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ABSTRACT 
 

Introduction: Inorganic nitrite is a nitric oxide-soluble guanylyl cyclase-cyclic guanosine 

monophosphate-protein kinase G (NO-sGC-cGMP-PKG)-dependent vasodilator, the effects of 

which are augmented in hypoxia. In normoxia (murine, ex vivo), the underlying vasoactive 

mechanisms may be NO-independent and mediated by multiple intermediates. In humans, this may 

also apply. It is unknown if the coronary arteries are subject to hypoxia-augmentation of nitrite-

mediated vasodilation. Harnessing the vasoactive properties of nitrite could provide novel 

therapeutic approaches to managing multiple cardiovascular diseases. 

Aims: To examine the effect of nitrite on the nitrite-PKG pathway in normoxia (murine, ex vivo), on 

NO-attenuated resistance arteries (humans, in vivo), and on epicardial coronary haemodynamics 

(humans, in vivo) in normoxia and hypoxia. 

Methods and Results:  

Chapter 3: Using tension wire-myography, NO scavenging and sGC inhibition in normoxia, we 

showed that nitrite caused NO-dependent conduit artery vasodilation and NO-independent resistance 

vasodilation. We identified that NO-independent processes included a novel NO-sGC-independent, 

PKG1α oxidation pathway, utilising hydrogen peroxide and cysteine/glutathione persulfides. 

Chapter 4: In the Haem and Nitrite Study, we showed that intra-brachial nitrite led to dose-dependent 

increases in forearm blood flow ratio (FBFR). We showed that 30-35-day stored autologous whole 

blood transfusion led to non-significant increases in subject circulating cell-free haem and NO 

consumption, but did not change FBFR in normoxia or hypoxia.  

Chapter 5: In the Nitrite and Coronary Artery Study, we showed that systemic nitrite administration 

led to an increase in epicardial coronary artery CSA and a reduction in velocity (hypoxia>normoxia) 

and flow, associated (probably causally) with a reduction in MAP in normoxia.  

Conclusions: In vitro nitrite utilises hydrogen peroxide and persulfides to induce tissue-specific 

vasodilation via PKGIα oxidation in normoxia. In vivo, nitrite-mediated FBF is not modified by 

transfusion of ~500mls of 30-35-day old autologous blood in normoxia or hypoxia, and, nitrite 

significantly increases epicardial coronary CSA but decreases blood velocity and flow 

(hypoxia>normoxia). 
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ABBREVIATIONS 
 

ACE – angiotensin converting enzyme 

ACh – acetylcholine 

ACS – acute coronary syndrome  

AE – adverse event 

AMI – acute myocardial infarction 

ANOVA – analysis of variance  

AO – anhydrase oxidase  

ASPA – Animals Scientific Procedures Act  

AT – angiotensin  

ATP – adenosine triphosphate 

AWERB – Animal Welfare and Ethical Review Body 

BK – big potassium calcium channel 

BP – blood pressure 

C57BL/6 – (a common inbred strain of laboratory mouse) 

