-1 expression and release in a dose- and 

time-dependent manner 19. Moreover, it appears that glucocorticoids such as dexamethasone and 

aldosterone enhance the effect of angiotensin II on PAI-1 antigen production 20. Notably, a VLDL response 

element is located at -672 to -657 in the promoter of PAI-1 gene which provides a positive interaction 

between PAI-1 and VLDL 21. This has potential clinical implications as elevated plasma triglyceride levels 

such as VLDL is observed in both diabetes 22 and metabolic syndrome 23. The PAI-1 promoter also contains 

two Sp1 sites between -85 and -42 upstream of the transcription initiation site that is regulated positively 

by glucose and glucosamine in a time- and concentration-dependent manner 24. This positive association 

with elevated glucose reveals a potential consequence in diabetes, where a dysregulated level of glucose 

and insulin resistance contribute to elevated PAI-1 levels 25. Finally, Smad binding element (SBE) and p53 

responsive element (p53RE) exist at positions -740 to -647 and -167 to -125 in the PAI-1 promoter, 

respectively, potentially playing a role in various cancers 26, 27. These conserved elements shed light on 

important regulatory mechanisms which may impact PAI-1 levels and function in vivo in clinical 

conditions.  

 

1.4.2 PAI-1 Polymorphism (-675 4G/5G) 

  A well-studied single nucleotide insertion/deletion (4G/5G) polymorphism exists in the promoter 

of PAI-1 (position -675) characterized by 4-5 guanine nucleotides. Both polymorphs bind a transcriptional 

activator, but the 5G allele can also bind a transcriptional repressor protein 28. This mutation is associated 

with regulation of basal and inducible expression of PAI-1 29 and in the 4G/4G genotype, associated with 

higher PAI-1 antigen levels, exists a modest increase in MI risk (OR 1.20, 95% CI: 1.04, 1.39, p =0.04) 28, 

30. However, in humans, this polymorphism relationship with PAI-1 expression is confounded by elevated 

BMI 31, insulin resistance 32, hypertension 33, dyslipidemia 34, diabetes 35, smoking 36. In addition, PAI-1 is 

an acute phase reactant in response to inflammatory cytokines such as IL-1, TNF!, and hypoxia 37. A 

Mendelian randomization meta-analysis was performed accounting for components of metabolic syndrome 
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demonstrating an increased MI risk in those carrying PAI-1 4G variant (OR 1.09, 95% CI: 1.01, 1.18) 38. 

In addition, 4G carriers had higher PAI-1 activity than 5G carriers by 1.1 IU/mL (95% CI: 0.7, 1.5) and 

faced an elevated MI risk 38. Finally, Nikolopoulos et al. presented a meta-regression model which revealed 

an association between the risk of MI conferred by PAI-1 4G allele, cholesterol and triglyceride levels, and 

PAI-1 activity levels. Accordingly, multiple confounding variables lead to variation in PAI-1 antigen and 

activity levels in humans independent of polymorphisms, greatly limiting the applicability of the 4G/5G 

polymorphism as a biomarker 39. 

 

1.4.3 PAI-1 Protein Structure 

 The PAI-1 gene codes for a 379 or 381 amino acid single-chain glycoprotein and a 23 amino acid 

signal peptide for secretion 40. It has a molecular weight of 50 kDa and a pI of 4.5-5.0 41. PAI-1 has been 

studied through X-ray crystallography, which allowed the elucidation of components of PAI-142. 

Specifically, PAI-1 has a tertiary structure consisting of three "-sheets (A to C), nine !-helices (A to I), 

and a reactive centre loop (RCL) consisting of 26 amino acids labelled as P16 to P10’ with a bait peptide 

bond (P1-P1’) that mimics the substrate of serine proteases 43, 44.  

The reactive centre (P1-P1’) of PAI-1 (Arg346-Met347) acts as the pseudo-substrate residues 

within the RCL that is targeted by serine proteases 11, 44. Inhibitory serpins such as PAI-1 are “suicide 

inhibitors” which inhibit serine proteases such as t-PA and u-PA by forming a 1:1 equimolar complex 

through the interaction of the RCL with the active site of the serine protease 44. The protease then cleaves 

the RCL forming an acyl-enzyme intermediate and the next step occurs with two possibilities: PAI-1 can 

undergo a transition to trap the protease in the inactive complex 45 completing the suicide pathway or 

proteases cleave the RCL of PAI-1 and prematurely release the protease leaving PAI-1 in the inactive form 

while liberating the active serine protease requiring another PAI-142, 46. PAI-1 is the primary endogenous 

inhibitor of t-PA and u-PA with second-order kinetic rate constants ranging between 0.45–2.7x10-7 /M∙s 47. 

PAI-1 is promiscuous in that it also inhibits plasmin and trypsin with second-order rate around 10-6 /M∙s 11. 
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It exists in several conformational states within the human body 9 with its half-life increasing in lower pH 

settings such as in ischemic tissues 37. 

 

1.4.4 PAI-1 Synthesis 

PAI-1 is synthesized and secreted by vascular endothelial cells, adipocytes, hepatocytes, 

cardiomyocytes, fibroblasts and platelets 48, 49. In humans, plasma levels of PAI-1 exceed >4:1 ratio with t-

PA, and the majority of PAI-1 is cleared by the liver with a half-life of 5 minutes 9. PAI-1 is synthesized in 

its active form but is spontaneously converted to its latent state with a half-life of 2 to 3 hours 50, 51. PAI-1 

antigen levels are found in low levels in human plasma, ranging anywhere between 5-30 ng/mL in healthy 

individuals 9, 52. In human tissues and blood, a fraction of PAI-1 antigen is found in the active form with 

activity levels (IU/mL) representing between 30-100% of the antigen levels 53.  

PAI-1 antigen measurements capture the entire PAI-1 content in the form of free and active PAI-1 

(or PAI-1 activity), PAI-1 complexed with t-PA or u-PA, and latent PAI-1. Although PAI-1 antigen and 

activity levels appear to be correlated 54, antigen levels do not necessarily reflect PAI-1 activity. First, 

complex formation between PAI-1 and t-PA or u-PA would reduce PAI-1 activity levels 55. PAI-1 activity 

is influenced by techniques used during PAI-1 isolation such as freeze-thaw cycles or sonication 39. In 

addition, low temperature, high salt concentrations, and low pH during isolation influences the half-life of 

active to latent PAI-1 conversion, thereby reducing PAI-1 activity levels 56.  

Another reason why PAI-1 activity does not reflect the antigen level is due to other proteins such 

as vitronectin. Vitronectin is present in the plasma, extracellular matrix, megakaryocytes, and !-granules 

of platelets, which stabilizes PAI-1 by binding to residues 101-123 57-59. Vitronectin was demonstrated to 

extend the half-life of active PAI-1 and is concentrated at sites of injury or remodeling 60 promoting 

thrombosis and neointima formation 61.  
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1.5 Platelet PAI-1 

1.5.1 Platelet-derived PAI-1 

When vascular injury occurs, active platelets release their !-granular content 62. Initially, !-granule 

release was thought to be uniquely associated with hemostasis and thrombosis, but has since been linked 

with inflammation, angiogenesis, malignancy, and atherosclerosis 63. One major protein of interest from 

this !-granule milieu is PAI-1. Thrombi formed within arteries contain 2-3 times more platelets than their 

counterparts formed within veins. In addition, PAI-1 antigen levels were found up to be 30 times greater 

within a thrombus than in the vascular milieu, the source of which is believed to be platelet-derived 64. In 

addition, Faye et al. observed PAI-1 in coronary artery thrombi in pigs and found its activity to be >2000 

times that of plasma PAI-1 65. Although human platelet PAI-1 activity is reduced compared to porcine, this 

experiment suggests that active PAI-1 concentrated at the site of thrombus formation may be an important 

factor of fibrinolysis resistance by inhibiting t-PA. Other than PAI-1, platelets contain other proteins 

involved in the coagulation cascade which impacting clot lysis including !2-antiplasmin, a serpin which 

inhibits plasmin, and factor XIII which cross-links fibrin to create a more resistant thrombus 66.  

 

1.5.2 Regulation of Platelet PAI-1 

Human platelets contain PAI-1 mRNA 67, miRNAs, and ribosomes that are actively involved in 

translation of PAI-1 antigen. Contrary to the common belief that PAI-1 was synthesized only in 

megakaryocytes, Brogren et al. demonstrated that platelets regularly synthesize active PAI-1 and in vitro 

synthesis rates were about 35x greater than steady-state plasma levels of PAI-1 68. In fact, Brogren et al. 

verified the existence of large quantities of PAI-1 mRNA within platelets and active PAI-1 synthesis with 

a translation rate that is further enhanced after thrombin-induced activation of platelets 68. In addition, 

platelets contain miRNAs which can complex with ribonucleoprotein complexes (miRNP) including 

Argonaute (Ago) proteins to cause translational suppression 69. Moreover, thrombin induced activation of 
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PAI-1 can be explained by the dissociation of Ago2 to PAI-1 mRNA, suggesting a role for miRNA 

regulation of platelet protein expression 70.  

An additional level of translational regulation in the 3’UTR of PAI-1 mRNA is observed in platelets 

through the AU binding proteins T-cell-restricted intracellular antigen-1 (TIA-1) and Human antigen R 

(HuR)(Error! Reference source not found.)71. HuR, an mRNA stabilizing protein, upon platelet activation r

emained strongly associated with SERPINE1 mRNA. However, TIA-1, a known translational repressor 

became dissociated with SERPINE1 upon platelet activation70. Theoretically, Ago2, HuR, and TIA-1 may 

form protein complexes on the mRNA 3’UTR as they bind different sites within the region. Although a 

mechanistically unique form of PAI-1 regulation exists in platelets, it is rather unlikely that changes in 

platelet activation contributes to de novo synthesis of PAI-1. However, biologically important synthesis 

following activation has not been excluded 72.  
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Figure 1-1. Plasminogen activator inhibitor-1 (PAI-1) transcription and translation regulation in 
megakaryocytes.  

(A) The promoter region of PAI-1 is regulated by the VLDL response element (VLDLRE) located between 
-672 and -657 BP. In addition, PAI-1 polymorph site exists at position -675, where 4G upregulates PAI-1 
transcription whereas 5G downregulates PAI-1 transcription. Positions -85 and -42 contain two Sp1 sites 
which are positively regulated by glucose and glucosamine. In addition, positions -58 to -51 is bound by 
the c-fos/c-jun heterodimers or AP-1 which are regulated by oncostatin M and IL-1. Finally, at an epigenetic 
level of regulation, PAI-1 contains a Smad binding element (SBE) and p53 responsive element (p53RE) at 
positions -740 to -647 and -167 to -125, respectively; upon which a complex formation positively regulates 
PAI-1 expression. (B) PAI-1 mRNA is regulated at the 3’ untranslated region (3’ UTR) by microRNA 
ribonucleoprotein complexes (miRNP) which includes the argonaute (Ago) proteins, most predominantly, 
Ago2 in platelets. Indeed, thrombin can induce PAI-1 synthesis through the dissociation of Ago2-miRNP 
complex. In addition, T-cell restricted intracellular antigen-1 (TIA-1) and Human antigen R (HuR) bind to 
the 3’ UTR to further regulate PAI-1 expression. HuR is an mRNA stabilizing protein which remains 
associated during platelet activation; whereas TIA-1 is a translational repressor that becomes dissociated 
with PAI-1 upon platelet activation.  
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1.5.3 Impact of PAI-1 on Cell Migration 

Although PAI-1 has a primary role to regulate fibrinolysis, its role in regulation of cell migration 

has been controversial. PAI-1 appears to either promote or inhibit cell migration depending on the model 

and cell type studied and contributes to vascular remodeling and neointima formation (Error! Reference s

ource not found.)73. The three potential pathways in which PAI-1 paradoxically regulates cell migration 

will be discussed. 

Vitronectin has been shown to promote neointima formation in smooth muscle cells 61 through its 

interaction with integrin and uPAR receptors74. Recent evidence has shown that PAI-1 directly stimulates 

vitronectin expression by binding to the low-density lipoprotein receptor-related protein 1 (LRP1) in 

smooth muscle cells promoting cell migration61. PAI-1 ∙vitronectin complex appears to inhibit cell 

migration and adhesion as PAI-1 binds to vitronectin with a greater affinity at the integrin and uPAR 

docking site 75.  

However, conflicting data has also shown that any conformation of PAI-1 (active, latent, or 

cleaved) can promote migration by functioning as a signaling molecule and binding to LRP1 through the 

JAK/STAT signaling pathway in smooth muscle cells76. Binding of PAI-1 to LRP1 appears to affect cell 

proliferation and migration, and further exploration of PAI-1 binding to LRP1 in mouse embryonic 

fibroblasts (MEFs) reveal findings contrary to previous understanding of JAK/STAT regulation. Instead, 

an elevation of phosphor-ERK1/2 and "-catenin to promote proliferation and migration has been observed 

77. The authors argue that different cell lines were used to study the role of PAI-1 in cell migration, which 

reflect the conflicting signaling pathways regulated by PAI-1 and LRP1 interaction.  

 For effective cell migration, cell adhesion and detachment is required in the proper extracellular 

matrix milieu. Indeed, targeting active integrins can result in cell detachment by reduced binding to 

vitronectin, fibronectin, and collagen75. Moreover, low levels of PAI-1 can change the cellular actin 

cytoskeletal architecture consequently leading to cell motility76. PAI-1 appears to regulate cell migration 

by having a direct effect on extracellular matrix proteolysis. PAI-1 appears to reduce cell migration by 
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binding to vitronectin in the extracellular matrix promoting proteolytic inhibition by allowing an enhanced 

binding to u-PA. This will promote an extracellular environment that does not favour cell motility 78.  
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Figure 1-2. In-stent restenosis, a major complication of percutaneous coronary intervention.  
(A) Normal re-endothelialization after stent placement signifying optimal coronary repair. (B) In-stent restenosis (ISR), which occurs as a result of 
neointima formation, is due to the “response-to-injury” paradigm where disrupted endothelium releases cytokines and growth factors to recruit 
smooth muscle cells (SMCs). Two theories exist for the involvement of PAI-1: (i) PAI-1 acts as an activator of SMC migration by binding to the 
LDL related-receptor protein 1 (LRP1) and activates the JAK/STAT or the !-catenin pathway to lead to the production of proteins favoring cell 
mobility; (ii) PAI-1 directly alters the extracellular matrix composition by inhibiting the natural proteolytic cascade by directly complexing with 
uPA and has been associated with cell infiltration in atherosclerosis
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1.6 Clinical Applications of PAI-1 

1.6.1 Performance of PAI-1 as a Biomarker 

 Elevated plasma PAI-1 levels have been associated with impaired fibrinolytic activity in thrombotic 

events such as myocardial infarction and stroke 79. However, in adjusted analyses the association has not 

been independent of other cardiovascular risk factors 80. For example, plasma PAI-1 levels are elevated in 

patients with type 2 diabetes 81, hyperinsulinemia 82, and those with insulin resistance 83. Elevated PAI-1 

activity is associated with metabolic syndrome (i.e. high BMI, waist circumference, and insulin resistance), 

higher total HDL ratio, younger age, and shorter duration of diabetes 84. In a recently published systematic 

review, it was found that patients in the highest PAI-1 quantile were associated with greater coronary artery 

disease compared to the lowest quantile (OR = 2.17; 95% CI, 1.53 to 3.07) 25. The authors of this study also 

identified a potential causal relationship between PAI-1 levels and diabetes25. Similarly, in a recent study 

performed by our group, we identified elevated plasma PAI-1 antigen levels to be predictive of major 

adverse cardiac events in both primary and secondary prevention populations. Interestingly, in the post-

percutaneous intervention population we identified that reduced PAI-1 antigen and activity levels was 

associated with increased restenosis risk. As PAI-1 is confounded by multiple risk factors, well-designed 

prospective studies are required to determine if PAI-1 is indeed only a biomarker or if it is indeed a bona 

fide therapeutic target.  

 Studies of PAI-1 as a biomarker contain multiple limitations to take into consideration which 

greatly influences results. First, due to the association of PAI-1 with various risk factors, adequate sample 

size must be present to adjust for known confounding variables. Second, sampling must consider pre-

analytical factors such as diurnal variation and thus must account for time of day given a PAI-1 antigen 

level difference of 1.24 ng/mL secondary to basal circadian variation in the morning compared to afternoon 

draws 85. Most observational studies which measured PAI-1 neglected to report and account for the large 

diurnal variation observed in PAI-1 antigen and activity levels demonstrated in previous studies. Other pre-

analytical factors which influences plasma PAI-1 antigen or activity levels include smoking 36, 86, maximal 
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exercise 87, high-fat diet 88, intra- and inter-assay variability in PAI-1 antigen and activity measurements 89, 

and reagents and equipment utilized during PAI-1 isolation from cells. In fact, reagents chosen during 

isolation can artificially influence PAI-1 activity levels as detergents such as Triton X-100 have been shown 

to decrease PAI-1 half-life to less than a minute at 37°C 90, 91, and reagents such as urea, SDS, and guanidine-

HCl have caused reactivation of PAI-1 92. Finally, platelet count and centrifugation load to isolate platelet-

poor plasma greatly influences PAI-1 levels 93, 94.  Future studies would be better directed at establishing a 

standardized sampling method for extracting, isolating, and measuring plasma PAI-1 antigen or activity 

levels and stratifying patients based on presenting risk factors and time of blood collection. 

1.6.2 PAI-1 and Obesity, Insulin Resistance, and Diabetes 

 Obesity is associated with a number of metabolic derangements and vascular risk factors which 

contributes to elevated levels of PAI-1 in this population 95. Not surprisingly, it has been hypothesized that 

elevated PAI-1 levels may contribute to increased atherothrombotic events observed in obese populations 

96. In contrast to increased platelet production and secretion,  PAI-1 in obesity may originate from 

adipocytes and stromal cells in the visceral fat 97. In addition, PAI-1 promoter is responsive to metabolic 

and hormonal factors associated with obesity. For example, increase in PAI-1 levels is explained by pro-

inflammatory cytokines such as TNF-", IL-1, and IL-6 9. These cytokines produced by adipocytes can 

regulate PAI-1 expression in the body. However, the impact of obesity on endothelial and platelet PAI-1 

remains unknown. 

 In obese patients, insulin resistance is a common metabolic disturbance. Insulin resistance is 

associated with vascular inflammation and thrombosis before type 2 diabetes is diagnosed 9. Interestingly, 

PAI-1-/- mice fed a high-fat or high-carbohydrate diet had favourable outcomes on insulin and glycemic 

measures 98, and protective effects against insulin resistance and obesity 99. Thus, it remains unknown if 

PAI-1 dysregulation is causative or the result of metabolic derangements associated with obesity.  

Often, patients with elevated PAI-1 levels and inflammatory markers progressed to diabetes 100. It 

has been well established that patients with diabetes are at increased risk of coronary disease from a plethora 
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of purported mechanisms. In these patients, elevated levels of plasma PAI-1 has been consistently observed. 

Both proinsulin and products of insulin are elevated in type 2 diabetes and increases the expression of PAI-

1 101. A large systematic review of 52 observational studies reported significantly elevated PAI-1 antigen 

levels in patients with type 2 diabetes compared to the controls 48. In addition, 8 prospective studies included 

in the review showed a 67% increased risk of type 2 diabetes in the highest vs. lowest tertile of baseline 

PAI-1 levels 48. Whether PAI-I is pathogenic in the observed increased risk of atherothrombotic events 

observed in patients with diabetes remains to be established.  

 

 

1.6.3 PAI-1 and Atherosclerosis 

 Large studies have identified PAI-1 as a risk factor for the development and recurrence of 

atherosclerotic disease 37. Previously, this relationship did not persist after adjusting for cardiac risk factors 

suggesting levels paralleled established risk factors. In a recent systematic review, a relationship between 

the highest PAI-1 antigen level on coronary artery disease risk (odds ratio (OR) = 1.22 per unit increase in 

log-transformed PAI-1; 95% CI: 1.01 – 1.47) independent of cardiac risk factors was identified 25. In fact, 

the highest quantile of blood PAI-1 antigen level was associated with the highest risk of coronary disease 

compared to the lowest quantile (OR = 2.17; 95% CI: 1.13 – 1.88) 25. Thus, current evidence supports a 

relationship between PAI-1 and disease presence without inferring clear causality.  

Here, animal studies provide a possible causal relationship between PAI-1 and vascular events not 

afforded by previous epidemiologic association studies. Studies which evaluated the effect of PAI-1 

knockout on atherosclerosis in mice revealed reduced atherosclerosis in the carotid artery bifurcation site 

in PAI-1 knockout mice (PAI-1-/-/apoE-/-) compared to their apoE-/- controls 102. Similar results were seen 

when the same mice were fed a high-fat chow diet for 8 weeks to accelerate atherosclerosis development 

with a difference in atherosclerotic lesion surface area of 3.2	±	1.0 mm2 in the apoE-/- control vs. 0.42 ± 

0.02 mm2 in PAI-1 knockout mice 102. In addition, greater amount of fibrin deposition was observed at the 

bifurcation sites in PAI-1+/+ mice possibly due to turbulent flow 103 or due to the protective effects of PAI-
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1 which functions to stabilize migratory cells 104. In studies which examined atherosclerotic plaque tissue, 

PAI-1 mRNA had been found at elevated levels primarily around the base of the plaque 105.  In addition, 

mice with PAI-1 overexpression exhibited age-dependent spontaneous macrovascular coronary thrombosis 

and sub-endothelial myocardial infarction in the absence of other established risk factors 106. Thus, PAI-1 

appears to be influential in the development of both atherosclerosis and atherothrombosis and remains a 

promising target for novel therapies. 

 

1.7 PAI-1 and the Post-PCI Artery 

1.7.1 Epidemiology 

Although the association between PAI-1 and coronary artery disease has been established, there 

remains a large gap of knowledge in PAI-1 being used as a biomarker after PCI. With the limited data that 

currently exists, it appears that elevated PAI-1 is associated with greater rates of all-cause mortality (hazard 

ratio (95% CI): 2.98 (1.10-8.06)) 107. Thus, adequately powered studies to evaluate clinical outcomes such 

as target lesion failure are needed to ascertain if PAI-1 is useful to stratify patients undergoing PCI into 

high and low risk categories. 