CA – carbonic anhydrase  

cAMP – cyclic adenosine monophosphate 

CANN – the Cognitive Ageing Nutrition and Neurogenesis trial 

cGMP – cyclic guanosine monophosphate 

CI – chief investigator 

CICR – calcium-induced-calcium-release 

CK – creatine kinase 

CMR – cardiac magnetic resonance  

CO – cardiac output 

CONSORT – Consolidated Standards of Reporting Trials 



 5 

CPTIO – 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide 

CRN – clinical research network 

CRTU – clinical research and trials unit 

CSA – cross-sectional area 

CST – clinical support team 

CTPIO – 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide  

CVD – cardiovascular disease  

CVR – coronary vascular resistance 

CysSSH – cysteine persulfide  

DASH – Dietary Approaches to Stop Hypertension 

DBP – diastolic blood pressure  

DMT – Danish Myotechnology 

EC – effective concentration  

ECG – electrocardiogram 

ED50 – 50% effective dose 

EDHF – endothelium-derived hyperpolarizing factor 

EDRF – endothelium-derived relaxing factor  

ELISA – enzyme-linked immunosorbent assay 

eNOS – endothelial nitric oxide synthase  

FBF – forearm blood flow 

FBFR – forearm blood flow ratio 

FDA – Food and Drug Administration 

FSH – follicle stimulating hormone 

FWHM – full width half maximum 

G6PD – glucose-6-phosphate dehydrogenase 

GAPDH – glyceraldehyde 3-phosphate dehydrogenase 

GCP – Good Clinical Practice 
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GSSH – glutathione persulfide 

GSNO – S-nitrosoglutathione 

GTN – glyceryl trinitrate  

GTP – guanosine triphosphate  

H2O2 – hydrogen peroxide  

Hb – haemoglobin 

HbNO – nitrosyl haemoglobin 

HCAs – human coronary arterioles  

HIF – hypoxia-induced factors 

HNO2 – nitrous acid 

HPLC – high performance liquid chromatography 

HR – heart rate 

HSNO – thionitrous acid 

IB – intra-brachial 

ICE – integrated clinical environment 

IMP – investigational medicinal product 

IV – intravenous  

KCL – potassium chloride 

kDa – kilodalton 

KHB – Krebs-Henseleit Buffer  

KI – knock-in 

L-arg – L-arginine  

L-NAME – N(gamma)-nitro-L-arginine methyl ester 

LAD – left anterior descending 

LV – left ventricle 

LVSD – left ventricular systolic dysfunction  

MACE – major adverse cardiac event  
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MAP – mean arterial pressure  

MHRA – Medicines and Healthcare products Regulatory Agency 

MLC – myosin light chain 

MLCK – myosin light chain kinase  

MRC – Medical Research Council 

NADH – nicotinamide adenine dinucleotide + hydrogen 

NADPH – nicotinamide adenine dinucleotide phosphate + hydrogen 

NATO – Norwich Academic Training Office 

NEM – N-ethylmaleimide 

NHS – National Health Service 

NHSBT – National Health Service Blood and Transplant 

NNUH – Norfolk and Norwich University Hospital 

NO – nitric oxide 

NOS – nitric oxide synthase  

N2O3 – dinitrogen trioxide 

NSTEMI – non-ST elevation myocardial infarction  

ODQ – 1H-[1,2,4] oxadiazolo-[4, 3-a]quinoxalin-1-one 

PAR – population-attributable risk  

PAS – Patient Administration System 

PCI – percutaneous coronary intervention  

PCR – Polymerase Chain Reaction 

PDE – phosphodiesterase 

PI – principal investigator  

PIS – participant information sheet 

PKA – protein kinase A  

PKG – protein kinase G 

PPM – parts per million 
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PVR – pressure/volume relationship 

PWV – pulse wave velocity  

RA – right atria 

RAA – renin angiotensin aldosterone  

RBC – red blood cell 

RBHT – Royal Brompton and Harefield Trust 

RCA – right coronary artery 

REC – research ethics committee 

RGS2 – regulator of g-protein signalling 2  

ROI – region of interest 

ROS – reactive oxygen species 

RSNO – S-nitrosothiols 

RXNO – nitroso species 

SABRE – Serious Adverse Blood Reactions and Events 

SBP – systolic blood pressure 

SD – standard deviation  

SEM – standard error mean  

sGC – soluble guanylyl cyclase 

SHOT – Serious Hazards of Transfusion 

SNAP – Nitroso-N-acetylpenicillamine 

SNO-Hb – S-nitrosohaemoglobin 

SR – sarcoplasmic reticulum  

STEMI – ST-elevation myocardial infarction 

SVR – systemic vascular resistance  

U46619 – (a synthetic analogue of the endoperoxide prostaglandin PGH₂) 

UEA – University of East Anglia 

UK – United Kingdom  
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USA – United States of America 

VASP – vasodilator stimulated phosphoprotein  

VDCC – voltage-gated calcium channels  

VIP – vasoactive intestinal peptide 

VSMC – vascular smooth muscle cell 

WHO – World Health Organisation  

WIA – wave intensity analysis 

WT – wild type 

XM – cross-match 

XOR – xanthine oxidoreductase 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 



 10 

CONTENTS 

 

ABSTRACT .............................................................................................................................. 3 
ABBREVIATIONS .................................................................................................................. 4 

CONTENTS ............................................................................................................................ 10 

LIST OF FIGURES, TABLES & APPENDICES ............................................................ 16 

FIGURES ............................................................................................................................. 16 

TABLES ............................................................................................................................... 18 

APPENDICES...................................................................................................................... 19 

ACKNOWLEDGEMENTS .................................................................................................. 20 

PERSONAL CONTRIBUTION .......................................................................................... 22 

FUNDING................................................................................................................................ 23 

PRIZE/PRESENTATIONS/PUBLICATIONS ................................................................. 23 
CHAPTER 1: BACKGROUND .......................................................................................... 25 

1: PUBLIC HEALTH PROBLEM ................................................................................................ 25 

Global perspective ................................................................................................... 25 

UK perspective ........................................................................................................ 26 

2: CARDIOVASCULAR PHYSIOLOGY ...................................................................................... 28 

Structure and function ............................................................................................. 28 

Haemodynamics ...................................................................................................... 30 

3: CARDIOVASCULAR PATHOPHYSIOLOGY ........................................................................... 33 

Cardiovascular disease ............................................................................................ 33 

Preventing and managing CVD ............................................................................... 34 

4: PRINCIPLES OF VASOACTIVITY ......................................................................................... 35 

VSMC contraction and relaxation ............................................................................ 36 

Coronary vasoactivity .............................................................................................. 36 

5: VASOACTIVE SUBSTANCES ............................................................................................... 37 

Vasoconstrictors ...................................................................................................... 37 

Vasodilators ............................................................................................................ 38 

6: NITRATE AND NITRITE METABOLISM ................................................................................ 40 

7: PHARMACOKINETICS OF NITRATE AND NITRITE METABOLISM ........................................ 43 

8: NITRITE-MEDIATED VASODILATION ................................................................................. 45 

Nitrite in normoxia .................................................................................................. 45 

Nitrite-mediated PKG1α dimerization ..................................................................... 46 

Alternative mechanisms for nitrite-mediated vasodilation ........................................ 50 



 11 

Nitrite in hypoxia ..................................................................................................... 52 

Nitrite reductases ..................................................................................................... 54 

Haem proteins in normoxia and hypoxia .................................................................. 56 

Clinical blood transfusion and vasoconstriction ....................................................... 62 

Nitrite in the coronary arteries ................................................................................ 64 

9: CLINICAL APPLICATIONS OF NITRITE ................................................................................ 67 

10: OVERALL HYPOTHESES ................................................................................................... 72 

CHAPTER 2: METHODS .................................................................................................... 73 
1: BASIC SCIENCES ................................................................................................................ 73 

Animal welfare ........................................................................................................ 73 

Tension wire myography .......................................................................................... 73 

Preparation of Krebs-Henseleit Buffer (KHB) .......................................................... 74 

Vessel dissection, mounting and measurement ......................................................... 75 

Vessel equilibration and normalisation .................................................................... 76 

Potassium chloride (KCl) assessment of contraction ................................................ 76 

Dose response curves............................................................................................... 77 

Acetylcholine (ACh) assessment of endothelial integrity........................................... 77 

Contraction (EC50/80) followed by nitrite dose response curve ............................... 77 

Data capture and myograph close down procedure ................................................. 78 

Statistical analysis ................................................................................................... 78 

Additional methods .................................................................................................. 79 