1.7.2 In-Stent Restenosis 

In-stent restenosis (ISR) is a result of neointima formation or intimal thickening resulting in 

narrowing of the stented segment following PCI108. Despite considerable research in the field, our 

understanding of the molecular mechanisms behind the pathophysiology of ISR remain debated and have 

been reviewed in detail elsewhere109. Briefly, histological studies have shown an initial recruitment of 

inflammatory cells followed by smooth muscle cells and myofibroblasts which deposits an extracellular 

matrix leading to obstruction of the vascular lumen109. To reduce neointimal formation following PCI, drug-

eluting stents were developed to prevent cellular proliferation and vascular inflammation. These drug 

eluting stents care made of a metallic backbone coated with polymers that elute immunosuppressive and 
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antiproliferative agents. However, drug eluting stents are not immune from ISR. In fact, Cassese et al. 

reported in patients with angiographic surveillance, restenosis occurred in 12.2% even in second-generation 

drug eluting stents 110.  Moreover, patients with in-stent restenosis presents as an acute coronary syndrome 

in 70% of cases –resulting in poor outcomes and dramatically increasing the rate of mortality 111. Thus, 

identifying additional pathways for therapeutic intervention will improve patient outcomes.  

Accordingly, conflicting data suggests PAI-1 plays a role in vascular remodelling and neointimal 

formation 61, 74. Katsaros et al. 112 examined the relationship between PAI-1 activity levels (IU/mL) and in-

stent restenosis in patients undergoing PCI with drug-eluting stents. Those in the lowest PAI-1 tertile were 

noted to have a 9.5-fold increased risk in ISR, independent of clinical risk factors 112. In addition, the change 

in PAI-1 activity levels 24 hours post-PCI was much higher in patients who experienced in-stent restenosis, 

suggesting that acute change is associated with adverse events. On the surface, the role of PAI-1 influencing 

ISR appears to conflict the finding that elevated levels of PAI-1 is associated with target lesion failure. 

Target lesion failure is a composite of cardiac or unexplained death, target vessel myocardial infarction, 

and target vessel revascularization113-118. However, since cell migration can be reduced by PAI-

1 ∙vitronectin complex, it is mechanistically plausible that PAI-1 deficiency accelerates restenosis119. In 

addition, whole blood plasma PAI-1 levels may not accurately depict the locally elevated PAI-1 levels at 

the vascular site of injury. Indeed, in studies examining ISR in post-PCI with bare-metal stents, low levels 

or absence of PAI-1 was predictive of in-stent restenosis120, 121. With a lack of direct pathophysiological 

evidence at the site of stent deployment, studies are required to predict the relationship between PAI-1 

levels and in-stent restenosis. 
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1.7.3 Stent Thrombosis 

 Stent thrombosis (ST) occurs when a thrombus forms within the stent lumen causing lumenal 

occlusion and myocardial infarction. ST occurs predominantly due to three reasons: (i) Incomplete stent 

apposition to the coronary lesion; (ii) Incomplete re-endothelialization and delayed healing of the stented 

vessel; (iii) inadequate antiplatelet administration1. The development of dual antiplatelet therapy in the form 

of acetylsalicylic acid and P2Y12 inhibitors to inhibit platelet activation and second-generation drug eluting 

stents has since reduced ST 122, 123. Major risk factors to ST are platelet hyper-reactivity and diabetes. Risk 

factors – such as diabetes – place patients at high risk even if they respond to an antiplatelet regimen 

highlighting that additional factors remain increasing the atherothrombotic risk.  

Since elevated PAI-1 levels have been associated with diabetes, an environment where platelet 

hyper-reactivity is prevalent, it stands to reason that augmented PAI-1 release from diabetic platelets 

increases the risk of stent thrombosis (Figure 1-3). In addition to elevated levels within the vascular milieu, 

anti-proliferative agents employed on drug eluting stents have been associated with induction of PAI-1 

expression. In cultured human endothelial cells and mice, both paclitaxel and rapamycin enhanced PAI-1 

transcript and protein expression – providing another means of augmented PAI-1 activity. 124 Indeed, 

elevated PAI-1 level presents an important mechanism towards the prothrombotic effects observed with 

drug eluting stents. Despite extensive studies conducted in endothelial cells, the effect of elevated PAI-1 

levels has been poorly studied in platelet culture models. More studies are needed to elucidate the role of 

these anti-proliferative agents with platelet activation and PAI-1 release which may play a significant role 

in thrombosis.  
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Figure 1-3. Stent thrombosis, a major complication of percutaneous coronary intervention.  
(A) Normal re-endothelialization after stent placement signifying optimal coronary repair. (B) Stent thrombosis (ST) which occurs due to incomplete 
stent apposition or incomplete re-endothelialization of the stent. Increased rate of ST is observed in type 2 diabetes, which is associated with hyper-
reactive platelets and elevated levels of plasma and platelet PAI-1 levels. Thus, an increase in local concentration of PAI-1 as a result of increased 
release of PAI-1 from platelets can favor the anti-fibrinolytic cascade to inhibit the endogenous fibrinolytic system (u-PA and t-PA) within the 
human body.  



 

 

 

20 

1.8 Therapeutic Targeting of PAI-1 

 Currently, coronary intervention involves a combination of mechanical reperfusion with medical 

therapies targeting both primary and secondary arms of the clotting cascade. Since platelet-rich arterial 

thrombi contain 2-3-fold greater platelet content than a venous equivalent, platelet PAI-1 release may 

enhance the anti-fibrinolytic capacity of the thrombus within coronary arteries. Thus, a combination of 

platelet and PAI-1 inhibition may prove beneficial to improving pharmacologic and mechanical 

thrombolysis and reperfusion.   

To this end, examples in small preclinical studies have demonstrated therapeutic efficacy to inhibit 

PAI-1. Monoclonal antibodies designed against PAI-1 have shown thrombolytic efficacy in rat thrombosis 

models 125. The drug acts by binding to allosteric sites preventing the interaction between PAI-1 and 

proteases 126. A group screened and identified the natural aliphatic polyketide belonging to the Annonaceous 

acetogenins group, annonacinone, which was then experimentally verified to reveal a greater potency in an 

in vitro and ex vivo setting in human plasma 127. Pre-incubation of human PAI-1 with annonacinone inhibits 

PAI-1 activity in tPA administration in thromboelastography. Several small molecule inhibitors of PAI-1 

have been patented, but are yet to be advanced to clinical trials in humans 128. Although the potency of PAI-

1 inhibition has been well demonstrated in animal models, the multiple classes of PAI-1 inhibitors have yet 

been studied beyond the laboratory setting and have been discussed in detail in other reviews 128, 129. 

However, due to the numerous and promising results shown in pre-clinical studies of the PAI-1 inhibitor 

tiplaxtinin, it will be the subject of discussion for the remainder of the review target lesion failure. 

1.8.1 Tiplaxtinin 

Tiplaxtinin (PAI-039), a small molecule PAI-1 antagonist, has shown efficacy in rodent 126 and 

canine 130 models of thrombolytic efficacy. Mutagenesis studies identified the binding site of tiplaxtinin to 

PAI-1 neighbouring the vitronectin binding site 131, explaining the ineffectiveness of the agent in inhibiting 

vitronectin-bound PAI-1 127. When vascular injury was induced, PAI-1 activity elevated 5-fold but was 

completely neutralized after the administration of tiplaxtinin. In contrast, without vascular injury, 
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administration of tiplaxtinin did not affect basal PAI-1 activity 132 which is critical as it could potentially 

affect bleeding events. Although tiplaxtinin is a promising agent, it has only been studied in animal models 

for thrombosis and lacks data as a complimentary therapy following stenting alone or in combination with 

antiplatelet regimens.   

Tiplaxtinin was also studied for its effect of vascular smooth muscle and endothelial cell migration. 

Although it appears to have no effect on endothelial cell migration, tiplaxtinin inhibits smooth muscle cell 

migration and intimal hyperplasia in cell culture models and mechanical carotid artery injuries in mice 74. 

Importantly, while it affects the negative aspects of vascular remodeling in the murine model, it did not 

affect re-endothelialization after mechanical vascular injury induction 74. This promising result of 

tiplaxtinin allowing re-endothelialization while inhibiting smooth muscle cell migration seems optimal to 

reduce ISR and ST after stent deployment but has not been studied in large animal models with stent 

implantation.  

1.9 Conclusion 

PAI-1 continues to be studied for its role in the pathogenesis of vascular disease. Further 

advancements identify novel targets in the pathogenesis of disease and facilitate the development of novel 

therapeutic approaches. 
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Chapter 2 

Systematic Review of Plasminogen Activator Inhibitor-1 and Major Adverse 

Cardiac Events  

2.1 Preface 

This chapter has been previously published as a systematic review and meta-analysis article in 

Thrombosis Journal: 
Jung RG, Motazedian P, Ramirez FD, Simard T, Di Santo P, Visintini S, Faraz MA, 

Labinaz A, Jung Y, Hibbert B. Association between plasminogen activator inhibitor-1 

and cardiovascular events: A systematic review and meta-analysis. Thrombosis Journal. 
2018;16:12 

 

 

2.2 Abstract 

Introduction:  Small studies have implicated plasminogen activator inhibitor-1 (PAI-1) as a predictor of 

cardiovascular events; however, these findings have been inconsistent. 

 

Objective: To examine the potential role of PAI-1 as a marker for major adverse cardiovascular events 

(MACE).  

 

Methods: We systematically reviewed all indexed studies examining the association between PAI-1 and 

MACE (defined as death, myocardial infarction, or cerebrovascular accident) or restenosis. EMBASE, Web 

of Science, Medline, and the Cochrane Library were searched through October 2016 to identify relevant 

studies, supplemented by letters to authors and review of citations. Studies reporting the results of PAI-1 

concentration and/or activity levels in association with MACE in human subjects were included. 

 

Results: Of 5961 articles screened, we identified 38 articles published between 1991 to 2016 that reported 

PAI-1 levels in 11,010 patients. In studies that examined PAI-1 antigen and activity levels, 15.1% and 
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28.2% of patients experienced MACE, respectively. Patients with MACE had higher PAI-1 antigen levels 

with a mean difference of 6.11 ng/mL (95% CI, 3.27-8.96). This finding was similar among patients with 

and without known coronary disease. Comparatively, studies that stratified by PAI-1 activity levels were 

not associated with MACE. In contrast, studies of coronary restenosis suggest PAI-1 antigen and activity 

levels are negatively associated with MACE.  

 

Conclusion: Elevated plasma PAI-1 antigen levels are associated with MACE. Definitive studies are 

needed to ascertain if PAI-1 acts simply as a marker of risk or if it is indeed a bona fide therapeutic target. 

 

2.3 Introduction    

Obstructive coronary artery disease (CAD) is the leading cause of mortality in the western world. 

The cornerstone of therapy for CAD remains revascularization and secondary medical therapy to modify 

risk factors. The fibrinolytic system has implications for both approaches to disease management. First, 

percutaneous coronary intervention (PCI) with implantation of a coronary stent remains the predominant 

method of coronary revascularization 1. However, complications such as in-stent restenosis and stent 

thrombosis following PCI limit its efficacy. Thus, in the peri-revascularization period, preventing 

thrombotic events is paramount until the vessel’s endothelial lining and function are restored. Second, long 

term therapy with antiplatelet and/or oral anticoagulation is an integral part of secondary preventive medical 

therapy. Thus, dysregulation of the fibrinolytic pathways may increase the risk of complications from 

revascularization therapy and diminish the efficacy of long-term medical therapy to reduce the risk of 

recurrent events. 

The fibrinolytic system is activated by the conversion of plasminogen to plasmin by serine 

proteases such as tissue or urokinase-type plasminogen activator (t-PA and u-PA, respectively). In contrast, 

fibrinolysis is inhibited by plasminogen activator inhibitor-1 (PAI-1), which is a member of the serine 

protease inhibitor (SERPIN) family. Ultimately, thrombosis risk is influenced by the balance between PAI-
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1 and t-PA. Thus, an increase in the PAI-1 levels in plasma can induce a hypercoagulable state 133. PAI-1 

is released by vascular endothelial cells, hepatocytes, adipocytes, cardiomyocytes, fibroblasts, and platelets 

48, 49. In healthy humans, plasma levels of PAI-1 exceed t-PA by a ratio of over 4:1 with most of PAI-1 

being cleared by the liver 9. In pathologic conditions, PAI-1 production can be upregulated by pro-

inflammatory factors such as TNF!, TGF", and insulin 134. Elevated plasma PAI-1 levels have been 

associated with impaired fibrinolytic activity in stroke and coronary artery disease 135. Moreover, PAI-1 

antigen and activity levels are elevated in patients with type 2 diabetes 81, hyperinsulinemia 136, and those 

with insulin resistance 83, 137. Yet, a definitive evaluation of the impact of elevated PAI-1 as a biomarker or 

therapeutic target has yet to be evaluated. Accordingly, we performed a systematic review and meta-

analysis of PAI-1 antigen and activity levels and their relationship with major adverse cardiovascular events 

(MACE) in humans.  

 

2.4 Methods 

2.4.1 Literature Search Strategy 

Literature searches were guided by a medical librarian with expertise in systematic reviews (S.V.) 

using a combination of key terms and index headings related to PAI-1, coronary disease (informed by the 

Cochrane review search strategy for coronary heart disease in exercise-based cardiac rehabilitation 138), and 

the Cochrane Highly Sensitive search strategy to eliminate articles on animal studies in Medline. The search 

was additionally peer-reviewed by a second medical librarian (R.S.). Once finalized, the search strategy 

was then translated to other bibliographic databases. The final search was conducted on October 2016 in 

Medline (Ovid) (In-Process & Other Non-Indexed Citations and Ovid MEDLINE(R) 1946-), Embase 

(Ovid) (Embase Classic + Embase 1947-), Cochrane Library (Ovid) (from inception), and Web of Science 

(Thomson Reuters) (all indexes, from inception). Search results were exported to EndNote X7 (Thomson 

Reuters, New York, USA) and duplicates eliminated using the program's duplicate identification feature 

and manual inspection. A review protocol was produced but not registered in a database.  
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Titles and abstracts were screened by two independent reviewers (R.J. and P.M.) using Covidence 

(Melbourne, Australia). Full articles were retrieved in cases of missing abstracts. Corresponding authors 

were contacted for additional information when necessary. 

 

2.4.2 Inclusion and Exclusion Criteria and Quality Assessment  

Studies were included if they met the following criteria: (1) PAI-1 antigen or activity levels were 

reported; (2) the population studied comprised individuals aged 18 years or older; (3) components of MACE 

(death, myocardial infarction, and cerebrovascular events including stroke and transient ischemic attacks) 

or restenosis were reported; (4) articles were published in English. Exclusion criteria included: (1) PAI-1 

polymorphism studies examining the association between 4G/5G and adverse events; (2) animal or in vitro 

studies; and (3) studies reporting hazard ratios only. Full text data extraction was conducted by two 

independent evaluators (R.J. and P.M.). Each reviewer independently extracted patient population 

characteristics, group sizes, PAI-1 antigen and activity levels, follow-up duration, and MACE and 

restenosis. All discrepancies were resolved by consensus prior to locking the database for analysis (Table 

2-1 and Table 2-2). Included observational studies were evaluated for quality and risk of bias using the 

Newcastle-Ottawa Quality Assessment Scale 139 by two independent evaluators (R.J. and P.M.) with 

disagreements resolved by consensus. Visual funnel plot inspection was used to screen for publication bias.  

 

2.4.3 Statistical Analysis 

The primary clinical endpoint for this study was MACE – a composite of death, myocardial 

infarction, or cerebrovascular events. The secondary endpoint included components of the primary as well 

as coronary restenosis in patients undergoing coronary revascularization. Mean circulating PAI-1 antigen 

(ng/mL) and activity (IU/mL) levels and their associated standard deviations were used for analyses. 

Fourteen studies reported median and interquartile ranges, which were converted to approximated means 

and standard deviations using the method described by Wan et al. 140.  
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All analyses were performed using Review Manager (RevMan) 5.3 (Cochrane Collection, 

Copenhagen, Denmark).  PAI-1 antigen and activity levels were compared between patients with or without 

the outcomes of interest either as absolute values or dichotomized as high vs. low. Random effects models 

stratified by study design and study quality were used to generate pooled mean differences with 95% 

confidence intervals. Post-hoc meta regression was performed to account for timing of blood draw and 

acute phase reactions in studies of patients presenting with acute myocardial infarction or stroke. 
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Table 2-1. Studies reporting PAI-1 antigen levels (ng/mL) and major adverse cardiovascular events and restenosis 
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Table 2-2. Studies reporting PAI-1 activity levels (U/mL) and major adverse cardiovascular events and restenosis  
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2.5 Results 

2.5.1 Included Studies – Study Selection 

After excluding duplicate articles, 5,961 titles and abstracts were screened, of which 340 underwent 

full review and 38 were ultimately included (Figure 2-1, Table 2-1 and Table 2-2). Study populations were 

heterogeneous, including patients presenting with stable angina, acute coronary syndrome, and non-cardiac 

diseases. Study sample sizes ranged from 19 to 2,806. Most studies were of moderate quality (see Table 

2-3 and Table 2-4 for details of study quality assessments). Funnel plots are shown in Figure 2-2 and Figure 

2-3. In pooled analyses of all studies reporting PAI-1 antigen levels (n = 8999), 1362 events were reported, 

including 234 deaths, 823 myocardial infarctions, 101 cerebrovascular events, and 142 restenoses (Table 

2-1). In all studies that examined PAI-1 activity levels (n = 1462), 413 events were reported, including 133 

deaths, 194 myocardial infarctions, and 114 cases of restenosis (Table 2-2). 
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Figure 2-1. Flow diagram of the included PAI-1 studies for meta-analysis
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Table 2-3. Newcastle-Ottawa Quality Assessment Scale for Observational Studies of PAI-1 
concentration levels (ng/mL) 

Reference Year 

Study 

Design Selection Comparability 

Exposure 

Outcome Total 

Sane et al.141 1991 Cohort 3 0 2 5 

Cortellaro et al.142 1993 Case-Control 2 2 3 7 

Brannstrom et al.143 1995 Cohort 3 0 3 6 

Juhan-Vague et 

al.144 1996 Cohort 3 0 3 6 

Nordt et al.145 1998 Cohort 3 0 3 6 

Alaigh et al.146 1998 Cohort 2 0 2 4 

Moss et al.147 1999 Cohort 2 0 3 5 

Redondo et al.148 2001 Cohort 3 0 2 5 

Fornitz et al.149 2001 Cohort 2 0 2 4 

Bogaty et al.150 2001 Case-Control 2 2 2 6 

Ganti et al.151 2002 Cohort 2 0 1 3 

Lip et al.152 2002 Cohort 3 0 3 6 

Inoue et al.153 2003 Cohort 3 0 2 5 

Christ et al.154 2005 Cohort 3 0 3 6 

El-Menyar et al.155 2006 Cohort 3 0 2 5 

Robinson et al.156 2007 Cohort 3 0 3 6 

Katsaros et al.112 2008 Cohort 3 0 2 5 

Thogersen et al.157 2009 Case-Control 4 2 2 8 

Akkus et al.158 2009 Cohort 3 0 2 5 

Arikan et al.159 2009 Cohort 3 0 3 6 

Pineda et al.160 2010 Cohort 3 0 3 6 

Wennberg et al.161 2012 Case-Control 4 2 3 9 

Yano et al. 

(2013)162 2013 Cohort 3 0 3 6 

Iacoviello et al.163 2013 Cohort 4 1 3 8 

Yano et al. 

(2014)164 2014 Cohort 3 0 3 6 

Knudsen et al.165 2014 Case-Control 2 2 1 5 

Golukhova et al.166 2015 Cohort 2 0 3 5 
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Table 2-4. Newcastle-Ottawa Quality Assessment Scale for Observational Studies of PAI-1 activity 
levels (U/mL) 

Reference Year 

Study 

Design Selection Comparability 

Exposure/

Outcome Total 

Shah et al.167 1992 Cohort 3 0 2 5 

Gray et al.168 1993 Cohort 2 0 2 4 

Malmberg et al.169 1994 

Case-

Control 3 2 3 8 

Brack et al.170 1994 Cohort 3 0 1 4 

Jansson et al.171 1998 Cohort 1 0 3 4 

Sinkovic et al.172 2000 Cohort 2 0 2 4 

Wiman et al.173 2000 

Case-

Control 3 2 3 8 

Prisco et al.174 2001 Cohort 2 0 3 5 

Sargento et al.175 2003 Cohort 2 0 3 5 

Marcucci et al.176 2006 

Case-

Control 2 2 3 7 

Schoebel et al.177 2008 Cohort 2 0 3 5 
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Figure 2-2. Funnel plots for studies examining PAI-1 antigen levels (ng/mL) and MACE 
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Figure 2-3. Funnel plots for studies examining PAI-1 activity levels (IU/mL) and MACE  
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2.5.2 PAI-1 and Major Adverse Cardiac Events 

PAI-1 antigen levels were higher in those with MACE with a mean difference of 6.11 ng/mL (95% 

CI, 3.27-8.96, P<0.001) – a difference that was present irrespective of study design (Figure 2-4). When 

restricted to high-quality studies, PAI-1 antigen levels in patients with MACE were 5.22 ng/mL (95% CI, 

2.97-7.54, P<0.001; Figure 2-5). Among seven studies reporting morning blood draws between 7:00 and 

10:00 am, PAI-1 antigen levels were higher in those with MACE with a mean difference of 4.61 ng/mL 

(95% CI, 1.49-7.74, P=0.004; Figure 2-6). Meta-regression analysis of timing of the blood draw and acute 

phase studies was not predictive of the heterogeneity in our selected studies nor did it contribute to a greater 

understanding of the impact of PAI-1 in its association with MACE (Table 2-5).  

In contrast to PAI-1 plasma antigen levels, there was no significant difference in PAI-1 activity 

levels between those with vs. without MACE (mean difference 0.59 IU/mL (95% CI, -1.63-2.80, P=0.60; 

Figure 2-7). No association between PAI-1 activity levels and MACE was observed when the analysis was 

restricted to three high-quality studies with a mean difference of 1.14 IU/mL (95% CI, -3.37-5.65, P=0.62; 

Figure 2-8).  
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Figure 2-4. Comparison of mean PAI-1 antigen levels (ng/mL) in patients with major adverse 
cardiac events and control patients.  
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Figure 2-5. Comparison of mean PAI-1 antigen levels (ng/mL) and major adverse cardiac events in high-quality studies utilizing the 
Newcastle-Ottawa Scale 
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Figure 2-6. Comparison of mean PAI-1 antigen levels (ng/mL) in studies which reported morning blood draws ranging from 7:00-10:00 am 
and major adverse cardiac events 
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Table 2-5. Meta-regression results or the effect of time of blood draw and acute phase reaction on PAI-1 antigen and activity levels 

  PAI-1 antigen levels (ng/mL) PAI-1 activity levels (U/mL) 

Model N Coeff. 95% CI Tau2 

Adj-

R2(%) 

I2 

(%) p N Coeff. 95% CI Tau2 

Adj-

R2(%) 

I2 

(%) p 

All covariates 24   65.98 -11.22 93.22 0.72 14   4.502 -35.39 55.86 0.9 

Time of blood 

draw  24 -3.07 

(-12.60, 

6.47)    0.51 14 0.54 

(-3.15, 

4.22) 

 

 

    

 

Acute phase 24 1.66 

(-9.35, 

12.67)    0.757 14 0.54 

(-3.06, 

4.15)     
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Figure 2-7. Comparison of mean PAI-1 activity levels (U/mL) in patients with major adverse cardiac events and control patients. Data is 
expressed as a mean difference and analyzed using a random effects model 
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Figure 2-8. Comparison of mean PAI-1 activity levels (IU/mL) and major adverse cardiac events in high-quality studies utilizing the 
Newcastle-Ottawa Scale 
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2.5.3 Major Adverse Cardiovascular Events: Pre-Existing Versus no Known Coronary Artery 
Disease 

Overall, among patients without prior coronary artery disease, 12.2% had an event. PAI-1 antigen 

levels in those without previously known coronary artery disease were on average 6.44 ng/mL higher in 

those with MACE relative to those without (95% CI, 2.64-10.25, P<0.001; Figure 2-9A). In studies that 

included patients with known CAD, 19.3% had MACE. PAI-1 antigen levels in those with known CAD 

were on average 5.49 ng/mL higher in those with MACE than those without (95% CI, 0.36-10.63, P=0.04; 

Figure 2-9B). No difference in PAI-1 activity levels between event and control groups was observed in the 

five studies reporting PAI-1 activity levels and MACE (Figure 2-10). 
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Figure 2-9. Comparison of mean PAI-1 antigen levels (ng/mL) in patients with primary and secondary major adverse cardiac events and 
control patients.  
(A) PAI-1 levels (ng/mL) in patients with primary major adverse cardiac events. (B) PAI-1 levels (ng/mL) in patients with secondary major adverse 
cardiac events. Data is expressed as a mean difference and analyzed using a random effects model 
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Figure 2-10. Comparison of mean PAI-1 activity levels (U/mL) in patients with secondary major adverse cardiac events and control patients 
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2.5.4 Death 

In the five studies that reported mortality data, 126 deaths were observed (17.2% of patients). PAI-

1 antigen levels were higher among patients who died (mean difference: 10.34 ng/mL (95% CI, 1.90-18.79, 

P=0.02; Figure 2-11). 
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Figure 2-11. Comparison of mean PAI-1 antigen levels (ng/mL) in event and control patients for 
mortality 
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2.5.5 Restenosis 

In the six studies that examined restenosis following percutaneous coronary intervention (with and 

without coronary stent implantation), 101 events were observed (29.5% of patients). PAI-1 antigen levels 

were lower in those with restenosis with a mean difference of -2.43 ng/mL (95% CI, -4.48-(-0.37), P=0.02; 

Figure 2-12A). An additional six studies provided restenosis rates and PAI-1 activity levels. These studies 

reported restenosis in 119 patients (17.9%). PAI-1 activity was lower in those with restenosis with a mean 

difference of -1.73 IU/mL (95% CI: -2.80-(-0.67), P=0.001; Figure 2-12B). 
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Figure 2-12. Comparison of mean PAI-1 antigen and activity levels in patients with restenosis and control patients. (A) Comparison of 
mean PAI-1 concentration levels (ng/mL) in patients with restenosis. (B) Comparison of mean PAI-1 activity levels (U/mL) in patients with 
restenosis. Data is expressed as a mean difference and analyzed using a random effects model  
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2.5.6 High Versus Low PAI-1 Levels 

Three studies stratified their data by high versus low PAI-1 antigen levels. These studies reported 

a MACE rate of 54.4%. High PAI-1 antigen levels were associated with a 58% greater risk of MACE 

compared to low PAI-1 antigen levels (RR 1.58, 95% CI: 1.42-1.76, P<0.0001; Figure 2-13). 
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Figure 2-13. Comparison of risk of major adverse cardiac events in patients stratified by PAI-1 antigen levels (ng/mL). Data is expressed 
as a risk ratio and analyzed using a random effects model 
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2.6 Discussion 

Incident and recurrent cardiovascular events remain important adverse outcomes despite major 

advances in revascularization and medical therapy. PAI-1 has been associated with MACE, but whether it 

is solely a marker for these events or a mediator with the potential of representing a unique therapeutic 

target is uncertain. Our analysis set out to evaluate the current state of evidence linking PAI-1 antigen and 

activity levels with these outcomes. Our study suggests that elevated PAI-1 antigen levels are associated 

with major adverse cardiac events in both primary and secondary event populations. In addition, elevated 

PAI-1 antigen levels were associated with all-cause mortality. While the populations studied were 

heterogeneous, the robustness of the association suggests that PAI-1 warrants further study as a marker and 

potential mediator of adverse cardiovascular events. 

Our findings build upon the growing evidence that PAI-1 is a biomarker for MACE in patients with 

CAD. Tofler et al. identified elevated PAI-1 antigen levels to be predictive of cardiovascular disease 178. In 

addition, previous studies of elevated PAI-1 antigen and activity levels predicted acute coronary syndrome 

after coronary stenting 112, 154, 176, 179. Furthermore, Song et al. recently identified a causal relationship 

between elevated PAI-1 levels and incident CAD 25. Our study expands on these findings by identifying 

elevated PAI-1 antigen levels as being associated with MACE in both primary (incident) and secondary 

event populations thereby suggesting a broader relevance of PAI-1 concentration. In addition, we 

demonstrate the potential applicability of PAI-1 antigen levels in predicting restenosis, consistent with a 

previous report by Katsaros et al. 180, which identified that patients with the lowest PAI-1 antigen tertile 

had a 9.5-fold increased risk of in-stent restenosis in patients managed with modern drug-eluting stents. 

However, our study, as with those mentioned above, are unable to ascertain if PAI-1 is a mediator or simply 

a marker of these events. Further study is needed to establish this important distinction.  

The association of PAI-1 activity with MACE did not meet our pre-specified thresholds for 

significance. Although this finding suggests that PAI-1 antigen levels may be more robust as a biomarker, 

PAI-1 activity is a functional measure of the entire PAI-1 content in the plasma. The measurement of PAI-
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1 antigen captures the entire PAI-1 content in the sample in the form of free and active PAI-1 (which we 

refer to as PAI-1 activity), PAI-1 complexed to t-PA or u-PA, and latent PAI-1. Although PAI-1 antigen 

and activity levels are correlated, antigen levels will not necessarily reflect PAI-1 activity levels 54. Indeed, 

at time of acute trauma such as plaque rupture, t-PA will complex with PAI-1 at a 1:1 ratio reducing 

detectable PAI-1 activity but not PAI-1 antigen levels. In addition, PAI-1 activity is influenced by 

experimental techniques during sample isolation such as freeze-thaw or sonication 39, low temperature, low 

pH, and high salt concentrations 56. Factors which influence PAI-1 activity levels which impacted the 

significance of our findings include the method of PAI-1 extraction and isolation 39, 56, 90-92, time of blood 

draw 85, intra- and inter-assay variability in PAI-1 activity and antigen levels 89, and baseline risk factors 

which influences PAI-1 levels such as smoking 36, 86, high-fat diet 88, and maximal exercise 87. Finally, in 

addition to important biological differences, manifest differences in the quality and power of studies 

examining antigen and activity levels existed which may explain the divergent results.  

In-stent restenosis (ISR) is a result of neointimal formation or intimal thickening that narrows the 

vascular lumen following PCI 108. The detailed molecular mechanism behind the pathophysiology of ISR 

has been reviewed elsewhere 109. Briefly, studies have revealed that the initial recruitment of inflammatory 

cells is subsequently followed by smooth muscle cells (SMC) and myofibroblasts recruitment, which 

creates the extracellular matrix that narrows the vascular lumen 109. SMCs achieve their peak proliferation 

at 48-96 hours post-injury in the media and intima and return to their baseline following re-

endothelialization of that artery within 8 weeks 181. Conflicting evidence exists in the literature in the role 

of PAI-1 in cell migration. PAI-1 binding to low-density lipoprotein receptor-related protein (LRP1) in 

SMCs promotes cell migration 61. However, PAI-1 complexed to vitronectin has been demonstrated to 

inhibit cell migration and adhesion 75.  Thus, biological plausibility exists to link PAI-1 and restenosis 

following coronary intervention. 
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Clinically, low PAI-1 antigen and activity levels have been found to be associated with increased 

restenosis in our study; however, several limitations exist in these studies. First, these selected studies range 

from 1991 to 2008, during which time the intervention of choice evolved from balloon angioplasty to bare-

metal stents to drug-eluting stents, which reduced the rate of ISR observed today 1. Second, anti-

proliferative agents that coat drug-eluting stents such as paclitaxel promote PAI-1 transcription and 

translation, impacting PAI-1 levels at the site of injury 124. Third, PAI-1 activity cannot detect PAI-1 

complexed to LRP1 found on smooth muscle cells and endothelial cells as they are no longer in circulation. 

Finally, since ISR occurs months following intervention, it remains unclear if baseline levels alone would 

be as predictive as repeated measurements. Repeat measurements of PAI-1 levels in these patients which 

would provide a comprehensive assessment of temporal PAI-1 levels from baseline to follow-up 

angiography or re-intervention. Nonetheless, despite these limitations we were able to link basal PAI-1 

levels and restenosis. Future studies looking at modern revascularization techniques and temporal patterns 

of PAI-1 are warranted.   

The value of PAI-1 as a biomarker has been questioned. First, PAI-1 expression is influenced by 

multiple pro-inflammatory conditions and is associated with various cardiovascular risk factors 134, 182. For 

example, metabolic syndrome, obesity 32 and hyperinsulinemia 136/insulin resistance 83 have all been linked 

with increased PAI-1 levels. In adjusted analysis, the predictive ability of elevated PAI-1 levels has not 

been independent of other cardiovascular risk factors and its additive benefit in risk prediction models has 

been lacking 80. For example, Yarmolinsky et al. 48 reported that patients with diabetes had a significantly 

higher level of plasma PAI-1, which was associated with MACE. However, diabetics are at increased risk 

of both index and recurrent events. Accordingly, further studies are needed in more homogenous 

populations to ascertain the performance of PAI-1 in each individual cohort.  

Our study is not without limitations. Relevant data could not be obtained from certain studies and 

patient level data were not available. In addition, the broad inclusion criteria resulted in a heterogeneous 

study population with differing PAI-1 measurement techniques. Variations in assays and standardizations 
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as well as natural variations in PAI-1 levels may have influenced our results. For instance, considerable 

PAI-1 diurnal changes have been observed in previous studies 183, 184. Most selected studies were of modest 

sample size and of low or moderate quality with only seven studies deemed to be of high quality 185. The 

small number of studies may have limited the detection of small study effects or publication bias in funnel 

plots 186. Finally, the large variation in study dates (1991 to 2016) spans a broad range of pharmacologic 

and revascularization practices, particularly coronary stent development, the introduction of dual 

antiplatelet therapy, and broadening indications for oral anticoagulation therapy. Accordingly, these 

findings may not be applicable in patients with specific risk profiles or those on contemporary medical 

therapy. Finally, while our study is provocative in the association demonstrated interventional studies are 

needed to link PAI-1 levels mechanistically to MACE. 

 

2.7 Conclusion 

PAI-1 plasma levels are promising markers for MACE; however high-quality studies in well-defined 

populations are still needed to robustly evaluate the performance of PAI-1 as a clinical biomarker. Whether 

PAI-1 is a bona fide therapeutic target remains to be established.  
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Chapter 3 

Performance of plasminogen activator inhibitor-1 as a biomarker in patients 

undergoing coronary angiography: analytical and biological considerations 
 

3.1 Preface 

This chapter has been previously published as an article in Diabetes and Vascular Disease 
Research: 

Jung RG, Simard T, Di Santo P, Labinaz A, Moreland R, Duchez AC, Majeed K,  
Motazedian P, Rochman R, Jung Y, Hibbert B. Performance of plasminogen activator  
inhibitor-1 as a biomarker in patients undergoing coronary angiography: Analytical and 
biological considerations. Diab Vasc Dis Res. 2019;16:478-482 

 

The result and discussion from the published version of the manuscript was separated into its respective 
sections. 

 

3.2 Abstract 

Introduction and Objective: Target lesion failure continues to limit the efficacy of percutaneous coronary 

intervention despite advancements in stent design and medical therapy. Identification of biomarkers to risk 

stratify patients post-PCI has the potential to focus therapies on cohorts with increased benefits. 

Plasminogen activator inhibitor-1 (PAI-1) has been identified as a candidate biomarker. Herein, we evaluate 

biological variables which impact PAI-1 levels and analytical characteristics which impact its utility as a 

biomarker in humans.  

 

Methods: Plasma PAI-1 was measured in 689 patients undergoing coronary angiography. PAI-1 levels 

were measured. Clinical and procedural characteristics were collected in a prospective registry.  

 

Results: Plasma PAI-1 analytical (CVa = 4.1%), intra-individual (CVi
  = 44.0%), and inter-individual (CVg 

= 118.6%) variations with reference change value (RCV) of 61.8% were calculated. PAI-1 levels were 
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elevated in patients with cardiovascular risk factors including type 2 diabetes, pre-diabetes, smokers, 

obesity, hypertension, and daytime variation in procedure and blood draw.  

 

Conclusion: Variation in plasma PAI-1 levels is influenced by multiple biological and procedural 

characteristics. The performance of plasma PAI-1 is consistent with biomarkers in clinical use (NT-proBNP 

and C-reactive protein) and its applicability is promising.  

 

3.3 Introduction 

Plasminogen activator inhibitor-1 (PAI-1) is an anti-fibrinolytic protein involved in the regulation 

of fibrin clot formation.187 By forming an inhibitory irreversible 1:1 complex with tissue-type plasminogen 

activator (tPA) and urokinase-type plasminogen activator (uPA), PAI-1 prevents fibrin clot degradation 

promoting hemostasis.187 Although PAI-1 is expressed in multiple cell types, circulating plasma PAI-1 is 

primarily platelet-derived.188 Mechanisms responsible for elevated plasma PAI-1 levels remain unknown; 

however, increased levels have been associated with type 2 diabetes, metabolic syndrome, and coronary 

artery disease.48, 189  

Previous small studies have evaluated PAI-1 as a biomarker - quantifying plasma PAI-1 antigen as 

opposed to activity levels. While PAI-1 is linked to vascular risk factors, its function as a biomarker to 

predict cardiovascular adverse events has yielded mixed results due to heterogeneity in the populations 

studied and methodologies used. Moreover, PAI-1 levels may be influenced by technical factors such as 

time of blood draw and method of extraction.85, 90 Finally, analytic characteristics of PAI-1 have yet to be 

reported.190  

Accordingly, we sought to determine the performance of PAI-1 following percutaneous coronary 

intervention (PCI).  In particular, PAI-1 may play roles in thrombotic events and neointimal hyperplasia 

following revascularization.187 Given the lack of robust data evaluating plasma PAI-1 as a biomarker in this 

population, we set out to determine which patient, clinical, and procedural factors influence PAI-1 antigen 
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levels to inform future outcome-based studies. Herein, we report biological and analytical considerations 

in PAI-1 measurement in patients undergoing coronary angiography and revascularization. 

 

3.4 Methods 

3.4.1 Ethics Statement 

This study was approved by the Ottawa Health Science Network Research Ethics Board (OHSN-

REB) (Protocol #: 20160516-01H) and written informed consent was obtained from all patients. The study 

conforms with the 1975 Declaration of Helsinki for the use of human blood.  

 

3.4.2 Study Design and Patient Data Collection 

The University of Ottawa Heart Institute is a quaternary care center servicing a catchment of 1.2 

million people with all procedures prospectively indexed in a registry. From October 2016 to August 2018, 

blood samples were collected on consecutive eligible patients referred for PCI. Arterial blood samples were 

collected in 3.2% sodium citrate tubes (Becton Dickinson, Franklin Lakes, NJ, USA) immediately after the 

completion of the procedure and processed within two hours after collection. Samples were centrifuged at 

1,200 x g for 10 minutes at 4°C without brakes. Next, platelet-rich plasma was spun at 3,200 x g for 10 

minutes at 4°C to remove contaminants and the plasma were stored at -80°C until further processing.  

Patient data was obtained from the Cardiovascular And Percutaneous Clinical TriALs (CAPITAL) 

revascularization registry which indexes over 1,200 clinical data points on patients undergoing coronary 

angiography at the institute. Coronary artery disease confirmed by coronary angiography was defined as 

stenosis ≥ 50%. Time of procedure was collected and dichotomized to morning (800 – 1200 hours) or 

afternoon (1200 – 1600 hours). Diabetes status was defined as hemoglobin A1c (HbA1c) levels ≥6.5% at 

presentation. Prediabetes was defined as having HbA1c levels between 6.0-6.4% according to the Canadian 

Diabetes Association guidelines. Medication status was indexed at the time of the procedure.  
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3.4.3 PAI-1 Quantification 

Plasma samples from 689 patients were thawed and PAI-1 antigen levels were determined by a 

commercially available enzyme-linked immunosorbent assay (ELISA) according to the manufacturers’ 

recommendations (KHC3071) (ThermoScientific, Waltham, Massachusetts, USA). Laboratory assessment 

of PAI-1 antigen levels from patient samples were performed within 6 months of storage by the same 

research personnel to minimize analytical variations. 

 

3.4.4 Statistical Analysis 

Continuous variables were reported with mean (± standard deviation) or median (interquartile 

range) as appropriate. Categorical variables were reported as proportions (%). Plasma PAI-1 levels was 

first examined for normality using Shapiro-Wilks test, and subsequently, standard t-test or Mann-Whitney 

U-test was performed as appropriate. Coefficient of variation (CV) was determined for analytical 

coefficient of variability (CVa), inter-subject CV in our population (CVg), and intra-subject CV (CVi).190, 

191 Index of individuality (II) allows the determination of whether monitoring or reference range is required 

for a biomarker. 
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Univariate linear regression was performed with all factors with a predetermined p-value < 0.20 to 

identify variables for inclusion prior to a multivariable linear regression analysis. All statistical analyses 

were performed using SAS v9.4 (SAS Institute, Inc.). P-value < 0.05 was considered significant. Figures 

were created using GraphPad Prism v7 (GraphPad Software, La Jolla, CA, USA). 
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3.5 Results  

3.5.1 Baseline Characteristics  

PAI-1 antigen levels were measured in 689 patients. The mean age of our cohort at baseline was 

67.3 ± 11.2 years, and 66.9% were male (Table 3-1). Overall, our cohort was overweight with an average 

body mass index of 29.6 ± 6.5 kg/m2. Cardiac risk factors were prevalent including pre-diabetes (9%), type 

2 diabetes (37%) of which 29.5% were insulin-managed, active smoker (34%), dyslipidemia (63%), and 

hypertension (65%). Patients were managed with contemporary medical therapy with most patients 

receiving statins (78%), ASA (89%), and P2Y12 inhibitors (89%). A high proportion of patients had 

obstructive coronary artery disease (79%). A total of 46% of patients underwent PCI, with 89% performed 

via trans-radial access and 86% having received unfractionated heparin during the procedure.   
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Table 3-1. Baseline characteristics of patients undergoing coronary angiography with measured 
plasma PAI-1 levels 
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3.5.2 Analytical Performance of Plasma PAI-1 

To assess biomarker performance, we assessed CVs in our population of interest. Since plasma 

PAI-1 levels were not normally distributed, CVs are reported for both baseline and log-transformed data. 

The analytic coefficient of variation for the assay (CVa) was low (n = 80) at 4.1%. Variability within 

subjects (intra-subject coefficient of variation - CVi) of those with a repeat sample in one year was moderate 

at 44.0% (n = 40). Variability between subjects (inter-subject coefficient of variation - CVg) in our entire 

cohort shows wide variation CVg = 118.6% (n = 689). Finally, the index of individuality and reference 

change value (RCV) of PAI-1 were 0.4 and 61.8%, respectively. The CVa, CVi, and CVg of the log 

transformed antigen levels were 0.7%, 24.8% and 12.9%, respectively. The performance of plasma PAI-1 

antigen parallel established markers for coronary artery disease (CAD) such as C-reactive protein (CRP, 

CVa = 5.2%, CVi = 42.2%, CVg = 92.5%, II = 0.5) and for heart failure such as NT-proBNP (CVa = 3.3%, 

CVi = 25.1%, CVg = 54.0%, II = 0.2).192, 193  

 

3.5.3 Impact of Biological Variables on Plasma PAI-1 Levels 

Next, we sought to identify patient comorbidities, medications, and biochemical parameters which 

may have impacted PAI-1 levels. We first performed a univariate regression model and included all 

associated factors with p-value < 0.20 in a multivariable linear regression to identify associated variables 

(Table 3-2). We identified body mass index, active smoking, diabetes, pre-diabetes, and hypertension to be 

positively associated with changes in plasma PAI-1 levels (Figure 3-1A-C). Notably, confirmed presence 

of CAD did not influence PAI-1 antigen levels. New procedural factors were identified which potentially 

affect measured plasma PAI-1 levels such as the use of nitroglycerin and daytime variation in coronary 

angiography (Figure 3-1D-E). Finally, females appear to have higher circulating levels of PAI-1 (38.5% 

change) compared to their male counterparts (Figure 3-1F).  
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Table 3-2. Multivariable linear regression to determine variables associated with plasminogen 
activator inhibitor-1 
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Figure 3-1. Influence of plasma PAI-1 levels (pg/mL) by biological and procedural characteristics.  