2: THE HAEM AND NITRITE STUDY ...................................................................................... 81 

Study design............................................................................................................. 81 

Power calculations .................................................................................................. 82 

Regulatory and ethical processes ............................................................................. 82 

Recruitment ............................................................................................................. 83 

Subject identification ................................................................................................... 83 
Inclusion and exclusion criteria ............................................................................... 83 

Inclusion criteria .......................................................................................................... 83 
Exclusion criteria ......................................................................................................... 84 

Consent, NHSBT donation forms, group and save and study scheduling .................. 85 

STUDY VISIT 1 ....................................................................................................................... 85 

Autologous whole blood donation ............................................................................ 85 

NHSBT blood processing and storage ...................................................................... 86 

STUDY VISIT 2 ....................................................................................................................... 87 

Equipment preparation and subject preparation ...................................................... 89 

Study drug administration ........................................................................................ 91 



 12 

Medical gas: 12% oxygen/88% nitrogen .................................................................. 93 

Autologous whole blood transfusion ........................................................................ 93 

Blood sample collection ........................................................................................... 94 

Strain-gauge plethysmography: forearm blood flow ratios (FBFRs) ........................ 95 

STUDY VISIT 3 & 4 ................................................................................................................ 98 

Formalised discharge processes .............................................................................. 98 

S(AE) monitoring ..................................................................................................... 98 

SAMPLE AND DATA ANALYSIS .............................................................................................. 98 

Laboratory sample analysis ..................................................................................... 99 

Plasma nitrate and nitrite species via High Performance Liquid Chromatography 
[HPLC]) ........................................................................................................................ 99 
Cell-free haem via enzyme-linked immunosorbent assay [ELISA]) ..................... 100 
NO consumption levels via ozone-based chemiluminescence ............................... 100 

LabChart data analysis .......................................................................................... 101 

Statistical analysis ................................................................................................. 102 

Mixed model (linear regression) ............................................................................ 103 

3: THE NITRITE AND CORONARY ARTERY STUDY ............................................................. 105 

Study design........................................................................................................... 105 

Power calculations ................................................................................................ 105 

Regulatory and ethical processes ........................................................................... 106 

Recruitment ........................................................................................................... 106 

Subject identification ................................................................................................. 106 
Inclusion and exclusion criteria ............................................................................. 106 

Inclusion criteria ........................................................................................................ 107 
Exclusion criteria ....................................................................................................... 107 

Verbal assent, MRI safety checklist and scheduling ................................................ 107 

STUDY VISIT ........................................................................................................................ 108 

Consent, cannula insertion, safety bloods and sample processing .......................... 108 

Equipment and study drug preparation .................................................................. 108 

Subject preparation ............................................................................................... 109 

CMR coronary image acquisitions ......................................................................... 111 

Medical gas: 12% oxygen/88% nitrogen ................................................................ 113 

Study drug administration ...................................................................................... 114 

Repeat blood testing and processing ...................................................................... 115 

CMR coronary image analysis ............................................................................... 115 

S(AE) monitoring ................................................................................................... 122 

SAMPLE AND DATA ANALYSIS ............................................................................................ 122 

Laboratory sample analysis ................................................................................... 123 



 13 

RXNO levels via gas-phase chemiluminescence .................................................... 123 
Statistical analysis ................................................................................................. 123 

CHAPTER 3: EXAMINING THE MECHANISMS OF NITRITE-MEDIATED 
VASODILATION IN NORMOXIA IN A MURINE EX VIVO MODEL .................. 124 

INTRODUCTION .................................................................................................................... 124 

HYPOTHESIS ........................................................................................................................ 126 

AIMS .................................................................................................................................... 126 

RESULTS .............................................................................................................................. 126 

1: Nitrite regulates vasorelaxation via PKG1α oxidation in the resistance vessels . 126 

2: Nitrite regulates vasorelaxation NO-dependently in the conduit vessels during 

normoxia ............................................................................................................... 127 