(A) PAI-1 levels are elevated with obesity (BMI ≥ 30 kg/m2) (1828.0 [951.6 – 3301.0] pg/mL (n = 272) 
vs. 1140.0 [577.0 – 1961.0] pg/mL (n = 417), p<0.0001). (B) PAI-1 levels are elevated with active smoking 
(1822.0 [1028.0 – 3100.0] pg/mL (n = 236) vs. 1143.0 [596.6 – 2156.0] pg/mL (n = 453), P<0.0001). (C) 
PAI-1 levels are elevated with type 2 diabetes mellitus (2014.0 [1115.0 – 3743.0] pg/mL (n = 210) vs. 
1661.0 [1103.0 – 3861.0] pg/mL (n = 62) vs. 1455.0 [842.3 – 2647.0] pg/mL (n = 181), p<0.01). (D) PAI-
1 levels are decreased with intra-arterial administration of nitroglycerin (1227.0 [620.9 – 2144.0] pg/mL (n 
= 267) vs. 1407.0 [719.2 – 2785.0] pg/mL (n = 413), p=0.03). (E) PAI-1 levels are decreased in procedures 
performed in the afternoon (1063.0 [576.6 – 1832.0] pg/mL (n = 270) vs. 1521.0 [796.5 – 3183.0] pg/mL 
(n = 406), p<0.0001). (F) PAI-1 levels are elevated in females (1665.0 [846.6 – 3252.0] pg/mL (n = 225) 
vs. 1249.0 [624.0 – 2258.0] pg/mL (n = 460), p<0.0001). Data is presented as median ± interquartile range. 
Mann-Whitney U-test and Kruskal-Wallis test was conducted for non-parametric data. *P<0.05. **P<0.01. 
***P<0.001. ****P<0.0001. 
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3.6 Discussion 

Herein, we demonstrate that plasma PAI-1 has similar analytical performance characteristics to 

clinically used biomarkers such as CRP and NT-proBNP which have high CVg and CVi. Due to a low index 

of individuality of PAI-1 (II <0.6), changes from population-based reference values in an individual have 

limited value as a diagnostic test to detect pathologies but may be useful as a monitoring test in patients 

undergoing coronary angiography.190, 194 The measured critical difference (at P≤0.05) between two serial 

measurements of PAI-1 was determined to be 122%, similar in performance to CRP (118%).192 Thus, use 

of PAI-1 will be of little benefit in screening healthy populations for early stages of CAD but may be useful 

when serial monitoring is performed to examine response to therapy or ascertaining risk.180  

To date, our report is derived from the largest cohort of patients undergoing coronary angiography 

and the first to report the analytical performance of PAI-1 as a biomarker. Our study confirms known factors 

impacting PAI-1 levels while also highlighting factors including circadian variation, female sex, and pre-

diabetes – factors which should be incorporated into future studies.195 Whether plasma PAI-1 levels predict 

outcomes following coronary revascularization remains to be established in larger cohorts.  

Similar levels of plasma PAI-1 levels were observed in those with pre-diabetes and type 2 diabetes 

in those undergoing coronary angiography. This likely is due to two reasons contributing to the pro-

inflammatory state observed in diabetes: 1) pre-diabetes is often not found exclusively in patients presenting 

for a coronary angiogram and is often found in concert with other cardiovascular risk factors including 

hypertension, dyslipidemia, and obesity forming the foundation of the diagnostic criteria for metabolic 

syndrome; 196, 197 and 2) platelet hyper-reactivity is observed in pre-diabetes exhibited by increase in platelet 

aggregation and potentially, subsequent release of PAI-1 from M-granules. 68, 188, 198   

Our study is not without limitations. First, variation of circulating PAI-1 levels due to circadian 

rhythm cannot be fully captured by accounting for the daytime variation of coronary angiogram since each 

individual has a variable diurnal pattern.85 Second, this remains a retrospective analysis although the 

registry data is collected prospectively and independently of PAI-1 samples to minimize bias. Finally, this 
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study remains underpowered to link PAI-1 levels with clinical outcomes, and although a large sample size 

was achieved given the observed CVi and CVg, future studies will need to enrol significantly larger cohorts 

to assess this relationship.  

 

3.7 Conclusion 

In summary, plasma PAI-1 antigen levels demonstrate similar biomarker performance 

characteristics to established clinically utilized biomarkers. Pre-diabetes, diabetes, sex, and smoking status 

are positively associated with PAI-1 levels. In contrast, age, procedural administration of intra-arterial 

nitroglycerin, and daytime variation in coronary angiogram appear to be inversely associated with PAI-1 

levels. Careful consideration of biological and analytical variations should be incorporated into future 

studies.  
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Chapter 4 

Evaluation of plasminogen activator inhibitor-1 as a biomarker of unplanned 

revascularization and major adverse cardiac events in coronary angiography and 

percutaneous coronary intervention 

 

4.1 Preface 

This chapter has been previously published as an article in Thrombosis Research: 

Jung RG, Simard T, Di Santo P, Dhaliwal S, Sypkes C, Duchez A-C, Moreland R, 
Taylor K, Parlow S, Visintini S, Labinaz A, Marbach J, Sarathy K, Bernick J, Joseph J, 
Boland P, Abdel-Razek O, Harnett DT, Ramirez FD, Hibbert B. Evaluation of 
plasminogen activator inhibitor-1 as a biomarker of unplanned revascularization and 
major adverse cardiac events in coronary angiography and percutaneous coronary 
intervention. Thrombosis Research. 2020 

 
 

4.2 Abstract 

Background: The stented coronary artery remains at risk of complications, particularly in the form 

of stent thrombosis and in-stent restenosis. Improving our ability to identify patients at high-risk 

for these complications may provide opportunities for intervention. PAI-1 has been implicated in 

the pathophysiology of stent complications in preclinical studies, suggesting it may be a clinically 

valuable biomarker to predict adverse events following percutaneous coronary interventions (PCI). 

 

Methods: Plasma PAI-1 levels were measured in 910 subjects immediately after coronary 

angiography between 2015-2019. The primary outcome was the incidence of unplanned 

revascularization (UR) at 12 months. The secondary outcome was the incidence of major adverse 

cardiac events (MACE). 
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Results: UR and MACE occurred in 49 and 103 patients in 12 months. Reduced plasma PAI-1 

levels were associated with UR (4386.1 pg/mL [IQR, 2778.7-6664.6], n=49, vs.  5247.6 pg/mL 

[IQR, 3414.1-7836.1], n=861; p=0.04). Tertile PAI-1 levels were predictive of UR after 

adjustment for known clinical risk factors associated with adverse outcomes. In post-hoc landmark 

analysis, UR was enhanced with low plasma PAI-1 levels for late complications (beyond 30 days). 

Finally, an updated systematic review and meta-analysis did not reveal an association between 

plasma PAI-1 and MACE. 

 

Conclusion: PAI-1 levels are not independently associated with UR nor MACE in patients 

undergoing angiography but associated with UR following adjustment with known clinical factors. 

In our landmark analysis, low PAI-1 levels were associated with UR for late stent complications. 

As such, future studies should focus on the mediatory role of PAI-1 in the pathogenesis of stent 

complications. 

 

4.3 Introduction 

Obstructive coronary artery disease (CAD) is often managed by percutaneous coronary 

intervention (PCI) and medical therapy.1 Despite the clinical benefits of PCI, the stented coronary 

artery remains the highest risk lesion, with annualized event rates as high as 8-12% for death, 

myocardial infarction (MI), or stroke.114, 118, 199  Two major complications following stent 

implantation are stent thrombosis (primarily an early thrombotic event) and in-stent restenosis 

(primarily a late process of intimal hyperplasia).108, 200 Although patient-, stent-, and procedure-

related risk factors for stent complications have been identified, no biomarker yet exists for risk 

stratification following PCI.   
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Numerous studies have examined plasma plasminogen activator inhibitor-1 (PAI-1) as a 

biomarker of obstructive CAD patients with no prior history of CAD;201, 202 however, little is 

known about the predictive ability of PAI-1 following the diagnosis of significant CAD. PAI-1 is 

a critical inhibitor of the fibrinolysis pathway, which functions by complexing with tissue-type 

plasminogen activator (tPA) to prevent fibrin degradation, thus potentially increasing a patient’s 

thrombotic risk.203, 204 In the post-PCI population, this potentially manifests early as stent 

thrombosis, typically in the first 30 days. Indeed, elevated levels of plasma PAI-1 have been 

associated with major adverse cardiac events (MACE – composite of death, myocardial infarction, 

unplanned revascularization, and stroke) in all-comers, as previously described by our group.205 

PAI-1 is also a regulator of smooth muscle cell (SMC) proliferation and has been linked to intimal 

hyperplasia following vascular injury. After PCI, this may manifest as in-stent restenosis (ISR) – 

a process that occurs 1-12 months after stent implantation which results in late lumen loss. 

Although PAI-1 has been implicated in the pathophysiology of both ISR and stent thrombosis, its 

role as a potential biomarker for these events is unknown.  

Given the potential role of PAI-1 pathophysiology to mediate stent complications and its 

promising analytical and biochemical performance in humans,206 we sought to examine the 

association of plasma PAI-1 with unplanned revascularization (UR) and MACE following 

coronary angiography and PCI.  

 

4.4 Methods 

4.4.1 Ethics Statement 

This study was approved by the Ottawa Health Science Network Research Ethics Board 

(OHSN-REB Protocol #: 20160516-01H) and informed consent was obtained from all patients. 
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The study conforms with the 1975 Declaration of Helsinki for the use of human blood. The study 

was also approved by OHSN-REB (#20190224-01H) to evaluate clinical outcomes following 

revascularization. 

 

4.4.2 Study Population and Data Collection 

The University of Ottawa Heart Institute is a large tertiary center serving over 1.2 million 

people in Eastern Ontario. All coronary catheterization procedures performed in the region are 

registered in the Cardiovascular And Percutaneous clInical TriALs (CAPITAL) revascularization 

registry. This registry captures over 1,200 clinical data points on patient and procedural 

parameters, as previously described.207 The presence of CAD was defined as ≥50% stenosis of an 

epicardial coronary artery on angiography. Time of procedure was dichotomized as morning (8:00-

12:00 h) or afternoon (12:00-16:00 h). Patients undergoing coronary angiography or PCI in the 

evening were not included for workflow reasons. 

4.4.3 Plasma Processing for Measurement of Plasma PAI-1 Levels 

Arterial blood samples were collected from consecutive eligible patients referred for PCI 

between August 2015 and October 2019. Blood was collected in 3.2% sodium citrate tubes (Becton 

Dickinson, Franklin Lakes, NJ, USA) immediately upon the completion of the procedure and 

processed within two hours. Samples were centrifuged at 1,200 x g for 10 minutes at 4°C without 

brakes then spun at 3,200 x g for 10 minutes to remove further contaminants before being stored 

at -80°C until further processing. Plasma was analyzed in a 1:5 dilution using human PAI-1 

enzyme-linked immunosorbent assay (ab184863, Abcam, Cambridge, United Kingdom) as per 

manufacturer’s recommendations by a researcher blinded to the patient and procedural details.   
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4.4.4 Follow-up and Outcomes 

Outpatient clinic or chart review follow-up was completed to evaluate the endpoints of UR 

and major adverse cardiac events. UR occurred when patients unexpectedly returned to the 

catheterization lab for coronary revascularization. Clinicians and personnel who conducted the 

clinical follow-up to determine adverse outcomes by a clinic visit or chart review were blinded to 

plasma PAI-1 levels. Myocardial infarction and UR events were captured upon patients returning 

to the Ottawa Heart Institute. Clinical characteristics at one-year follow-up was captured and 

recorded through the CAPITAL Revascularization Registry. 

 

4.4.5 Systematic Review Search Strategy 

An update was performed of a previously described systematic review and meta-

analysis.205 The updated literature search was performed by a medical librarian (S.V.) on 

December 18, 2019 using a combination of key terms related to PAI-1 as previously described 

using date limiters (see Table 4-1).205 Title and abstracts of all eligible studies were screened by 

two independent reviewers using Covidence (Level 10, Melbourne, Australia) and selected 

manuscripts for full review were independently reviewed for inclusion. Inclusion criteria, quality 

assessment, and data extraction methods were all consistent with our previous description.205 

However, exclusion criteria remained similar as the previous manuscript with the addition of the 

following criteria for exclusion: (1) studies examining the relationship of PAI-1 activity with 

outcomes, (2) angiography-determined restenosis as the primary outcome, and (3) studies where 

fibrinolytics were utilized as the primary revascularization method. Finally, study quality was 

assessed using the Newcastle-Ottawa Scale.  
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Table 4-1. Search Strategy for Ovid MEDLINE (<1946 to Dec 17, 2019 

# Search Strategy Results, n 
1 exp Myocardial Ischemia/ 422285 
2 (myocard* adj5 (isch?em* or infarct*)).tw. 224707 
3 ami.tw. 18426 
4 (heart adj5 infarct*).tw. 15222 
5 (isch?emi* adj5 heart).tw. 48072 
6 (coronary adj5 (stenosis or restenosis)).tw. 17491 
7 exp Coronary Artery Bypass/ 51987 
8 cabg.tw. 17352 
9 CAG.tw. 9941 
10 angina?.tw. 53627 
11 (coronary adj5 (disease* or bypass or thrombo* or arter?oscleros*)).tw. 191751 
12 chd.tw. 24052 
13 acute coronary syndrom*.tw. 29612 
14 acs.tw. 20663 
15 exp Percutaneous Coronary Intervention/ 51684 
16 (percutaneous coronary adj2 (interven* or revascular*)).tw. 31890 
17 pci.tw. 24181 
18 ptca.tw. 6458 
19 exp Angioplasty/ 60709 
20 angioplast*.tw. 42692 
21 ((coronary or arterial) adj4 dilat*).tw. 5381 
22 endoluminal repair*.tw. 215 
23 exp Stents/ 75004 
24 stent*.tw. 97017 
25 exp Atherectomy/ 2416 
26 atherectom*.tw. 2975 
27 or/1-26 716805 
28 Plasminogen Activator Inhibitor 1/ 8570 
29 PAI-1.tw. 10510 
30 Plasminogen activator inhibitor-1.tw. 7791 
31 SERPIN*.tw. 5949 
32 or/28-31 19889 
33 27 and 32 1748 
34 Animals/ 6530212 
35 Humans/ 18185496 
36 34 not 35 4622731 
37 33 not 36 1616 
38 limit 37 to ed=20161001-20201230 85 
39 limit 37 to dt=20161001-20201230 93 
40 38 or 39 118 
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4.4.6 Statistical Analysis 

Continuous variables were reported as mean ± standard deviation or median ± 

interquartile range as appropriate. Categorical variables were reported as proportions (%). Median 

plasma PAI-1 levels were compared using Mann-Whitney U-tests. The primary outcome for this 

study was to determine the predictive ability of plasma PAI-1 and unplanned revascularization. 

Secondary outcomes of interest were to determine the relationship between plasma PAI-1 with 

MACE and individual components of MACE.  

Plasma PAI-1 levels were categorized into tertiles (30th and 70th percentiles) and Kaplan-

Meier curves were generated to evaluate time-to-event distributions and compared by log-rank 

tests. Hazard ratios (HR) and corresponding 95% confidence intervals were obtained from Cox 

proportional-hazard models after testing for proportionality via the martingale residual method.208 

Multivariable Cox proportional-hazards model including predetermined variables were fit to 

evaluate the association of PAI-1 and established risk factors with the risk of UR and MACE. Post-

hoc landmark analysis from 0 to 30 days for early complications (during the peri-procedural 

period) and from 30 days to one year for late complications (major risk for in-stent restenosis) 

were evaluated for both UR and MACE.209 

A meta-analysis of the association between plasma PAI-1 levels (pg/mL) and MACE was 

conducted using Review Manager 5.3 (RevMan, Cochrane Collection, Copenhagen, Denmark). 

Mean differences in plasma PAI-1 levels were compared between event and no-event groups using 

random effect models using the inverse variance method. All effect estimates are reported as mean 

differences with 95% confidence intervals.  

  All statistical analyses were performed using SAS v9.4 (SAS Institute, Inc., Cary, NC, 

USA). P<0.05 was considered statistically significant. Forest plots were generated using RevMan 



 

 

 

73 

and all remaining figures were created using GraphPad Prism v8 (GraphPad Software, La Jolla, 

CA, USA). 

 

4.5 Results 

The study flow for evaluating plasma PAI-1 as biomarker of adverse events following 

coronary angiography and/or PCI is depicted in Figure 4-1. A total of 1851 patients underwent 

cardiac catheterization and had blood samples collected between August 2015 and October 2019 

at our center, with a total of 1125 clinical follow-ups completed. During that period, 215 samples 

were excluded as they were exhausted for other studies or due to poor processing of samples, and 

910 plasma PAI-1 samples were measured. The mean age was 66.4 ± 11.6 years and females 

accounted for 25.7% of the cohort. The mean body mass index was 29.1 ± 5.6 kg/m2. Co-

morbidities included type 2 diabetes mellitus (25.5%), active smoking (16.6%), dyslipidemia 

(61.5%), and hypertension (62.5%). Furthermore, indications for angiography varied with 42.1% 

presenting with acute coronary syndrome, 36.9% with stable CAD, and 13.8% with staged PCI. 

Ultimately, 63.7% of the cohort underwent PCI or CABG following coronary angiography (Table 

4-2). 
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Figure 4-1. Flow diagram for patient selection and plasma PAI-1 quantification 
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Table 4-2. Baseline characteristics 

  Total (n=910) 
Age - mean +/- SD 66.4 + 11.6 
Sex (female) - no. (%) 234 (25.7) 
BMI - mean +/- SD 29.1 + 5.6 
Hypertension - no. (%) 569 (62.5) 
Dyslipidemia - no. (%) 560 (61.5) 
Type II diabetes - no. (%) 232 (25.5) 

Diet 15 (1.6) 
Oral hypoglycemic agents 149 (16.4) 
Insulin 68 (7.5) 

HbA1c - mean + SD % 5.4 + 2.4 
Smoking - no. (%)  

Never 509 (55.9) 
Remote (quit >1 month ago) 250 (27.5) 
Active 151 (16.6) 

Family history of CAD - no. (%) 143 (15.7) 
Atrial fibrillation - no. (%) 85 (9.3) 
Indication for angiography – no. (%)  

Acute coronary syndrome 383 (42.1) 
Staged PCI  126 (13.8) 
Stable CAD 336 (36.9) 
Shock  1 (0.1) 
ROSC 3 (0.3) 

Previous History - no. (%)  
PCI 259 (28.5) 
MI 215 (23.6) 
CABG 51 (5.6) 
PAD 58 (6.4) 
CVA 49 (5.4) 
Bleed 14 (1.5) 
Heart failure 57 (6.3) 

Medications - no. (%)  
ASA 839 (92.2) 
P2Y12 840 (92.3) 
ACEi/ARB 503 (55.3) 
Beta blocker 569 (62.5) 
Calcium channel blocker 115 (12.6) 
Statin 755 (83.0) 
PPI 171 (18.8) 
NSAID 10 (1.1) 

Time of procedure - no. (%) 413 (45.4) 
Revascularized (stent + CABG) - no. (%) 580 (63.7) 
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4.5.1 Differences in Plasma PAI-1 Levels Following Coronary Angiography 

Patients who underwent unplanned revascularization had lower levels of plasma PAI-1 

levels (4386.3 pg/mL [2778.7-6664.6], n=49 vs. 5247.6 pg/mL [3414.1-7836.1], n=861; p=0.04) 

(Figure 4-2A). Plasma PAI-1 levels were similar between patients with and without MACE 

(5054.7 pg/mL [2967.6-7221.0], n=103 vs. 5243.3 pg/mL [3414.1-7836.1], n=807; p=0.33) 

(Figure 4-2B). Similarly, no differences in PAI-1 levels were seen in those with and without MI, 

UR, and stroke (4917.8 pg/mL [2892.1-7186.5], n=76 vs. 5245.4 pg/mL [3414.1-7836.1], n=834; 

p=0.13) (Figure 4-2C), death (5987.9 pg/mL [3363.6-7570.1], n=37 vs. 5225.8 pg/mL [3381.6-

7687.3], n=873; p=0.74) (Figure 4-2D), MI (6426.6 pg/mL [3333.1-7411.5], n=19 vs. 5222.6 

pg/mL [3363.6-7727.4], n=891; p=0.72) (Figure 4-2E), or stroke (6280.9 pg/mL [2960.4-7490.0], 

n=17 vs. 5225.8 pg/mL [3381.6-7687.3], n=893; p=0.97] (Figure 4-2F).  
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Figure 4-2. Difference in absolute plasma PAI-1 levels (pg/mL) by clinical outcomes.  