3: Nitrite-mediated vasodilation in WT mesenteric resistance vessels is mediated via a 

NO-independent mechanism .................................................................................. 128 

4: Nitrite-mediated PKG1α oxidative dimerization is a delayed and time-dependent 

phenomenon in mesenteric resistance vessels ......................................................... 129 

DISCUSSION ......................................................................................................................... 132 

CHAPTER 4: EXAMINING THE VASOACTIVE PROPERTIES OF INTRA-
BRACHIAL NITRITE INFUSION IN THE PRESENCE OF STORED 
AUTOLOGOUS WHOLE BLOOD IN NORMOXIA AND HYPOXIA IN VIVO ... 138 

INTRODUCTION .................................................................................................................... 138 

HYPOTHESES ....................................................................................................................... 139 

AIM ...................................................................................................................................... 139 

RESULTS .............................................................................................................................. 139 

Recruitment ........................................................................................................... 139 

Population ............................................................................................................. 141 

Baseline characteristics ......................................................................................... 141 

Safety reporting: adverse events and serious adverse events .................................. 141 

Pulse oximetry and room temperature.................................................................... 142 

Blood analysis ....................................................................................................... 143 

Plasma nitrite levels ................................................................................................... 143 
Plasma nitrate levels .................................................................................................. 144 
Plasma haemoglobin levels ....................................................................................... 147 
Autologous whole blood transfusion unit haemoglobin levels ............................... 147 
NO consumption levels ............................................................................................. 149 

Mixed effect linear regression model results .......................................................... 151 

Model 1: Effect of nitrite, autologous blood and oxygen condition on FBFR ...... 151 
Model 2 and 3: Effect of nitrite and autologous blood on FBFR (in normoxia and 
hypoxia) ...................................................................................................................... 153 
Model 4: Effect of nitrite and oxygen condition on FBFR (after autologous blood 
only) ............................................................................................................................ 156 



 14 

Model 5: Effect of nitrite, autologous blood and oxygen condition on mean arterial 
pressure....................................................................................................................... 157 
Model 6: Effect of nitrite, autologous blood and oxygen condition on heart rate . 158 

DISCUSSION ......................................................................................................................... 160 

LIMITATIONS ....................................................................................................................... 168 

CONCLUSION ....................................................................................................................... 171 

CHAPTER 5:  EXAMINING THE VASOACTIVE PROPERTIES OF SYSTEMIC 
NITRITE INFUSION ON THE EPICARDIAL CORONARY ARTERIES DURING 
NORMOXIA AND HYPOXIA IN VIVO......................................................................... 172 

INTRODUCTION .................................................................................................................... 172 

HYPOTHESES ....................................................................................................................... 173 

AIM ...................................................................................................................................... 173 

RESULTS .............................................................................................................................. 173 

Recruitment ........................................................................................................... 173 

Population ............................................................................................................. 174 

Baseline characteristics ......................................................................................... 175 

Safety reporting: adverse events and serious adverse events .................................. 175 

Arteries imaged and pulse oximetry ....................................................................... 176 

Blood analysis ....................................................................................................... 176 

Plasma nitrite, nitrate and RXNO levels .................................................................. 176 
CMR results ........................................................................................................... 179 

1: Effect of intravenous nitrite infusion and oxygen condition on MAP and HR . 179 
2: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial 
CSA ............................................................................................................................ 180 
3: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial 
blood velocity............................................................................................................. 182 
4: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial 
blood flow .................................................................................................................. 183 

DISCUSSION ......................................................................................................................... 185 

LIMITATIONS ....................................................................................................................... 191 

CONCLUSION ....................................................................................................................... 192 

CHAPTER 6: SUMMARY DISCUSSION, CONCLUSIONSAND FUTURE 
DIRECTIONS....................................................................................................................... 194 