(A) PAI-1 levels were reduced in those with unplanned revascularization (4386 pg/mL [2659-
6670], n=49 vs. 5248 pg/mL [3414-7852], n=861; p=0.04). (B) Plasma PAI-1 levels were not 
different between patients with and without MACE (5055 pg/mL [2968-7221], n=103 vs. 5243 
pg/mL [3414-7836], n=807; p=0.33). (C) No differences of plasma PAI-1 levels were observed in 
those with and without MACE excluding death (4918 pg/mL [2858-7187], n=76 vs. 5245 pg/mL 
[3413-7844], n=834; p=0.13). (D) No difference in plasma PAI-1 levels was observed in death 
(5988 pg/mL [3166-8068], n=37 vs. 5226 pg/mL [3365-7707], n=873; p=0.74). (E) No difference 
in plasma PAI-1 levels was observed in myocardial infarction (6427 pg/mL [3333-7411], n=19 vs. 
5223 pg/mL [3364-7727], n=891; p=0.72). (F) No difference in plasma PAI-1 levels was observed 
in stroke (6281 pg/mL [2793-7710], n=17 vs. 5226 pg/mL [3373-7707], n=893; p=0.97). Data is 
presented as a violin plot and Mann-Whitney U-tests were conducted for the non-parametric data. 
P<0.05 is considered statistically significant. *P<0.05.  
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4.5.2 Baseline Plasma PAI-1 Levels and Clinical Events 

During a median follow-up period of 12.4 months (IQR, 10.3 to 14.1 months), 103 patients 

(11.3%) experienced MACE, including 49 UR (5.4%) and 19 MI (2.1%). Patients who experienced 

unplanned revascularization had higher rates of diabetes, past history of percutaneous coronary 

intervention and myocardial infarction, and more likely to be on statins (Table 4-3). 

  Interestingly, among those with UR, 21 patients (42.9 %) who re-intervened due to in-stent 

restenosis had a median plasma PAI-1 level of 4989.4 pg/mL (IQR, 2538.4-6568.5 pg/mL). 

Furthermore, 25 patients (61.2%) who underwent a non-target lesion revascularization at the time 

of UR had a median PAI-1 level of 5257.9 pg/mL (IQR, 2980.7-6801.8 pg/mL) and 3 patients 

(6.1%) were revascularized for stent thrombosis (Figure 4-3). 

Plasma PAI-1 level was not independently associated with UR nor MACE (Figure 4-4A and 
B). However, when plasma PAI-1 levels were separated into tertiles and adjusted for 

clinical and demographic variables (age, sex, diabetes, acute coronary syndrome, and time 
of procedure), PAI-1 levels were associated with UR after using the Cox proportional 

hazards (tertile 2: hazard ratio, 0.42; 95% CI: 0.15 to 1.18; tertile 3: hazard ratio 0.20; 
95% CI: 0.05 to 0.86, Model 3, Table 4-4 and Figure 4-4A). Finally, tertiled plasma PAI-1 
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levels were not associated with individual components of MACE (

 
Figure 4-5).  

The primary outcome of unplanned revascularization varied in the two periods between 0 

to 30 days (tertile 2: hazard ratio, 4.49; 95% CI: 0.54 to 37.26; tertile 3: hazard ratio, 3.11; 95% 

CI: 0.32 to 29.93) and 30 days to 1 year (tertile 2: hazard ratio, 0.49; 95% CI: 0.24 to 0.99; tertile 

3: hazard ratio, 0.36; 95% CI: 0.15 to 0.85) (Table 4-5). Despite differences in unplanned 

revascularization rates observed in the peri-procedural and 30 days to 1-year, other endpoints of 

interest were not associated with plasma PAI-1 the landmark analysis. 
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Table 4-3. Differences in baseline characteristic of those with unplanned revascularization 
 Unplanned Revascularization (n=910) 
  No (n=861) Yes (n=49) P-value 
Age (years) - mean +/- SD 66.4 + 11.6 66.1 + 11.9 0.86 
Sex (female) - no. (%) 218 (25.3) 16 (32.7) 0.25 
Body mass index (kg/m2) - mean +/- SD 29.1 + 5.7 28.7 + 4.8 0.60 
Hypertension - no. (%) 535 (62.1) 34 (69.4) 0.31 
Dyslipidemia - no. (%) 526 (61.1) 34 (69.4) 0.25 
Diabetes - no. (%) 210 (24.4) 22 (44.9) 0.0015 
Smoking - no. (%)   0.65 

Never 479 (55.6) 30 (61.2)  
Remote (quit >1 month ago) 237 (27.5) 13 (26.5)  
Active 145 (16.8) 6 (12.2)  

Family history of CAD - no. (%) 136 (15.8) 7 (14.3) 0.78 
Atrial fibrillation - no. (%) 83 (9.6) 2 (4.1) 0.19 
Indications for angiography - no. (%)    

ACS 359 (41.7) 24 (49.0) 0.32 
Staged PCI 116 (13.5) 10 (20.4) 0.17 
Stable CAD  321 (37.3) 15 (30.6) 0.35 
Shock  1 (0.1) 0 (0.0) 0.81 

Previous History - no. (%)    
PCI 232 (26.9) 27 (55.1) <0.0001 
MI 195 (22.6) 20 (40.8) 0.0036 
CABG 47 (5.5) 4 (8.2) 0.42 
PAD 57 (6.6) 1 (2.0) 0.20 
CVA 44 (5.1) 5 (10.2) 0.12 
Bleed 14 (1.6) 0 (0.0) 0.37 
Heart failure 55 (6.4) 2 (4.1) 0.52 

Medications - no. (%)    
ASA 791 (91.9) 48 (98.0) 0.12 
P2Y12 792 (92.0) 48 (98.0) 0.13 
ACEi/ARB 476 (55.3) 27 (55.1) 0.98 
B-blocker 536 (62.3) 33 (67.3) 0.47 
Calcium Channel Blocker 106 (12.3) 9 (18.4) 0.21 
Statin 709 (82.3) 46 (93.9) 0.04 
PPI 162 (18.8) 9 (18.4) 0.94 
NSAID 10 (1.2) 0 (0.0) 0.45 

Revascularized (stent + CABG) - no. (%) 546 (63.4) 34 (69.4) 0.40 
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Figure 4-3. Baseline plasma plasminogen activator inhibitor-1 (PAI-1) levels stratified by type 
of unplanned revascularization.  

Patients with unplanned revascularization due to in-stent restenosis (ISR) had a median PAI-1 
level of 4989.4 pg/mL (IQR, 2538.4-6568.5 pg/mL). Finally, patients with non-target lesion 
revascularization (NTLR) had a median PAI-1 level of 5257.9 pg/mL (IQR, 2980.7-6801.8 pg/mL) 
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Figure 4-4. Kaplan-Meier curves of clinical outcomes after stratification of plasma PAI-1 levels into tertiles.  
(A) Patients with cumulative incidence of unplanned revascularization within one-year follow-up separated by baseline PAI-1 
measurements. Neither high nor middle tertile of plasma PAI-1 levels had lower incidence of unplanned revascularization. (B) Patients 
with cumulative incidence of major adverse cardiac events (MACE) within one-year follow-up separated by baseline PAI-1 
measurements. Neither high nor middle tertile of plasma PAI-1 levels had lower incidence of MACE. Kaplan-Meier curves were 
generated and compared by log-rank test and hazard ratios were evaluated using the Cox proportional hazards model. P<0.05 is 
considered statistically significant 
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Table 4-4. Clinical outcomes predicted by plasma PAI-1 levels 

  Unplanned revascularization MACE 

Model HR (95% CI) P-value HR (95% CI) P-value 

Model 1 - unadjusted tertile PAI-1 (relative to low PAI-1) 
    

Middle PAI-1  0.69 (0.37-1.30) 0.25 0.84 (0.53-1.35) 0.48 

High PAI-1 0.50 (0.23-1.07) 0.07 0.85 (0.52-1.40) 0.53 

Model 2 - adjusted tertile PAI-1 (relative to low PAI-1)* 
    

Middle PAI-1  0.66 (0.35-1.25) 0.20 0.78 (0.49-1.25) 0.30 

High PAI-1 0.47 (0.21-1.03) 0.06 0.78 (0.47-1.30) 0.35 

Model 3 - adjusted tertile PAI-1 (relative to low PAI-1)**     

Middle PAI-1  0.42 (0.15-1.18) 0.10 0.51 (0.25-1.04) 0.06 

High PAI-1 0.20 (0.05-0.86) 0.03 0.47 (0.22-1.02) 0.057 

*adjusted for age (years), acute coronary syndrome, type 2 diabetes, and sex 

**adjusted for age (years), acute coronary syndrome, type 2 diabetes, sex, and time of procedure  
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Figure 4-5. Cumulative incidence curves of individual components of major adverse cardiac events stratified by plasma PAI-1 
levels.  
(A) Cumulative incidence curve of MACE without death separated by tertiled PAI-1 levels. (B) Cumulative incidence curve of death 
separated by tertiled PAI-1 levels. (C) Cumulative incidence curve of cerebrovascular accident separated by tertiled PAI-1 levels. (D) 
Cumulative incidence curve of myocardial infarction separated by tertiled PAI-1 levels 
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Table 4-5. Primary and secondary outcomes in early- and late- stent complications 

  Middle PAI-1 tertile High PAI-1 tertile 

Variable 

Event

s (%) HR (95% CI) 

P-

value 

Events 

(%) HR (95% CI) 

P-

value 

Early complications - <30 days 
      

Unplanned revascularization 2.1 4.49 (0.54-37.26) 0.16 1.4 

3.11 (0.32-

29.93) 0.33 

MACE 2.8 2.56 (0.70-9.30) 0.15 2.3 2.06 (0.51-8.23) 0.31 

Death  0.8 2.28 (0.24-21.90) 0.48 1.1 

3.08 (0.32-

29.57) 0.33 

Myocardial infarction, unplanned 

revascularization, or stroke 2.2 6.13 (0.77-48.98) 0.09 1.9 

5.14 (0.60-

44.01) 0.14 

Late complications - 30 days to 1 year 
      

Unplanned revascularization 4.9 0.49 (0.24-0.99) 0.048 3.4 0.36 (0.15-0.85) 0.02 

MACE 8.6 0.68 (0.40-1.13) 0.14 9.2 0.73 (0.42-1.26) 0.25 

Death  2.8 0.67 (0.28-1.62) 0.37 3.8 0.89 (0.37-2.15) 0.80 

Myocardial infarction  1.1 0.43 (0.12-1.52) 0.19 2.3 0.87 (0.28-2.73) 0.81 

Stroke  1.4 0.62 (0.18-2.18) 0.46 1.5 0.34 (0.07-1.79) 0.20 

Myocardial infarction, unplanned 

revascularization, or stroke 
6.0 0.55 (0.31-1.00) 0.05 6.2 0.57 (0.30-1.08) 0.09 

*reference of low plasma PAI-1 tertile 
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4.5.3 Systematic Review of the Association Between Plasma PAI-1 and MACE after PCI 

Study Selection 

An updated literature search was conducted on December 18, 2019 and a total of 9612 

articles were identified. After excluding 3178 duplicate articles, 6434 titles and abstracts were 

screened, of which 377 articles underwent full review. A total of ten articles were included for 

analysis (Figure 4-6).   
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Figure 4-6. Flow diagram of selection of plasma PAI-1 studies for systematic review and 
meta-analysis  
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Plasma PAI-1 and Clinical Outcomes 

Plasma PAI-1 levels were extracted from each manuscript with the corresponding event 

rates (Table 4-6). Study sample sizes ranged from 42 to 2806 patients. Three trials examined the 

relationship between baseline plasma PAI-1 levels and MACE following PCI. Most studies were 

of moderate quality (Table 4-7). Considerable statistical heterogeneity was observed between 

studies (I2 ≥79%). Pooled analyses failed to show an association between plasma PAI-1 and 

MACE in all-comer (mean difference: 2.29 ng/mL (95% CI, -0.81 to 5.38 ng/mL, P=0.15, Figure 

4-7A)147, 166, 210-217 or PCI-only populations (mean difference: 6.17 ng/mL (95% CI, -4.12 to 16.46 

ng/mL, P=0.24, Figure 4-7B).166, 213, 215 
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Table 4-6. Included studies reporting plasma PAI-1 antigen levels (ng/mL) and major adverse cardiac events 

          Event   No Event 

Reference Year 

Follow-up 

(months) Population    N 

PAI-1 

(ng/mL) Range 

Deat

h 

M

I 

CV

A   N 

PAI-1 

(ng/mL) Range 

Juhan-Vague et 

al. 1996 24 MI 
 

106 18.2 8.2 40 66 n/a 
 

2700 14.8 8.9 

Moss et al.  1999 26 MI 
 

81 25 18 25 56 n/a 
 

964 29 28 

Redondo et al. 2001 24 MI 
 

37 40.725 22.28 2 35 n/a 
 

157 42.65 21.02 

Ganti et al. 2002 n/a MI 
 

4 80.68 16.38 4 n/a n/a 
 

38 61 21.95 

Robinson et al. 2007 5 to 51 CAD 
 

19 36.3 17.9 2 2 2 
 

79 45.4 25.6 

Pineda et al. 2010 36 MI 
 

25 65.13 53.3 4 21 n/a 
 

117 70.1 48.34 

Yano et al. 2013 20 Smokers 
 

66 65.73 64.57 n/a 11 55 
 

744 42.97 36.54 

Yano et al. 2014 30 HTN 
 

42 31.67 16.12 4 13 16 
 

548 28.33 14.87 

Golukhova et al. 2015 28 

Elective 

PCI 
 

23 72.75 29.86 2 20 n/a 
 

71 49.75 23.16 

Kosaki et al. 2018 27 ACS   112 44.1 42.9 12 5 15   288 37.5 37.5 
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Table 4-7. Study quality of included studies examined using Newcastle-Ottawa Scale 

Reference Year Study Design Selection Comparability Exposure/Outcome Total 
Juhan-Vague et al. 1996 Cohort 3 0 3 6 

Moss et al.  1999 Cohort 2 0 3 5 
Redondo et al. 2001 Cohort 3 0 2 5 

Ganti et al. 2002 Cohort 2 0 1 3 
Robinson et al. 2007 Cohort 3 0 3 6 

Pineda et al. 2010 Cohort 3 0 3 6 
Yano et al. 2013 Cohort 3 0 3 6 
Yano et al. 2014 Cohort 3 0 3 6 

Golukhova et al. 2015 Cohort 2 0 3 5 
Kosaki et al.  2018 Cohort 4 0 3 7 
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Figure 4-7. Comparison of mean plasma PAI-1 levels (pg/mL) with major adverse cardiac events (MACE).  
(A) In all-comer population, no difference was observed between MACE and control with a mean difference of 2.29 ng/mL (95% CI, -
0.81 to 5.38 ng/mL), p=0.15. (B) In percutaneous coronary intervention only population, no difference was observed between MACE 
and control with a mean difference of 6.17 ng/mL (95% CI, -4.12 to 16.46 ng/mL), p=0.24. Data is expressed as mean difference and 
analyzed using a random effects model. P<0.05 is considered statistically significant
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4.6 Discussion 

Our report is the largest cohort of patients undergoing coronary angiography and/or PCI 

with contemporary medical management. In this study, plasma PAI-1 was not found to be an 

independent predictor of UR nor of MACE but was associated with UR after adjustment for known 

clinical factors. Furthermore, in an updated systematic review and meta-analysis, plasma PAI-1 

was not found to predict MACE in either the all-comer or PCI-only population.205 Finally, post-

hoc landmark analysis suggested that low PAI-1 levels were associated with increased risk of stent 

complications beyond the peri-procedural period. 

In our angiography-based study, the lack of association between plasma PAI-1 and MACE 

stands in contrast to previously published work.25, 202, 210 Importantly, previous studies had a long-

term follow-up period exceeding 10 years compared to the one year follow up in our current report. 

Furthermore, these studies were conducted in populations without pre-existing cardiovascular 

disease whereas our cohort consists of patients with a high pre-test probability of CAD presenting 

for revascularization. Interestingly, our landmark analyses suggested that PAI-1 was not predictive 

in the acute post-procedural period but was predictive of late complications in the period where 

ISR remains predominant. If confirmed, this finding may be owing to differences in the biology 

of early and late vessel failure. Importantly, the lack of association between MACE and PAI-1 

observed in our study is not likely due to the existence of known risk factors which influence 

plasma PAI-1 levels such as age, type 2 diabetes, obesity, and acute coronary syndrome, as 

adjusted analysis failed to identify significant associations.48, 96, 218 Finally, it is important to note 

that we did not measure PAI-1 activity or its target tPA as measurement of activity levels are 

sensitive to experimental factors and technical challenges such as isolation technique used, 

temperature, and time of blood draw. 39, 85, 219 Furthermore, PAI-1 antigen measurement captures 
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all variants of PAI-1 including: 1) free and active PAI-1 (measured in a PAI-1 activity assay), 2) 

PAI-1 complexed to tPA or uPA (measured in both PAI-1 and tPA antigen ELISA), and 3) latent 

or inactive PAI-1.205 Nonetheless, the totality of evidence currently does not support plasma PAI-

1 as predictive of MACE in either all-comer or PCI-only populations. 

Previous studies have demonstrated that low levels of plasma PAI-1 were associated with 

higher rates of ISR following PCI.180, 220-222 Our results complement these studies with reduced 

plasma PAI-1 levels are associated with unplanned revascularization. Moreover, landmark 

analysis for late complications suggested that low plasma PAI-1 levels were associated with late 

unplanned revascularization. Follow-up beyond the peri-procedural period is known to be a high-

risk period for in-stent restenosis with peak neointimal formation occurring 6 months following 

PCI.209, 223 This result is not surprising given our previous meta-analysis which revealed that 

increased rates of coronary restenosis following PCI was associated with reduced levels of plasma 

PAI-1.180, 205, 221, 224  

In our cohort, plasma PAI-1 levels were associated with unplanned revascularization 

following adjustment with clinical variables. Furthermore, post-hoc landmark analysis conducted 

beyond one-month following angiography demonstrates that high plasma PAI-1 levels were 

associated with reduced rates of unplanned revascularization. Contemporary molecular 

understanding of in-stent restenosis is believed to be driven by the recruitment of inflammatory 

cells beyond the peri-procedural period of one-month, driving vascular SMC phenotypic switching 

to a hyper-proliferative and migratory state to narrow and eventually obstruct the vascular lumen 

to cause ISR.108 Interestingly, elevated levels of PAI-1 has previously been associated with 

decreased ISR rates in patients following PCI.180, 205, 220 Moreover, anti-proliferative agents such 

as paclitaxel coated onto stents induced PAI-1 expression to prevent restenosis by complexing 
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with vitronectin to inhibit the pro-inflammatory environment required for SMC phenotypic 

switch.203, 225, 226 Patients in our cohort with unplanned revascularization experienced stent failure 

and the measurement of plasma PAI-1 at the time of catheterization potentially has the additive 

effect of identifying high-risk populations following PCI since no established risk scores yet exists. 

These findings remain hypothesis generating and future studies examining the relationship of 

plasma PAI-1 following PCI should focus on the predictive ability of PAI-1 and ISR beyond one-

month.  

The Kaplan-Meier curve examining the relationship between plasma PAI-1 and unplanned 

revascularization in the peri-procedural period favour low levels of plasma PAI-1. Following 

plaque erosion or rupture – as it potentially may occur during stent deployment - platelets are 

recruited to the site of injury and release PAI-1 into the vascular milieu creating a pro-thrombotic 

environment.68 Pathologically elevated levels of PAI-1 has been associated with lysis-resistant 

thrombus.227 Moreover, since PAI-1 levels are correlated with platelet activation, it may behave as 

a surrogate marker of pro-thrombotic extracellular vesicle release at the site of vascular injury.228 

Given that PAI-1 as a biomarker appears to behave in a paradoxical fashion in the short- vs long-

term post-PCI, the question pertaining to the utility of plasma PAI-1 as a biomarker in predicting 

UR and MACE requires refinement of when it is measured and of the population of interest. 

Importantly, it does not exclude a potential to target PAI-1 for therapeutic efficacy, especially in 

high risk periods.  

The poor predictive ability of plasma PAI-1 with MACE may be due to multiple factors, 

including: (1) circulating PAI-1 levels are influenced by circadian rhythm,85 (2) its levels are 

affected by various pro-inflammatory states which are predominant in our cohort,206 (3) no 

reference range or specific cut-off values for plasma PAI-1 levels has yet been established, and (4) 



 

 

 

95 

PAI-1 levels may not be predictive of MACE in those with established CAD. We have previously 

demonstrated that since PAI-1 had a low index of individuality of 0.4, changes in serial 

measurements of plasma PAI-1 levels from multiple samples are more meaningful to ascertain 

risk.206 Accordingly, studies of PAI-1 as a biomarker focused on serial changes rather than absolute 

values may be informative based on our current findings. 

Our study is not without limitations. First, the influence of circadian rhythm on plasma 

PAI-1 levels is not accurately captured by accounting for daytime variation in coronary 

angiography performed due to variance in diurnal rhythm.85 Second, although a prospective 

registry data collected at the time of catheterization was used to capture clinical outcomes, this 

remains a observational study and the plasma levels are potentially influenced by other 

confounding variables, which may not have been captured in the analysis. Third, our study 

measured only baseline plasma PAI-1 levels at the time of angiography and did not measure serial 

changes throughout the follow-up period. Fourth, the association between plasma PAI-1 levels and 

unplanned revascularization remains exploratory and requires validation.      

 

4.7 Conclusion 

Basal plasma PAI-1 levels are not independently associated with UR but not MACE in 

patients undergoing angiography and/or PCI but associated with UR following adjustment with 

known clinical factors. Moreover, our post-hoc landmark analysis revealed that low plasma PAI-

1 levels were associated with increased UR rates for late complications. Our findings suggest that 

studies focusing on serial change from multiple measurements rather than basal plasma PAI-1 

levels may be informative and shed light on the mediatory role of PAI-1 in the pathogenesis of 

stent complications following PCI. 
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Chapter 5 

Plasminogen activator inhibitor-1 platelet extracellular vesicles predicts MACE and the 

pro-inflammatory SMC phenotype 

 

5.1 Preface 

This chapter has been submitted and is currently under review.  

5.2 Abstract 

Background: Patients with established coronary artery disease (CAD) remain at elevated risk of 

major adverse cardiac events (MACE). We sought to evaluate the utility of plasminogen activator 

inhibitor-1 positive platelet-derived extracellular vesicles (PAI-1+ PEV) as a biomarker for 

MACE, and to explore potential underlying mechanisms. 

 

Methods: Circulating plasma PAI-1+ PEV levels were assessed by flow cytometry and electron 

microscopy in 456 patients with CAD. The utility of PAI-1+ PEV as a biomarker for MACE at one 

year was evaluated in a discovery and validation cohort. Mechanisms of PAI-1+ PEV-induced 

changes to vascular smooth muscle cells (VSMC) and thrombus formation was assessed in vitro. 

 

Results: PAI-1+ PEV levels were elevated in MACE (13786.6 [6711.7-26942.1] vs. 8344.9 

[3777.2-33499.7] PAI-1+ PEV/!L; p=0.047; for event vs. non-event, respectively). Patients with 

high circulating levels of PAI-1+ PEV had higher rates of MACE (262.3 vs. 103.0 events per 1,000 

person-years; hazard ratio (HR) 2.19; 95% CI, 1.07-4.52; and HR 2.67; 95% CI, 1.22-5.84, 

discovery and validation cohorts, respectively). High PAI-1+ PEV fractions did not enhance 

thrombogenicity but promoted a pro-inflammatory VSMC state by enhancing proliferation and 
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migration, and up-regulating inflammatory genes (KLF4). Inhibition of the PAI-1-LRP-1 

interaction dampened the pro-inflammatory VSMC response. 

 

Conclusion: Circulating PAI-1+ PEV induced pro-inflammatory changes in VSMC through 

LRP1 and is strongly associated with MACE. Targeting the PAI-1+ PEV-VSMC interaction may 

offer a novel target to modulate cardiac events in patients with CAD. 

 

5.3 Introduction 

Obstructive coronary artery disease (CAD) is frequently treated with revascularization by 

percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG) in patients 

with refractory symptoms or acute coronary syndromes.1, 229. Despite significant advances in PCI 

techniques and technologies since its inception, the stented coronary artery remains the highest-

risk coronary lesion with annualized adverse event rates as high as 8-12% in the following year.114, 

118, 199 Comparatively, the putative vulnerable plaque has an annualized event rate of 0.05% - 

making identification and treatment of patients following coronary stenting an unmet need.114, 118, 

199 Two major complications resulting in target vessel failure are in-stent restenosis (ISR) and stent 

thrombosis (ST).223   

Plasminogen activator inhibitor-1 (PAI-1) is primarily an anti-fibrinolytic protein which 

inhibits fibrin clot degradation by preventing the action of tissue-type plasminogen activator.203 

Elevated levels of PAI-1 has been previously associated with type 2 diabetes, acute myocardial 

infarction (MI) and unplanned revascularization.48, 205, 230 Although PAI-1 is synthesized and 

secreted by endothelial cells, cardiomyocytes, and fibroblasts, the majority of plasma PAI-1 is 

derived from platelets.48, 68, 203 Interestingly, inhibition of PAI-1 has previously been demonstrated 
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to reduce vascular smooth muscle cell (VSMC) migration and resultantly mitigate intimal 

formation after vascular injury in mouse models.74, 231 However, in humans few studies have 

evaluate or linked PAI-1 levels to outcomes in patients with CAD. 

Extracellular vesicles (EVs) are released from circulating blood cells and vascular cells at 

the time of vascular injury.228, 232, 233 In addition to small studies suggesting a role as a biomarker, 

EVs potentially modulates stent failure in two ways: 1) EVs are abundant in surface-exposed 

negatively-charged phosphatidylserine which catalyzes thrombosis,234 and 2) EVs contain pro-

inflammatory protein and genetic material that could be potentially transferred to recipient cells at 

sites of vascular injury to modulate a phenotypic response.235-239 To date, no data exists on the 

relationship between PAI-1 and EVs in humans despite platelets being a common source – or if 

they play a pathological role in clinical events in patients with CAD. 

Accordingly, we hypothesized that platelet-derived extracellular vesicles may represent a 

major source of pathologic PAI-1 (PAI-1+ PEV). Moreover, we evaluated if these EVs were 

associated with major adverse cardiac events (MACE). Finally, sought to evaluate the role of PAI-

1+ PEVs in models of thrombus formation and in VSMC phenotypic switching for arterial 

remodeling post revascularization. 

 

5.4 Methods 

5.4.1 Ethics statement 

This study was approved by the Ottawa Health Science Network Research Ethics Board 

(#20160516-01H for in vitro experimentation and #20190224-01H for clinical follow-up). Written 

informed consent was obtained from all participants. 
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5.4.2 Study population and sample collection 

The University of Ottawa Heart Institute is a regional tertiary center serving over 1.2 

million people in the capital region of Canada and all coronary catheterization procedures are 

registered in the Cardiovascular And Percutaneous clInical TriALs (CAPITAL) revascularization 

registry. This registry captures over 1,200 clinical data points with regards to patient and 

procedural factors.207 CAD was defined as angiography confirmed stenosis ≥50%. Diabetes status 

was defined as having hemoglobin A1c levels ≥6.5% on presentation or prior diagnosis of diabetes 

mellitus (DM).206 Patients undergoing revascularization after hours were not included for 

workflow reasons.  

Between October 2016 to August 2018, blood samples were collected on consecutive 

eligible patients referred for coronary revascularization.230 Arterial blood samples were collected 

in 3.2% sodium citrate tubes (Becton Dickinson, Franklin Lakes, NJ, USA) immediately upon the 

completion of the procedure and processed within two hours. Samples were centrifuged at 1,200 

x g for 10 minutes at 4°C without brakes from which plasma was extracted and spun at 3,200 x g 

for 10 minutes to remove further contaminants and was stored at -80°C until further processing.  

 

5.4.3 Clinical outcomes 

Outpatient clinic or chart review was conducted at one-year following basal blood draw to 

evaluate the endpoints of major adverse cardiac events and unplanned revascularization. The 

primary outcome was MACE, defined as a composite of death, myocardial infarction, unplanned 

revascularization, and cerebrovascular accident. Secondary outcomes were individual components 

of MACE. Clinical follow-up was conducted in-person and recorded in the CAPITAL 

Revascularization Registry. Clinicians who performed the clinical follow-up were blinded to PAI-
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1+ PEV levels. For analysis purposes, the entire cohort of consecutive 456 patients with PAI-1+ 

PEV levels were equally divided into two groups by simple random sampling of events (n=76) and 

non-events (n=380) into a discovery and validation cohort (n=228 each). 

 

5.4.4 Washed platelet preparation 

Whole blood was spun at 200 x g for 20 minutes with no brakes and the top layer was 

carefully transferred into a falcon tube, PGE1 was added to a final concentration of 1!M and was 

spun at 1,000 x g for 10 minutes with no brakes. Platelets were washed in washing buffer (103 

mM NaCl, 5 mM KCl, 1 mM MgCl2, 5 mM glucose, 36 mM citric acid, 3.5 mg/mL BSA, and pH 

6.5) and spun at 1,000 x g for 10 minutes. Finally, platelets were resuspended in Tyrode’s buffer 

(5 mM HEPES, 137 mM NaCl, 2 mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.3 mM NaH2PO4, 

3.5 mg/mL BSA, and pH 7.4).  

 

5.4.5 Plasma PAI-1 assessment 

Human plasma spun at 3,200 or 20,000 x g at 4°C were measured in a 1:5 dilution using 

human PAI-1 enzyme-linked immunosorbent assay was purchased from Abcam (ab184863, 

Abcam, Cambridge, United Kingdom) as per manufacturer’s recommendations by a researcher 

blinded to patient and procedural characteristics. PAI-1 activity (IU/mL) was evaluated as per 

manufacturer’s recommendations using a chromogenic assay kit (ab108894, Abcam).  

 

5.4.6 Extracellular vesicle analysis 
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For isolation of EVs, plasma was first spun at 20,000 x g for 20 minutes. Then the sample 

was resuspended in Annexin V buffer and incubated with Annexin V-PE (130-118-363, Miltenyi 

Biotec), spun at 20,000 g for 20 minutes, and incubated with appropriate antibodies (1:20 CD41a-

VioBlue (130-105-558) and 1:7.5 PAI-1-FITC (11501-05041) or IgG-FITC for 1 hour. Samples 

were spun at 20,000 g for 20 minutes and resuspended in phosphate-buffered saline (PBS), with 

1:300,000 1.00 !m Fluoresbrite YG Microspheres (17154-10, Polysciences Inc). Data on 10,000 

YG microsphere events were acquired using the MACSQuant 10 flow cytometer (Miltenyi 

Biotec). PAI-1+ PEV (defined as Annexin V+/CD41+/PAI-1+) quantification was conducted using 

FlowJo v10 (Ashland, Oregon, USA).   

 

5.4.7 Electron microscopy 

PEVs (1.0x107 EVs/mL) were incubated for 4 hours in PBS containing 0.05% bovine 

serum albumin and anti-PAI-1 monoclonal antibody (1:200). Following primary antibody 

incubation, the sample was washed with PBS and incubated for 1 hour in goat anti-mouse IgG 

gold-linked polyclonal antibody (1:50, ab27421, Abcam). The sample was washed in PBS and 

loaded onto carbon-coated copper grids (300 mesh) for transmission electron microscopy 

(TecnaiTM G2 Spirit TWIN, FEI Company, Hillsboro, USA).  

 

5.4.8 Thrombus formation using the Total Thrombus Analysis System 

Thrombus formation was analyzed using a validated automatic microchip-based flow 

chamber system Total Thrombus Analysis System (T-TAS, Zacros, Fujimori Kogyo Company, 

Japan), using the AR chip.240-243 Whole blood was incubated with increasing concentrations of 

EVs isolated from volunteers for 5 minutes prior to T-TAS analysis. For comparative analysis 
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between ISR and control EV, plasma from ISR and control patients were spun at 20,000g for 90 

minutes and a final concentration of 3.5x104 EVs/uL was added to volunteer whole blood prior to 

analysis on T-TAS. Differences in thrombus formation was quantified at four points: 1) time to 

thrombus onset measured at 10 kPa (T10), 2) time to occlusive thrombus measured at 80 kPa (T80), 

3) the rate of thrombus formation measured as a difference of T80 and T10, and 4) total 

thrombogenicity quantified as area under the pressure vs. time curve.  

 

5.4.9 Human coronary artery smooth muscle cell assessment  

Human coronary artery smooth muscle cells (C0175C, ThermoScientific) were grown in 

Medium 231 (ThermoScientific) in growth supplement (S00725). 1.0x108 washed platelets/mL 

isolated from healthy volunteers were stimulated overnight with 1.0 !g/mL collagen at room 

temperature in order to generate PEVs and quantified via flow cytometry. VSMCs were 

differentiated in differentiation supplement (S0085, ThermoScientific) for 72 hours in 6-wells and 

incubated with extracellular vesicles for 24 hours prior to extraction.  

 

5.4.10 Real-time gene expression analysis 

VSMCs were plated onto 6-well plates in Medium 231 and were subsequently treated with 

increasing concentrations of EVs (1.5-6.0x104 EVs/!L) and total RNA was extracted using TRIzol 

LS (10296010, ThermoScientific) at the indicated timepoints according to manufacturer’s 

recommendations. Total RNA (750 ng) was used for reverse transcription using SuperScriptTM IV 

VILO Master Mix (11766050, ThermoScientific) according the manufacturers’ guidelines. cDNA 

(1:10 dilution) was used for real-time expression analysis via the Eppendorf RealPlex2 and 
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quantified by the Pfaffl method.244 Primers for KLF4, KLF5, smooth muscle cell actin (ACTA2), 

and GAPDH were previously described.245  

 

5.4.11 Cell proliferation and apoptosis 

VSMC proliferation was measured using the CellTrace Violet kit (C34557, 

ThermoScientific). VSMCs were stained in the presence of 5 !M CellTrace Violet were seeded 

onto 96-well plates (5.0x103 VSMCs/mL) for 24 hours. They were then washed with PBS and 

incubated with increasing concentrations of PEVs (1.5-10.0x104 EVs/!L) and/or tiplaxtinin 

(SigmaAldrich) for 24 and 48 hours at 37°C and 5.0% CO2. Proliferation and apoptosis (Annexin 

V-FITC kit, 130-092-052, Miltenyi Biotec) was quantified according to manufacturer’s 

recommendations using the MACSQuant Analyzer 10.  

 

5.4.12 Platelet EV interaction with human coronary VSMCs 

Platelets (1.0x108/mL) were labelled with 10!M CellTracker Green CMFDA Dye (C2925, 

ThermoScientific) in Tyrode’s Buffer for 20 minutes and spun at 1000 x g for 10 minutes without 

brakes. CMFDA+ platelets were resuspended in Tyrode’s Buffer and stimulated with 1.0 !g/mL 

collagen overnight to generated CMFDA+ platelet EVs and quantified by flow cytometry. 

Subsequently, 1x108 platelet EVs/mL were incubated with tiplaxtinin or TM5275 for 30 minutes 

at room temperature. Subsequently, they were co-incubated with human coronary VSMCs for 40 

minute at room temperature as previously described by another group.237 Free platelet EVs were 

removed following centrifugation at 1400 rpm and washed with PBS. Control incubation was done 

by co-incubating PEVs with VSMCs in both vehicle control or in the presence of EDTA. CMFDA+ 

EV interaction with VSMC was quantified by median VSMC FITC intensity by flow cytometry.  
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5.4.13 Internalization of platelet EVs into VSMCs 

Washed platelets (1.0x108 /mL) extracted from healthy volunteers was stained with CFSE 

for 20 minutes in Tyrode’s buffer and spun at 3,200 x g for 20 minutes. Labelled platelets were 

subsequently stimulated with 1.0 !g/mL collagen overnight and platelets EVs were quantified 

using Annexin V and CD41. CellMask Orange labelled VSMCs plated on glass slips were co-

incubated with CellTracker Green+ EVs for 8, 12, and 24 hours and fixed with 4% 

paraformaldehyde and labelled with Hoescht staining dye. Three-dimensional images were 

acquired using the Zeiss Elyra LSM880 and analyzed using the Zen lite 3.1 and ImageJ.  

 

5.4.14 Scratch assay 

VSMCs were plated onto 96-well plates (2x104 cells/mL) in Medium 231 and incubated at 

37°C and 5.0% CO2 until confluence was achieved. VSMCs were then labelled with CellMask 

Orange (C10045, ThermoScientific) and washed with PBS. Cells were scratched using a p200 tip 

in a vertical direction, washed with PBS, and treatments suspended in Medium 231 were added to 

the 96-well plates and imaged every 2 hours using the Cytation 5 (BioTek, Winooski, Vermont, 

USA). Wound closure percentage was quantified on the Cytation Gen5 software using 

manufacturer recommendations. 

 

5.4.15 Statistical analysis 

Continuous variables were reported as mean ± standard deviation or median ± 

interquartile range (IQR) as appropriate. Continuous variables were compared by student t-test’s 
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and multiple comparisons compared to DMSO or EV controls were evaluated by Dunnett’s test. 

Categorical variables were reported as proportions (%). PEV and PAI-1+ PEV levels were 

compared with standard t-tests following log transformation. Categorical variables were compared 

by Chi-Squares test or Fisher’s exact test.  

All patients included in the study completed their one-year follow-up. Receiver-operating 

characteristics (ROC) curves were generated and the Youden Index was identified to ascertain the 

optimal cut-off value of PAI-1+ PEV in the discovery cohort and validated in the validation 

cohort.246  

Kaplan-Meier curves were generated to evaluate time-to-event distributions and compared 

by log-rank tests. Hazard ratios (HR) and corresponding 95% confidence intervals were obtained 

from stratified Cox proportional-hazard models following adjustment by clinical characteristics 

(age, DM, and acute coronary syndrome) determined a priori based on clinical judgment.  

All flow cytometry data was analyzed using FlowJo v10 (Becton, Dickinson & Company, 

Franklin Lakes, New Jersey, USA). All statistical analysis was performed using SAS v9.4 (SAS 

Institute, Inc., Cary, North Carolina, USA). ROC curves and reclassification were performed using 

the %ROCPLUS macro. All figures were created using GraphPad Prism v8 (GraphPad Software, 

La Jolla, California, USA). P-value less than 0.05 was considered statistically significant.  

 

5.5 Results 

5.5.1 PAI-1+ PEVs in human circulation 

Following isolation of extracellular vesicles from human plasma in CAD patients spun at 

20,000 g, PAI-1+ PEV (defined as Annexin V+/CD41+/PAI-1+ large extracellular vesicles) were 

measured by flow cytometry after generating a size gate using standardized Apogee beads (#1493). 
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Gates for Annexin V, CD41, and PAI-1 were based on the use of isotype and fluorescence minus 

one control where appropriate (Figure 5-1). Localization of PAI-1 on the surface of PEV was further 

validated by electron microscopy and labeling with PAI-1 antibody and appropriate gold-linked 

IgG secondary antibody (Figure 5-1J). In order to determine the proportion of PAI-1 associated 

with EVs in human plasma, plasma was EV-depleted (Figure 5-1K, demonstrating the relative 

decrease in PAI-1 levels) and PAI-1 measured at baseline and post depletion showing that PAI-1+ 

PEV contributes to 19.1 ±	6.3% of PAI-1 levels found in plasma. 
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Figure 5-1. Flow cytometry gating profile to identify PAI-1+ PEV.  

(A/B) Forward and side-scatter gate to identify upper limit using Apogee Beads. Representative 

Fluoresbrite YG beads is labelled 1000 nm beads. (C) Singlet discrimination using FSC-A and 

FSC-H. (D) Annexin V-PE positive gate (gate labelled E) to isolate extracellular vesicles. (F) From 

Annexin V+ gate, platelet extracellular vesicles were identified. (G) Gating profile of PAI-1+ PEV 

identified H-gate using isotype control FITC. (J) PAI-1+ PEV complex captured by electron 

microscopy following immunogold staining of PAI-1. (K) Plasma PAI-1 levels measured at 

baseline and EV-depleted samples. All gates were drawn based on fluorescence minus one control 

unless otherwise specified. 
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5.5.2 Plasma PAI-1+ PEV does not impact thrombus formation 

We hypothesized that PAI-1+ PEV would mediate thrombosis as both PAI-1 and EVs 

independently propagate thrombus formation. Using the available clinical data, no relationship 

was observed between PAI-1+ PEV levels in CAD patients with or without antiplatelet therapy nor 

was there an association between antiplatelets and MACE (Figure 5-2). Next, we evaluated the 

effect of PEVs on thrombogenicity using T-TAS.241 Increasing concentrations of PEVs (1.5-

6.0x104 PEV/!L) were added to healthy volunteer blood and was associated with rapid thrombus 

initiation and vessel occlusion along with increased thrombogenicity (Figure 5-3A-D). In order to 

determine the effect of PAI-1+ PEV on thrombus formation, we isolated plasma EVs from high vs. 

low proportion of PAI-1+ PEV patients and incubated healthy volunteer blood with a standardized 

amount of PEVs (3.5x104 PEVs/uL). The incubated blood was processed on the T-TAS where we 

observed no differences in time to onset of thrombus formation between high vs. low proportion 

of PAI-1+ PEV (6.0 ± 0.3 min vs. 6.0 ± 0.7 min; p=0.80; Figure 5-3E) and time to occlusion (7.9 

± 0.2 min vs. 8.2 ± 1.5 min; p=0.63; Figure 5-3F). Moreover, the rate of thrombus formation, 

calculated as a difference from time of onset to occlusion, was not different between the two groups 

(1.9 ± 0.3 min vs. 1.8 ± 0.4 min; p=0.80; Figure 5-3G). Overall thrombogenicity was also similar 

between the two groups (1854.0 ± 18.0 AUC vs. 1798.0 ± 151.8 AUC; p=0.27; Figure 5-3H). 

Corresponding microscopic images of thrombus formation under AR-chip flow conditions are 

available in Figure 5-3I. Although increasing concentrations of PEV impacted thrombus 

formation, different proportions of PAI-1+ PEV does not appear to impact thrombogenicity. 
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Figure 5-2. PAI-1+ PEV levels stratified by antiplatelet agent.  

(A) Aspirin (ASA) did not affect PAI-1 PAI-1+ PEV levels. (B) P2Y12 inhibitor did not affect 

PAI-1+ PEV levels. (C) Dual antiplatelet therapy (DAPT) did not affect PAI-1+ PEV levels. No – 

refers to patients who are not on the respective antiplatelet therapy. Comparison was done by 

Mann-Whitney U-test. P<0.05 was considered statistically significant. 

  

No Yes
0

100000

200000

300000

400000

500000
PA

I-1
+  

P
E

V
 le

ve
ls

 (/
uL

) 

No Yes
0

100000

200000

300000

400000

500000

PA
I-1

+  
P

E
V

 le
ve

ls
 (/

uL
) 

No Yes
0

100000

200000

300000

400000

500000

PA
I-1

+  
P

E
V

 le
ve

ls
 (/

uL
) 

A B CASA P2Y12 DAPT



 

 

 

111 

 

 

Figure 5-3. Impact of PEV and PAI-1+ PEV on thrombus formation. 