CHAPTER 3: NITRITE CAN CIRCUMVENT THE NO-SGC PATHWAY VIA PERSULFIDE 

INTERMEDIATES TO INDUCE TISSUE-SPECIFIC VASODILATION VIA PKGIΑ OXIDATION IN 

NORMOXIA ........................................................................................................................... 194 

CHAPTER 4: SYSTEMIC AUTOLOGOUS WHOLE BLOOD TRANSFUSION DOES NOT AFFECT 

NITRITE-MEDIATED FBF IN NORMOXIA OR HYPOXIA ......................................................... 196 



 15 

CHAPTER 5: SYSTEMIC NITRITE SIGNIFICANTLY INCREASES EPICARDIAL ARTERY CSA AND 

REDUCES BLOOD VELOCITY IN NORMOXIA AND HYPOXIA AND REDUCES FLOW IN HYPOXIA

 ............................................................................................................................................. 199 

REFERENCES ..................................................................................................................... 204 

APPENDICES ...................................................................................................................... 242 

APPENDIX 1: 1ST PRIZE – ‘BEST RESEARCH PROPOSAL/PROTOCOL IN PHD/MD 

CATEGORY’. NORWICH ACADEMIC TRAINING OFFICE (NATO) - EXCELLENCE IN 

TRAINING AWARDS 2017 ................................................................................................... 242 

APPENDIX 2: CHAPTER 3 PUBLICATION ............................................................................. 243 

APPENDIX 3: NHSBT DONATION PROCESS – SELECTED DOCUMENTS ............................. 255 

APPENDIX 4: THE HAEM AND NITRITE STUDY – SELECTED DOCUMENTS ........................ 261 

APPENDIX 5: NOX SAMPLE PROCESSING METHODOLOGY ................................................. 265 

APPENDIX 6: RXNO SAMPLE PROCESSING METHODOLOGY .............................................. 275 

APPENDIX 7: THE NITRITE AND CORONARY ARTERY STUDY – MRI SAFETY CHECKLIST 285 

APPENDIX 8: ROOT CAUSE ANALYSIS FOR BLOOD TRANSFUSION INCIDENT AND 

CORRECTIVE ACTIONS ......................................................................................................... 286 

APPENDIX 9: THE NITRITE AND CORONARY ARTERY STUDY PRESCRIPTION/DRUG CHART

 ............................................................................................................................................. 288 

APPENDIX 10: LETTER FROM SUPERVISOR REGARDING RXNO SAMPLES IN THE HAEM AND 

NITRITE STUDY ................................................................................................................... 289 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 16 

 

LIST OF FIGURES, TABLES & APPENDICES 

FIGURES 

Chapter 1 
 
1. The 10 leading causes of death in the world in 2016  

2. Top causes of death by age and sex, 1915 to 2015 in the UK  

3. Anatomical overview of arteries and veins 

4. Haemodynamics – the Hagen-Poiseuille equation  

5. The entero-salivary circulation 

6. Does nitrite mediate NO-independent vasodilation in normoxia in murine resistance 

arteries ex vivo?  

7. Nitrite and haemoglobin interactions within the RBC resulting in NO bioactivation 

8. Does nitrite mediate NO-independent vasodilation in normoxia in human resistance 

arteries in normoxia in vivo?  