(A) Time to onset of thrombus formation (time to reach 10 kPa) decreased with increasing 

concentrations of PEV (8.1 ± 3.0 min vs. 4.0 ± 1.3 min vs. 3.3 ± 1.6 min vs. 2.3 ± 0.2 min, for 

DMSO, 15000, 35000, and 60000 PEV/uL, respectively; n=3). (B) Time to thrombus occlusion 

(time to reach 80 kPa) decreased with increasing concentrations of PEV (11.3 ± 2.5 min vs. 7.0 ± 

2.4 min vs. 5.4 ± 2.7 min vs. 5.1 ± 1.3 min, for DMSO, 1.5x104, 3.5x104, and 6.0x104 PEV/uL, 

respectively; n=3). (C) Overall thrombogenicity increased with increasing concentrations of PEV 

(1640 ±	214 vs. 1934 ± 171 vs. 2059 ± 166 vs. 2092 ± 75, for DMSO, 1.5x104, 3.5x104, and 

6.0x104 PEV/uL, respectively; n=3). (D) Average pressure vs. time curve for DMSO (blue), 

1.5x104 (green), 3.5x104 (red), and 6.0x104 PEV/uL (orange). (E) Time to onset of thrombus 

formation (time to reach 10 kPa) was not different between low and high PAI-1+ PEV fractions 

(6.0 ± 0.3 min vs. 6.0 ± 0.7 min, for high vs. low respectively; p=0.80). (F) Time to thrombus 

occlusion (time to reach 80 kPa) was not different between low and high PAI-1+ PEV fractions 

(7.9 ± 0.2 min vs. 8.2 ± 1.5 min, for high vs. low respectively; p=0.63). (G) No differences in rate 

of thrombus formation was observed between low and high PAI-1+ PEV fraction (1.9 ± 0.3 min 

vs. 1.8 ± 0.4 min, for high vs. low respectively; p=0.80). (H) Overall thrombogenicity was not 

different between low and high PAI-1+ PEV fractions (1854.0 ± 18.0 AUC vs. 1798.0 ± 151.8 

AUC, for high vs. low respectively; p=0.27). (I) Corresponding microscopic images of thrombus 

formation of low vs. high PAI-1+ PEV fractions under flow conditions in the AR-Chip. 
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5.5.3 PAI-1+ PEVs modulate VSMC phenotypic switching 

Next, we studied the effect of PAI-1+ PEV on VSMC phenotyping switch using a 

combination of functional assays and changes in VSMC cellular programming. First, PEV 

adhesion (1.0x108/mL) with VSMC incubated in suspension (5.0x105/mL) was assessed by flow 

cytometry following staining PEVs with CellTracker CMFDA. The interaction between PEV and 

VSMC was quantified as an increase in median fluorescence intensity (MFI) relative to the 

unstained VSMC fraction (170.7 ± 98.3 vs. 2.5 ± 0.02; p=0.005; Figure 5-4A). Similarly, co-

incubation of CMFDA+ PEVs with VSMCs demonstrates PEV binding in a dose- and time-

dependent fashion to VSMCs (Figure 5-5). 

We evaluated the effect of PAI-1+ PEV on SMC migration through an in vitro scratch assay 

in the presence of increasing concentrations of PEVs (Figure 5-6). Incubation of SMC with PEVs 

enhanced wound closure 1.7-fold compared to DMSO control at 24 hours (41.7 ± 24.1%; n=10, 

68.5 ± 19.1%; n=6, 69.1% ± 11.5%; n=11, 65.6 ± 9.3%; n=11, and 63.9 ± 15.7%, n=8, for 

DMSO, PDGF, 1.5x104 PEV/uL, 3.5x104 PEV/uL, and 6.0x104 PEV/uL, respectively, Figure 

5-4B, with corresponding images on Figure 5-6). Proliferation was evaluated using CellTrace 

Violet stained VSMCs at baseline and evaluated by flow cytometry in the presence of increasing 

concentrations of PEVs. After 24 hours of incubation, only 6.0x104 PEV/uL promoted proliferation 

compared to DMSO control (4481.0 ± 1179.3 VSMCs vs. 3319.3 ± 863.3 VSMCs, 6.0x104 

PEV/uL (n=24) and DMSO (n=7), respectively; p=0.02; Figure 5-4C). After 48 hours of 

incubation, 3.5x104 PEVs/uL promoted proliferation compared to DMSO control (5473.1 ± 945.4 

VSMCs vs. 5658.5 ± 1396.5 VSMCs vs. 4357.9 ± 673.5 VSMCs, for 3.5x104 PEVs/uL (n=24), 

6.0x104 PEVs/uL (n=24), and DMSO (n=10), respectively; p=0.004; Figure 5-4D). Finally, VSMC 
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co-cultured with PEVs exhibited changes in VSMC trans-differentiation markers, KLF4 and 

ACTA2 (Figure 5-4E).  
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Figure 5-4. PEVs modulate VSMC phenotypic switching.  

(A) CMFDA+ PEV adhesion is observed in SMCs (170.7 ± 98.3 vs. 2.5 ±	&. &(; p=0.005). (B) 

Incubation of VSMC with PEVs enhanced migration (wound closure) 1.7-fold compared to DMSO 

control at 24 hours (41.7 ± 24.1%; n=10, 68.5 ± 19.1%; n=6, 69.1% ± 11.5%; n=11, 65.6 ± 9.3%; 

n=11, and 63.9 ± 15.7%, n=8, for DMSO, PDGF, 1.5x104, 3.5x104, and 6.0x104 PEV/uL, 

respectively). (C) CellTrace Violet+ VSMC proliferation in the presence of increasing 

concentrations of PEVs at 24 hours. Only 60000 PEV/uL promoted proliferation compared to 

DMSO control (4481.0 ± 1179.3 VSMCs vs. 3319.3 ± 863.3 VSMCs, 6.0x104 PEV/uL (n=24) 

and DMSO (n=7), respectively; p=0.02). (D) CellTrace Violet+ VSMC proliferation in the 

presence of increasing concentrations of PEVs at 48 hours. Both 3.5x104 and 6.0x104 PEVs/uL 

promoted proliferation compared to DMSO control (5473.1 ± 945.4 VSMCs vs. 5658.5 ± 1396.5 

VSMCs vs. 4357.9 ± 673.5 VSMCs, for 35000 PEVs/uL (n=24), 6.0x104 PEVs/uL (n=24), and 

DMSO (n=10), respectively; p=0.004). (D) VSMC co-cultured with PEVs exhibited changes in 

VSMC differentiation markers, KLF4 and ACTA2. P<0.05 was considered statistically significant. 

VSMC = smooth muscle cell; 15K, 35K, and 60K represent 1.5x104, 3.5x104, and 6.0x104 PEV/uL. 
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Figure 5-5. Interaction between PEV and VSMCs.  

(A) Incubation with increasing concentrations of CMFDA+ PEV with VSMCs assessed by flow 

cytometry reveals increased interaction in a dose- and time- dependent fashion. (B) Representative 

immunofluorescence image to evaluate PEV-VSMC interaction. PEV were stained using 

CellTracker Green (arrow), VSMC was stained in DAPI and CellMask Orange. 
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Figure 5-6. Effect of PEV on VSMC migration by scratch assay.  

Top panels reveal corresponding microscopy images from the initial scratch at 0 hours to 24 

hours. Increasing concentrations of PEV (DMSO, 35000, 60000, and 100000 EVs/uL) enhanced 

VSMC migration over 24 hours as measured using the Cytation 5.  
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5.5.4 PAI-1+ PEV is elevated in major adverse cardiac events 

The baseline characteristics of 456 patients who had one-year clinical follow-up with 

enumerated PAI-1+ PEVs is found in Table 5-1. Briefly, the mean age of the cohort was 66.7 ± 

11.3 years and 124 patients (27.2%) were female. Importantly, patients had mixed indications for 

angiography, including both stable CAD (36.2%) and acute coronary syndrome (44.5%), and 270 

patients (59.2%) underwent revascularization in the form of PCI or coronary artery bypass 

grafting. Finally, 357 patients (78.3%) had ≥1 vessel-burden with significant CAD. 

During a median follow-up period of 12.7 months (IQR, 10.6 to 15.2 months), 76 patients 

(16.7%) in our cohort experienced MACE with 36 deaths, 7 myocardial infarctions, 28 unplanned 

revascularizations, and 18 cerebrovascular accidents. When stratified by MACE, differences in 

rates of previous PCI and MI was observed (Table 5-2). Patients who had MACE had significantly 

elevated PAI-1+ PEV levels (13786.6 [6711.7-26942.1] PAI-1+ PEV/uL vs. 8344.9 [3777.2-

33499.7] PAI-1+ PEV/uL, n=76 and 380, respectively, p=0.047, Figure 5-7A) and elevated PEV 

levels (107463.0 [58416.1-202987.8] PEV/uL vs. 71675.6 [31184.5-201313.3] PEV/uL, n=76 and 

380, respectively, p=0.04, Figure 5-7B). Furthermore, no differences were observed in plasma PAI-

1 levels and (PAI-1+ PEV)/PEV fraction between event and no-event (Figure 5-7C-D).  
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Table 5-1. Baseline characteristics 

  

Total 
(n=456) 

Age - mean (SD) 66.7 (11.3) 

Sex (female) - no. (%) 124 (27.2) 

Hypertension - no. (%) 302 (66.2) 

Dyslipidemia - no. (%) 277 (60.8) 

Diabetes - no. (%) 147 (32.2) 

Smoking - no. (%)  
Never 265 (58.1) 

Remote (quit >1 month ago) 112 (24.6) 

Active 79 (17.3) 

Family history of CAD - no. (%) 65 (14.3) 

Atrial fibrillation - no. (%) 48 (10.5) 

Indications for angiography - no. (%)  
Acute coronary syndrome 203 (44.5) 

Staged percutaneous coronary intervention 42 (9.2) 

Stable coronary artery disease 165 (36.2) 

Shock 1 (0.2) 

Previous history - no. (%)  
Percutaneous coronary intervention 118 (25.9) 

Myocardial infarction 85 (18.6) 

Coronary artery bypass grafting 23 (5.0) 

Peripheral artery disease 36 (7.9) 

Cerebrovascular accident 27 (5.9) 

Bleed 8 (1.8) 

Heart failure 23 (5.0) 

Medications - no. (%)  
Aspirin 415 (91.0) 

P2Y12 inhibitor 410 (89.9) 

ACEi/ARB 238 (52.2) 

Beta blocker 268 (58.8) 

Calcium channel blocker 63 (13.8) 

Statin 372 (81.6) 

Proton pump inhibitor 71 (15.6) 

Number of vessels with obstructive (> 50%) CAD - no. (%)  
0 99 (21.7) 

1 193 (42.3) 

2 164 (36.0) 

Revascularized (PCI + CABG) - no. (%) 270 (59.2) 
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Table 5-2. Differences in baseline characteristics by major adverse cardiac events 

  

No MACE 
(n=380) MACE (n=76) P-value 

Age - mean (SD) 65.5 (11.1) 72.5 (10.9) <0.0001 

Sex (female) - no. (%) 100 (26.3) 24 (31.6) 0.35 

Hypertension - no. (%) 250 (65.8) 52 (68.4) 0.66 

Dyslipidemia - no. (%) 221 (58.2) 56 (73.7) 0.01 

Diabetes - no. (%) 112 (29.9) 35 (46.1) 0.006 

Smoking - no. (%)   0.37 

Never 226 (59.5) 39 (51.3)  
Remote (quit >1 month ago) 89 (23.4) 23 (30.3)  
Active 65 (17.1) 14 (18.4)  

Family history of CAD - no. (%) 55 (14.5) 10 (13.2) 0.76 

Atrial fibrillation - no. (%) 37 (9.7) 11 (14.5) 0.22 

Indications for angiography - no. (%)    
Acute coronary syndrome 165 (43.4) 38 (50.0) 0.29 

Staged percutaneous coronary intervention 32 (8.4) 10 (13.2) 0.19 

Stable coronary artery disease 144 (37.9) 21 (27.6) 0.09 

Shock 1 (0.3) 0 (0.0) 0.65 

Previous history - no. (%)    
Percutaneous coronary intervention 96 (25.3) 22 (29.0) 0.5 

Myocardial infarction 63 (16.6) 22 (29.0) 0.01 

Coronary artery bypass grafting 14 (3.7) 9 (11.8) 0.003 

Peripheral artery disease 25 (6.6) 11 (14.5) 0.02 

Cerebrovascular accident 19 (5.0) 9 (10.5) 0.06 

Bleed 7 (1.8) 1 (1.3) 0.75 

Heart failure 19 (5.0) 4 (5.3) 0.92 

Medications - no. (%)    
Aspirin 346 (91.1) 69 (90.8) 0.94 

P2Y12 inhibitor 343 (90.3) 67 (88.2) 0.58 

ACEi/ARB 199 (52.4) 39 (51.3) 0.87 

Beta blocker 223 (58.7) 45 (59.2) 0.93 

Calcium channel blocker 48 (12.6) 15 (19.7) 0.1 

Statin 307 (80.8) 54 (85.5) 0.33 

Proton pump inhibitor 56 (14.7) 15 (19.7) 0.27 

Number of vessels with obstructive (> 50%) 
CAD - no. (%)   0.49 

0 86 (22.6) 13 (17.1)  
1 157 (41.3) 36 (47.4)  
2 137 (36.1) 27 (35.5)  

Revascularized (PCI + CABG) - no. (%) 235 (61.8) 35 (46.1) 0.01 
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Figure 5-7. Difference in PEV levels (/uL) stratified by MACE.  

(A) PAI-1+ PEV levels were significantly elevated in MACE (13786.6 [6711.7-26942.1] PAI-1+ 

PEV/uL vs. 8344.9 [3777.2-33499.7] PAI-1+ PEV/uL, n=76 and 380, respectively, p=0.047). (B) 

PEV levels were elevated in MACE (107463.0 [58416.1-202987.8] PEV/uL vs. 71675.6 [31184.5-

201313.3] PEV/uL, n=76 and 380, respectively, p=0.04). (C) No differences in plasma PAI-1 

levels were observed when stratified by MACE. (D) No differences in PAI-1+ PEV fraction was 

observed when stratified by MACE. Data is presented as bar graph and log-transformed data was 

compared by student t-test. P<0.05 is considered statistically significant. *P<0.05. 
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5.5.5 Utility of PAI-1+ PEV as a biomarker of MACE: discovery and validation cohort 

In an all-comer population, we sought to evaluate whether PAI-1+ PEV levels were 

predictive of MACE and the cohort was equally divided into a discovery and validation cohort. 

The optimal cut-off point (Youden’s Index) identified in the discovery cohort for prediction of 

MACE for PAI-1+ PEV was ≥6321.9/uL with an area under the curve (AUC) of 0.60 (95% CI, 

0.55-0.65) and a crude MACE rate of 262.3 vs. 103.0 events per 1,000 person-years for high vs. 

low PAI-1+ PEV levels, respectively. High PAI-1+ PEV levels were associated with MACE with 

a HR of 2.43 (95% CI, 1.43 to 4.13, p=0.001, Table 5-3, Model 1). When adjusted for clinical 

variables associated with MACE (age, DM, gender, and acute coronary syndrome), high PAI-1+ 

PEV levels remained associated with MACE with a HR of 2.49 (95% CI, 1.46 to 4.25, p=0.0008) 

and PAI-1+ PEV was the strongest predictor of MACE compared to the best-known clinical 

variables (Table 5-3, Model 2). In the discovery cohort, high PAI-1+ PEV levels were associated 

with MACE with a HR of 2.19 (95% CI, 1.07 to 4.52, log-rank p=0.03, Figure 5-8A). In the 

validation cohort, high PAI-1+ PEV levels remained predictive of MACE with a HR of 2.67 (95% 

CI, 1.22 to 5.84, log-rank p=0.01, Figure 5-8B).  
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Table 5-3. Major adverse cardiac events predicted by PAI-1+ PEV levels 

  PAI-1+ PEV 

Model for MACE 
HR (95% 

CI) 
P-

value 
Model 1 - unadjusted PAI-1 PEV levels   

PAI-1+ PEV cutoff at Youden's point 
2.43 (1.43-

4.13) 0.001 

Model 2 - adjusted by age (years), acute coronary syndrome, sex, and 

type 2 diabetes   

PAI-1+ PEV cutoff at Youden's point 
2.49 (1.46-

4.25) 

0.000

8 

Age (years) 
1.06 (1.04-

1.08) 

<0.00

01 

Acute coronary syndrome 
1.19 (0.75-

1.89) 0.46 

Sex 
1.07 (0.65-

1.75) 0.80 

Type 2 diabetes 
1.75 (1.11-

2.76) 0.02 
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Figure 5-8. Utility of PAI-1+ PEV complex for prediction of MACE.  

(A) In the discovery cohort, patients with cumulative incidence of MACE within one-year follow-

up, high PAI-1+ PEV levels were predictive of MACE (hazard ratio, 2.19; 95% CI, 1.07 to 4.52, 

log-rank p=0.03). (B) In the validation cohort, patients with cumulative incidence of MACE within 

one-year follow-up, high PAI-1+ PEV levels remained predictive of MACE (hazard ratio, 2.67; 

95% CI, 1.22 to 5.84, log-rank p=0.01). Kaplan-Meier curves were generated and compared by 

log-rank test and hazard ratios were evaluated using the Cox proportional hazards model. P<0.05 

is considered statistically significant. 
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5.5.6 Inhibition of PAI-1 attenuates SMC phenotypic switch but not thrombus formation 

Finally, the functional effect of PAI-1 on PAI-1+ PEV was evaluated using two known 

PAI-1 inhibitors: TM5275 (inhibits PAI-1 and LRP1 interaction) and tiplaxtinin (inhibits PAI-1 

by binding to vitronectin-binding site) after validating PAI-1 activity on the surface of PAI-1+ 

PEVs (Figure 5-9). Neither of the two inhibitors affected thrombus formation in T-TAS with no 

change in onset of thrombus formation, occlusion, nor rate of thrombus formation, which not 

ameliorate the overall thrombogenicity (Figure 5-10A-D). The addition of TM5275 reduced 

CMFDA+ PEV and VSMC interaction by 3.7-fold (62.5 ± 20.6 MFI vs. 241.3 ± 22.9 MFI; 

p=0.0008; Figure 5-10E) whereas tiplaxtinin had no effect on PEV-VSMC interaction (167.1 ± 

92.4 vs. 241.3 ± 22.9; p=0.25). TM5275 significantly reduced VSMC proliferation regardless of 

the PEV dosage (1.5x104 or 3.5x104 PEV/uL) at both 24 and 48-hour timepoints (Figure 5-10F-

G). 

  



 

 

 

125 

 

Figure 5-9. PAI-1 activity of PAI-1+ PEV complex in the presence of PAI-1 inhibition.  

(A) The addition of PAI-1 monoclonal antibody (MAb) had no effect on activity of PAI-1+ PEV 

complex (IU/mL). (B) Increasing concentrations of tiplaxtinin had no effect on PAI-1+ PEV 

complex activity. P<0.05 is considered statistically significant. 

  



 

 

 

126 

 

Figure 5-10. Inhibition of PAI-1 does not affect thrombus formation but attenuates the pro-
inflammatory VSMC phenotype.  

(A) No difference in time to onset of thrombus formation (time to reach 10 kPa) was observed in 

the presence of PAI-1 inhibitors (5.7 ± 1.2 min vs. 6.5 ± 0.6 min vs. 6.9 ± 0.6 min for EV, 25 

)M tiplaxtinin, and 0.1 )M TM5275, respectively; n=4; p=0.80). (B) Time to thrombus occlusion 

(time to reach 80 kPa) was not different in the presence of PAI-1 inhibitors (8.6 ± 0.8 min vs. 8.7 

± 0.4 min vs. 8.4 ± 0.8 min, for EV, 25 )M tiplaxtinin, and 0.1 )M TM5275, respectively; n=4; 

p=0.63). (C) No differences in rate of thrombus formation was observed in the presence of PAI-1 

inhibitors (2.9 ± 0.8 min vs. 2.2 ± 0.3 min vs. 1.5 ± 0.4 min, for EV, 25 )M tiplaxtinin, and 0.1 

)M TM5275, respectively; n=4; p=0.80). (D) Overall thrombogenicity was not different in the 

presence of PAI-1 inhibitors (1809 ± 71 AUC vs. 1797 ± 39 AUC vs. 1792 ±	51 AUC, for EV, 

25 )M tiplaxtinin, and 0.1 )M TM5275, respectively; n=4; p=0.27). (E) CMFDA+ PEV and 

VSMC interaction was attenuated in the presence of 0.1 )M TM5275 (62.5 ± 20.6 MFI vs. 241.3 

± 22.9 MFI; n=5; p=0.0008) but not with 25 )M tiplaxtinin (167.1 ± 92.4 vs. 241.3 ± 22.9; n=5; 

p=0.25). (F) VSMC proliferation was inhibited in the presence of TM5275 after 24- and 48-hour 

incubation of 15,000 PEV/)L. (G) VSMC proliferation was inhibited in the presence of TM5275 

after 24- and 48-hour incubation of 3.5x104 PEV/)L. 



 

 

 

127 

5.6 Discussion 

Patients with CAD continue to accrue adverse events despite guideline-directed medical 

therapy and revascularization. Identification of novel markers to risk stratify patients and/or to 

offer new therapeutic interventions remains a priority. Given the potential of EVs to behave as a 

biomarker and due to the common origin of PAI-1 and EV from platelets, our study sought to 

evaluate whether PAI-1+ PEV predicts MACE and affects thrombus formation and pro-

inflammatory VSMC phenotype. Our study presents five novels findings regarding PAI-1+ PEV: 

1) the presence of a PAI-1+ PEV complex in human plasma, 2) PAI-1+ PEVs in standardized PEV 

fraction has no effect on thrombus formation, 3) PEV promotes the pro-inflammatory VSMC 

phenotype, 4) inhibition of PAI-1+ PEV through TM5275 attenuates VSMC phenotypic switching 

but has no effect on thrombus formation, and 5) high PAI-1+ PEV levels were predictive of MACE 

in both the discovery and validation cohort. Overall, PAI-1+ PEV acts as a promising biomarker 

and offers a novel target to modulate vessel biology in patients with CAD.  

We hypothesized that circulating plasma PAI-1 was largely EV derived and would 

modulate event rates in patients with CAD by increasing thrombotic risk. We found that 19.1% of 

circulating PAI-1 is in PAI-1+ PEVs – a newly identified subgroup of circulating PEVs. In our in 

vitro models, PAI-1+ PEVs did not increase thrombogenicity compared to PEVs alone. 

Interestingly, PEVs were demonstrated to interact with VSMCs, subsequently increasing 

phenotypic switching, migration, and synthetic function. Inhibition models confirmed VSMCs 

sequestered PEVs through a PAI-1 and LRP-1 dependent interaction resulting in VSMC changes. 

Finally, high levels of circulating PAI-1+ PEV was strongly associated with adverse clinical 

outcomes in our cohort suggesting a strong potential as a biomarker of adverse events in high-risk 

patients. 
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PAI-1 mainly functions as an anti-proteolytic protein but also appears to serve a ligand role 

affecting migration, proliferation, and apoptosis at vascular sites of injury.75, 76, 247, 248 In our study, 

we demonstrate that increasing concentrations of PAI-1+ PEV drives the pathologic changes 

observed in pro-inflammatory VSMCs to drive neointimal formation. Specifically, PAI-1 was 

previously shown to interact with LRP1 to stimulate the JAK/STAT-1 signaling cascade, driving 

VSMC migration.76 Indeed, PAI-1 inhibition with TM5275, an inhibitor of PAI-1 and LRP1 

interaction, greatly attenuated PEV-VSMC interaction and VSMC proliferation in our model, 

whereas tiplaxtinin had no effect. This observation is crucial as TM5275 inhibits PAI-1 interaction 

with LRP1, whereas tiplaxtinin inhibits PAI-1 by binding to its vitronectin-binding site.249 

Although we do not understand how PAI-1 remains bound on the surface of PEVs, we hypothesize 

that a complex formed between vitronectin (and its associated integrin receptor) with PAI-1 

protects it from tiplaxtinin to serve as a signaling ligand of the PAI-1+ PEV complex.250 Indeed, 

the effect of PAI-1+ PEV modulation on the pro-inflammatory VSMC phenotype was attenuated 

with TM5275 and is a promising therapeutic target to reduce neointimal formation. 

PEVs functions in thrombosis with coagulation factors or phosphatidylserine exposure 

present on the surface to mediate coagulation.251 The presence of active PAI-1 on the surface of 

PEVs potentially mediates thrombosis by inhibiting the fibrinolytic cascade. Furthermore, 

circulating EVs have previously been demonstrated to mediate thrombosis by binding to the 

subcellular matrix following endothelial injury.252 We have demonstrated that increased 

concentrations of PEVs drives thrombus formation. However, when standardized amount of PEVs 

with differing PAI-1+ PEV content were added, no differences in thrombus onset nor occlusion 

was observed. Furthermore, the addition of PAI-1 inhibitors had no effect on thrombus formation 

nor thrombogenicity. Interestingly, no association between DAPT and PAI-1+ PEV levels was 
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observed, potentially confounded by the observation that >90% of the cohort was administered 

aspirin at the time of catheterization. This suggests that the overall procoagulant activity on PAI-

1+ PEV is not primarily mediated by PAI-1 but is likely mediated by other surface factors such as 

tissue factor and factor VII. This finding confirms the lack of mediatory role of PAI-1 with 

ischemic events.203  

Finally, our results demonstrate that elevated levels of PAI-1+ PEV were strongly 

predictive of MACE out to 1-year. Our study adds to the existing literature in that EVs have strong 

utility to predict cardiovascular events and are promising targets as they are the major hub linking 

inflammation, vascular injury, coagulation, and cellular reprogramming responsible for both acute 

and chronic complications.237, 253-255 In our current study, PAI-1+ PEV performed remarkably with 

a very large predictive effect with hazard ratios of 2.19 and 2.67 in the discovery and validation 

cohort respectively. Comparatively, the effect size outperforms the most potent biomarkers in 

CAD such as troponin (HR 1.47 in 10-year follow-up), coronary artery calcium (HR 2.35 in 10-

year follow-up), age (HR 1.04 in 3-year follow-up), BNP (HR 1.24 in 3-year follow-up), and 

hsCRP (HR 1.47 in 3-year follow-up).256, 257 Moreover, our dataset now stands as the largest 

evaluation to date of EVs as a biomarker. Comparatively, the largest EV biomarker study to date 

prior to the current study was in 200 stable CAD patients demonstrating the prognostic value of 

CD31+/Annexin V+ EVs for MACE in six-years follow-up with a hazard ratio of 4.0.258 Previous 

biomarker studies have reported elevated levels of EVs with acute coronary syndrome and end-

stage renal disease.228, 256, 259, 260 The totality of the data suggest that EVs may serve an unmet 

clinical need providing robust risk stratification – with PAI-1+ PEVs demonstrating the most 

impactful risk stratification to date. 
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This study is not without its limitations. First, being a highly predictive biomarker of 

adverse events in of itself does not confer causal inferences and we relied on in vitro models to 

assess the effect of EVs on thrombosis and VSMC biology respectively. Second, we are not able 

to isolate PAI-1+ PEV fraction from PEVs without inhibiting PAI-1. Furthermore, all bench-top 

experiments were performed using EVs isolated from healthy volunteers. Accordingly, we were 

not able to directly observe the effect of the complex on VSMC phenotypic switching. Finally, the 

effect of PAI-1+ PEV on VSMC phenotypic switching is not testable in an in vivo study. To date, 

animal models do not exist where we can manipulate EV production or exogenously administer 

EVs without initiating the host inflammatory response. Therapeutic development of these 

observations will likely rely on PAI-1 inhibition – a strategy previously demonstrated to be 

efficacious in mouse models of arterial injury.261, 262  

5.7 Conclusion 

In conclusion, we report the existence of a PAI-1+ PEV complex in humans that functions 

as a modulator of pro-inflammatory changes of neointimal formation in smooth muscle cells. 

Moreover, PAI-1+ PEVs can be used as a powerful biomarker to identify high-risk patients with 

CAD.  Finally, given the attenuation of VSMC phenotypic switching through the inhibition of the 

PAI-1/LRP1 response, our study suggests PAI-1 as a potential biomarker to identify and a 

therapeutic target to ameliorate neointimal formation of high-risk patients.  
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Chapter 6 

Discussion 

6.1 Summary of Findings 

PAI-1 has previously been associated with MACE, but whether it is solely a marker for 

these events or a mediator with the potential of representing a unique therapeutic target is 

uncertain.25, 112, 154, 176, 178, 179  Our systematic review and meta-analysis (Chapter 2) suggests that 

elevated PAI-1 antigen levels are associated with major adverse cardiac events in both primary 

and secondary event populations. In addition, elevated PAI-1 antigen levels were associated with 

all-cause mortality.205 

Despite numerous biomarker studies of PAI-1 conducted in the past, there remains a 

paucity of analytical and biochemical performance of PAI-1 as a biomarker in the literature. We 

analyzed 689 patients who underwent coronary angiography at the University of Ottawa Heart 

Institute and identified that plasma PAI-1 has similar analytical performance characteristics to 

clinically employed biomarkers such as CRP and NT-proBNP which have high CVg and CVi. 

Moreover, due to a low index of individuality of PAI-1 (II <0.6), changes from population-based 

reference values in an individual have limited value as a diagnostic test to detect pathologies but 

may be useful as a monitoring test in patients undergoing coronary angiography.190, 194 The 

measured critical difference (at P≤0.05) between two serial measurements of PAI-1 was 

determined to be 122%, similar in performance to CRP (118%).192  

Next, we set out to evaluate the role of plasma PAI-1 as a biomarker of one-year major 

adverse cardiac events and unplanned revascularization following coronary angiography. Plasma 

PAI-1 was not found to be an independent predictor of UR nor of MACE but was associated with 
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UR after adjustment for known clinical factors. Moreover, in an updated systematic review and 

meta-analysis including our dataset, plasma PAI-1 was not predictive of MACE in either the all-

comer or PCI-only population. Interestingly, a post-hoc landmark analysis beyond the peri-

procedural period (one-month) suggested that low plasma PAI-1 levels were associated with stent 

complications.  

The last chapter of the thesis focuses on the role of PAI-1+ PEV as a biomarker of MACE 

and mechanistic insights of PAI-1+ PEV driving in-stent restenosis and stent thrombosis. As 

previously alluded, as both plasma PAI-1 and extracellular vesicles predominantly originate from 

circulating platelets, we hypothesized that PAI-1+ PEV represents a major source of pathologic 

PAI-1. This study identified five novel findings: 1) the presence of a PAI-1+ PEV complex in 

human plasma, 2) PAI-1+ PEVs in standardized PEV fraction has no effect on thrombus formation, 

3) PEV promotes the pro-inflammatory VSMC phenotype, 4) inhibition of PAI-1+ PEV through 

TM5275 attenuates VSMC phenotypic switching but has no effect on thrombus formation, and 5) 

high PAI-1+ PEV levels were predictive of MACE in both the discovery and validation cohort.  

 

6.2 Implication of PAI-1 as a biomarker following revascularization 

In our angiography-based study, the lack of association between plasma PAI-1 and MACE 

stands in contrast to previously published work.25, 202, 210 Compared to the current study in the 

thesis, these studies were conducted in populations without pre-existing cardiovascular disease 

whereas our cohort consists of patients with a high pre-test probability of CAD presenting for 

revascularization. Our post-hoc landmark analysis suggested that PAI-1 was not associated with 

unplanned revascularization in the acute post-procedural period but was predictive of late 

complications in the period where ISR remains predominant. 



 

 

 

134 

In our cohort, plasma PAI-1 levels were associated with unplanned revascularization 

following adjustment with clinical variables. Previous observational studies demonstrated that low 

levels of plasma PAI-1 were associated with ISR following PCI.180, 220-222 Contemporary molecular 

understanding of in-stent restenosis is believed to be driven by the recruitment of inflammatory 

cells beyond the peri-procedural period of one-month, driving vascular SMC phenotypic switching 

to a hyper-proliferative and migratory state to narrow and eventually obstruct the vascular lumen 

to cause ISR.108 Patients in our study with unplanned revascularization experienced stent failure 

and the measurement of plasma PAI-1 at the time of catheterization potentially has the additive 

effect of identifying high-risk populations following PCI since no established risk scores yet exists. 

We then sought out to evaluate the role of PAI-1+ PEV as a biomarker of MACE. The 

rationale for evaluating extracellular vesicles occurred as we sought to determine plausible 

mechanisms of action of PAI-1 mediating ISR. Moreover, given the understanding that both 

circulating PAI-1 and extracellular vesicles predominantly originate from platelets in the 

vasculature, we wished to evaluate whether PAI-1 and platelet EVs exist as a complex and whether 

they predict MACE and mediate stent failure.68, 253 We identified that 19.1% of circulating PAI-1 

is in the form of PAI-1+ PEV, and this complex was strongly predictive of one-year MACE 

(Chapter 5 – Figure 1-8). The effect size outperforms biomarkers in CAD including troponin (HR 

1.47 in 10-year follow-up), coronary artery calcium (HR 2.35 in 10-year follow-up), age (HR 1.04 

in 3-year follow-up), BNP (HR 1.24 in 3-year follow-up), and hsCRP (HR 1.47 in 3-year follow-

up).256, 257 This was also the largest evaluation of EV as a biomarker in CAD, and the totality of 

the data suggest that EVs may serve an unmet clinical need providing robust risk stratification – 

with PAI-1+ PEVs demonstrating the most impactful risk stratification to date. 

  



 

 

 

135 

6.3 Mechanism of PAI-1 platelet-derived extracellular vesicles on ISR and ST  

PAI-1 mainly functions as an anti-proteolytic protein but also appears to serve a ligand role 

affecting migration, proliferation, and apoptosis at vascular sites of injury.75, 76, 247, 248 Interestingly, 

PAI-1 has previously been demonstrated to both promote or inhibit cell migration depending on 

the animal and tissue culture model used for the experiments (Chapter 1 – Figure 2). Briefly, we 

know that PAI-1 may promote cellular proliferation and migration by binding to LRP1 and 

activating the JAK/STAT pathway in VSMCs.76 Binding of PAI-1 to LRP1 appears to affect cell 

proliferation and migration, and further exploration of PAI-1 binding to LRP1 in mouse embryonic 

fibroblasts (MEFs).77 

In Chapter 5, we show that increasing concentrations of PAI-1+ PEV drives the pathologic 

changes observed in pro-inflammatory VSMCs to drive neointimal formation. Specifically, PAI-

1 inhibition with TM5275, an inhibitor of PAI-1 and LRP1 interaction, greatly attenuated PEV-

VSMC interaction and VSMC proliferation in our model, whereas tiplaxtinin had no effect. This 

observation is crucial as TM5275 inhibits PAI-1 interaction with LRP1, whereas tiplaxtinin 

inhibits PAI-1 by binding to its vitronectin-binding site.249 The effect of PAI-1+ PEV modulation 

on the pro-inflammatory VSMC phenotype was attenuated with TM5275 and is a promising 

therapeutic target to reduce neointimal formation. 

 Stent thrombosis is mediated by thrombus formation within the stented lumen subsequently 

causing occlusion and myocardial infarction. ST occurs predominantly due to three reasons: (i) 

Incomplete stent apposition to the coronary lesion; (ii) Incomplete re-endothelialization and 

delayed healing of the stented vessel; (iii) inadequate antiplatelet administration.1 As PAI-1 

primarily functions as an anti-fibrinolytic protein, elevated levels have been associated in both 

myocardial infarction and stroke.79  
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Indeed, the potential mechanism between PAI-1+ PEV and VSMCs hinges on an 

interaction between PAI-1 and LRP1, resulting in the downstream activation of beta-catenin or 

JAK/STAT pathway203. We postulate that TM5275 is an effective inhibitor of PAI-1:LRP1 

interaction, whereas Tiplaxtinin does not inhibit this interaction as its binding site is bound by 

vitronectin; however, we do not understand the receptor present on the surface of extracellular 

vesicles that mediates the response (Figure 6-1). 
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Figure 6-1. Mechanism of action of PAI-1+ PEV and VSMCs.  

PAI-1
 
bound to vitronectin interacts with LRP-1 on the surface of vascular smooth muscle cells to mediate 

SMC proliferation and migration through the beta-catenin or JAK/STAT pathway. This effect is attenuated 

with the addition of TM5275, but not with tiplaxtinin. 

 

Our study confirms previous findings that EVs mediates thrombosis due to coagulation 

factors and phosphatidylserine present on the surface.251 Moreover, it was hypothesized that active 

PAI-1 present on the surface of EVs would mediate thrombosis. When a standardized 

concentration of PEVs with different PAI-1+ PEV fraction was added on a bench-top thrombosis 

model, no differences in thrombus onset nor occlusion was observed. Furthermore, the addition of 

PAI-1 inhibitors had no effect on thrombus formation. Thus, the overall procoagulant activity on 

PAI-1+ PEV appears to not be mediated by PAI-1 but is likely driven by other surface factors such 

as tissue factor and factor VII.  
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6.4 Limitations of experimental studies and barriers to clinical translation 

This thesis is not without its limitations. Plasma PAI-1 was measured from a single 

timepoint in patients present for coronary angiography. Moreover, PAI-1 is influenced by 

circadian rhythm, which was not accurately captured by accounting for daytime variation of blood 

draws. 85 This was also a retrospective observational study and plasma PAI-1 levels may 

potentially be influenced by confounding variables captured in the statistical analysis. Our 

biomarker studies would benefit from prospective study design but remains limited by the 

experimental methods and time-constraints. Processing both plasma PAI-1 and PAI-1+ PEV levels 

takes roughly six hours, whereas patients scheduled for day-time procedures are often discharged 

within four hours following the completion of their revascularization procedure.  

For our bench-top experiments, we relied on in vitro models to assess the effect of EVs on 

thrombosis and VSMC biology respectively. As the field of EVs is still in its origins, we were 

unable to identify and develop techniques to isolate PAI-1+ PEV fraction from PEVs without 

inhibiting PAI-1 during the isolation process. Moreover, all bench-top experiments were 

performed using EVs isolated from healthy volunteers. We are limited by the current extraction 

techniques for the quantity of EVs isolated from each blood sample. Moreover, great heterogeneity 

exists between multiple blood draws in the same individual.  

Finally, the effect of PAI-1+ PEV on VSMC phenotypic switching is not testable in an in 

vivo study. To date, animal models do not exist where we can manipulate EV production or 

exogenously administer EVs without initiating the host inflammatory response. Therapeutic 

development of these observations will likely rely on PAI-1 inhibition – a strategy previously 

demonstrated to be efficacious in mouse models of arterial injury.261, 262  
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6.5 Future directions 

This thesis highlights a novel role of PAI-1 and PAI-1+ PEV as a biomarker for unplanned 

revascularization and major adverse cardiac events, respectively. As these findings were based on 

retrospective observational studies (despite using a prospective registry), future studies would 

benefit from prospective observational studies or biomarker studies where measured PAI-1 levels 

guide treatment decisions and intense clinical follow-up strategy for optimization of cardiovascular 

risk factors. Our clinical outcomes were limited to a one-year follow-up period, where we saw a 

trend between plasma PAI-1 levels and unplanned revascularization. Future projects will evaluate 

three and five-year outcomes in this population by chart review. 

Moreover, our study portends a mechanistic insight of PAI-1+ PEV in mediating the pro-

inflammatory VSMC phenotype driving neointimal formation. However, these studies are 

currently limited to the in vitro setting and experiments performed using VSMC cell culture model. 

We propose a future in vivo study employing the New Zealand white rabbit models extensively 

studied in the Hibbert laboratory where we previously evaluated post-PCI vascular healing and 

intravascular imaging by optical coherence tomography (data not yet published). New Zealand 

white rabbits will be anesthesized and undergo balloon angioplasty of the abdominal aorta to 

induce endothelial damage followed by randomization to PCI receiving bare-metal stents (BMS) 

or drug-eluting stents (DES) in a 1:1 fashion. Moreover, within the BMS versus DMS, rabbits will 

be randomized to vehicle, tiplaxtinin, or TM5275 coated stents. Based on previous experience with 

this model, we anticipate a neointimal area of 0.75 ± 0.22 mm2 at 6 weeks and would consider a 

30% reduction in neointimal area to be a significant difference (we currently achieve about 50% 

reduction with modern drug eluting stents – which will be observed with the RCS). To achieve 

80% power with type I error (+) = 0.05, we require 16 rabbits per group (Figure 6-2).  
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Figure 6-2. New Zealand white rabbit in vivo model to evaluate the role of PAI-1 PEV in neointimal 

formation.  

Rabbits will be anesthetized and undergo balloon angioplasty to damage the endothelium followed by the 

randomization to stent implantation in the abdominal aorta of one of the following: (i) vehicle-coated stent 

(VCS), (ii) Rapamycin-coated (aka Sirolimus) stent (RCS) as a positive control, (iii) 10 !M tiplaxtinin 

(PAI-039)-coated stent (TCS), or (iv) 0.1 uM TM5275.
80

 All rabbits will receive contemporary medical 

therapy in the form of DAPT via rectal gel to minimize stent thrombosis throughout the study. Based on 

previous experience with our model, we anticipate a neointimal area of 0.75 ± 0.22 mm
2
 at 6 weeks and 

would consider a 30% reduction in neointimal area to be a significant difference (we currently achieve 

about 50% reduction with modern drug eluting stents – which will be observed with the RCS). To achieve 

80% power with type I error (#) = 0.05, we require 16 rabbits per group. 
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Future studies will allow the isolation of PAI-1+ PEV without inhibiting PAI-1 and allow 

the development of an in vivo animal model where EV production may be manipulated or allow 

multiple exogenous administration of EVs without propagating the inflammatory response. 
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Transradial Versus Transfemoral Access for 
Percutaneous Coronary Intervention in ST-
Segment–Elevation Myocardial Infarction
A Systematic Review and Meta-Analysis
Pietro Di Santo, MD*; Trevor Simard, MD*; George A. Wells, PhD; Richard G. Jung , BSc;  
F. Daniel Ramirez , MD, MSc; Paul Boland, MD, PhD; Jeffrey A. Marbach, MBBS, MSc; Simon Parlow, MD;  
Kwadwo Kyeremanteng , MD, MHA; Doug Coyle, MA, MSc, PhD; Dean Fergusson, PhD; Juan J. Russo, MD;  
Aun-Yeong Chong , MD; Michael Froeschl, MDCM, MSc; Derek Y. So , MD, MSc; Alexander Dick, MD;  
Christopher Glover, MD; Marino Labinaz, MD; Benjamin Hibbert, MD, PhD; Michel Le May , MD

BACKGROUND: Transradial access (TRA) has emerged as the preferred vascular access site for coronary angiography and 
percutaneous coronary intervention. This systematic review and meta-analysis was performed to evaluate 30-day all-cause 
mortality comparing TRA with transfemoral access for percutaneous coronary intervention in patients with ST-segment–
elevation myocardial infarction.

METHODS: We performed a systematic literature search and meta-analysis of randomized controlled studies published from 
inception until January 7, 2020, in MEDLINE, EMBASE, Cochrane Central Register of Controlled Trials, and Web of Science 
Core Collection. Preferred Reported Items for Systematic Reviews and Meta-Analyses guidelines were used for abstracting 
data. The primary outcome was all-cause mortality at 30 days. Secondary outcomes included myocardial infarction, major 
bleeding, stroke, and access site complications.

RESULTS: A total of 14 studies representing 11 707 patients (5802 patients with TRA; 5905 patients with transfemoral 
access) were included in this systematic review. All-cause mortality (N=8 studies) was significantly reduced in the TRA 
group with an overall risk ratio (RR) of 0.72 (95% CI, 0.56–0.92) in the pooled analysis. Major bleeding (N=12 studies; RR, 
0.60 [95% CI, 0.45–0.80]) and access site complications (N=9 studies; RR, 0.40 [95% CI, 0.30–0.53]) were significantly 
higher in the transfemoral access group. There was no statistical difference in reinfarction (N=10 studies; RR, 0.96 [95% CI, 
0.75–1.25]) or stroke (N=8 studies; RR, 1.47 [95% CI, 0.87–2.50]).

CONCLUSIONS: TRA is associated with lower 30-day mortality, major bleeding, and access site complications when compared with 
transfemoral access in ST-segment–elevation myocardial infarction patients who undergo percutaneous coronary intervention.

REGISTRATION: URL: https://www.crd.york.ac.uk/PROSPERO/; Unique identifier: 127955.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: acute coronary syndrome ! coronary angiography ! glycoprotein ! percutaneous coronary intervention  
! ST-segment–elevation myocardial infarction
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