Chapter 2 

9. Tension myography methodology flow chart 

10. Myography vessel normalization 

11. Myography nitrite dose response curve 

12. The Haem and Nitrite Study – General study schematic 

13. Healthy volunteer undergoing autologous whole blood donation 

14. The Haem and Nitrite Study – Clinical intervention schematic 

15. Brachial artery cannulation 

16. The Haem and Nitrite Study – Experimental set-up 

17. Example plethysmography trace  

18. Method for exclusion of highly variable FBFRs  

19. The Nitrite and Coronary Artery Study – General study schematic 

20. The Nitrite and Coronary Artery Study – Clinical intervention schematic 



 17 

21. Diastolic transverse-segmented scout acquisitions 

22. Through-plane acquisition in a straight section of the LAD 

23. Cropped interpolated image centred on LAD with mean FWHM and calculated CSA 

24. Transverse images in each of the 4 conditions showing CSAs in the LAD 

25. Oblique images in each of the 4 conditions showing CSAs in the RCA 

26. Manual marking of centre point of the vessel on the scout image 

27. Manual marking of centre point of the vessel on first frame of spiral flow study 

28. Automatic through-plane motion correction 

29. Magnitude images and paired velocity-time course map in normoxia  

Chapter 3 
 
30. Nitrite-mediated vasodilation in WT conduit and resistance vessels 

31. Nitrite-mediated vasodilation in WT conduit vessels in the presence of ODQ and CPTIO 

32. Nitrite-mediated vasodilation in WT resistance vessels in the presence of ODQ and 

CPTIO 

33. Nitrite-mediated PKG1α oxidative dimerization is a delayed and time-dependent 

phenomenon  

34. Proposed nitrite-mediated pathways in conduit vessels and resistance vessels in 

normoxia 

Chapter 4 
 
35. The Haem and Nitrite Study CONSORT diagram 

36. Plasma NOx levels 

37. Plasma and unit cell-free haem levels 

38. Plasma NO consumption levels 

39. Effect of nitrite infusion status on FBFR in the overall model 

40. Effect of nitrite infusion status on FBFR in normoxia and hypoxia separately 

41. FBFRs after autologous blood transfusion at T0 and T30 by oxygen condition 

 
 



 18 

Chapter 5 
 
42. The Nitrite and Coronary Artery Study CONSORT diagram 

43. Plasma NOx and RXNO levels 

44. Effect of nitrite on MAP and HR in each of the 4 conditions 

45. Effect of nitrite on CSA in each of the 4 conditions 

46. Effect of nitrite on velocity of coronary artery blood in each of the 4 conditions 

47. Effect of nitrite on flow of coronary artery blood in each of the 4 conditions 

TABLES 

Chapter 2 
 
1. Concentrations of reagents used to make standard Krebs-Henseleit Buffer (KHB) 

Chapter 4 
 
2. Baseline characteristics for healthy volunteers in The Haem and Nitrite Study 

3. Mixed effect linear regression model 1 (effect of nitrite, autologous blood and oxygen 

condition on FBFR) 

4. Mixed effect linear regression model 2 (effect of nitrite and autologous blood on FBFR 

in normoxia only) 

5. Mixed effect linear regression model 3 (effect of nitrite and autologous blood on FBFR 

in hypoxia only) 

6. Mixed effect linear regression model 4 (effect of nitrite and oxygen condition on FBFR 

after autologous blood only) 

7. Mixed effect linear regression model 5 (effect of nitrite, autologous blood and oxygen 

condition on mean arterial pressure) 

8. Mixed effect linear regression model 6 (effect of nitrite, autologous blood and oxygen 

condition on heart rate) 

Chapter 5 

9. Baseline characteristics for healthy volunteers in The Nitrite and Coronary Artery Study 



 19 

 

APPENDICES  

1. Norwich Academic Training Office (NATO) - Excellence in Training Awards 2017 

2. Paper: Feelisch et al, 2019. Long-lasting blood pressure lowering effects of nitrite are 

NO-independent and mediated by hydrogen peroxide (H2O2), persulfides and oxidation 

of protein kinase G 1alpha redox signalling, Cardiovasc Res. cvz202. 

3. Blood donation documents  

i. Donor health check for new and returning donors form (FRM form 421/6) 

ii. Autologous blood pre-donation assessment form (FRM 1560/4) 

iii. Pre-deposit autologous blood donation memorandum (FRM 1563/1.4 – cross 

referenced in primary document SOP 3968) 

iv. SOP3968 (Change Control [6422] Process Flow) 

4. Blood transfusion documents  

i. The Haem and Nitrite Study – Study specific prescription/drug chart   

ii. Autologous whole blood: pre-transfusion safety checklist  

5. NOx sample processing methodology 

6. RXNO sample processing methodology 

7. The Nitrite and Coronary Artery Study – MRI safety checklist  

8. Root cause analysis for blood transfusion incident and corrective actions  

9. The Nitrite and Coronary Artery Study – Study specific prescription/drug chart   

10. Letter from Supervisor regarding RXNO samples in The Haem and Nitrite Study  

 

 

 

 

 

 



 20 

ACKNOWLEDGEMENTS 
 
This PhD thesis would not have been possible without the support and guidance of my 

primary supervisor, Professor Michael Frenneaux. His desire for knowledge enabled me to 

push scientific boundaries and seek answers to questions that, at the start of this PhD journey, 

seemed unobtainable. I would also like to thank my secondary supervisor, Dr Vassilios 

Vassiliou. Vass joined our research team in the second year of the PhD and he immediately 

added enthusiasm, creativity and momentum. He provided daily support in the set-up and 

also the delivery of both of the clinical studies. Both supervisors supported me through this 

PhD journey and I am greatly indebted to them both. 

 

Next, I would like to thank members of our research group including Dr Brodie Loudon, Dr 

Sathish Parasuraman, Mrs Crystal Lowry, Dr Donnie Cameron, Dr Nathan Proctor, Dr 

Cristian Militaru and Dr Dave Willis for their insight, experience and support. Requiring 

special mention is Brodie, who studied his PhD alongside me. Brodie was always incredibly 

perceptive. He was a great companion to share this experience with. I wish him success in 

his PhD submission. 

 

During this PhD, I have faced a series of personal and professional challenges and these 

experiences have pushed me to my limits. Also, sadly, my uncle and my grandmother passed 

away. During these difficult times, my parents, Dave and Tina provided me with 

unconditional support, understanding and love. They helped me to regain control and 

complete this journey. I couldn’t have done it without them. I would also like to thank Celina 

Dietrich, who by a chance encounter at the Bob Champion Research and Education Building 

at UEA joined me on this journey and has since provided me a constant source of support. 

When I would drive to Papworth at 5am in the morning for the CABG2 study (not included 

in this thesis) or when I would catch a 5:30am train to London for the Nitrite and Coronary 

Artery Study, she would always make sure I had everything I needed, and even drive me to 



 21 

the station. She is the only person who really knows how hard I have worked on this and she 

has supported me every step of the way. I can’t wait until she also passes her PhD, so we 

can celebrate together.   

 

I would like to professionally acknowledge the following people/groups for their 

contribution to the projects presented in this thesis: Chapter 3 - Dr Melanie Madhani, Dr 

Alessandra Borgognone, Dr Kayleigh Griffiths, Dr Rosie Hayes, Dr Hannah Noordali, Miss 

Joanna Goodwin, Prof Martin Feelisch (and his team) and Prof Takaaki Akaike (and his 

team). Chapter 4 – Prof Phil Chowienczyk, Prof Anne-Marie Minihane, Dr Gail Miflin and 

Dr Suhail Asghar (and the NHSBT operational team), Mrs Patsy Lowson (and the NHSBT 

donation team), Mrs Debbie Asher (and the NNUH blood bank team), Mr James Goillau 

(and the BCRE team), Dr Simon Rushbrook (Hepatology Consultant), Dr Simon Fletcher 

(Critical Care Consultant), Mrs Vanessa Martin (and the CRTU team), Miss Rachel 

Stebbings (Research Nurse) and Mr Clive Beech (Research Pharmacist). Chapter 5 - Dr 

Jennifer Rivers, Mr Shafa Ullah, Prof Sanjay Prasad, Prof Jennifer Keegan, Mr Ricardo 

Wage and Mr Kevin Kirby. Whilst this list is by no means exhaustive, the input of those 

listed above was critical to the success of the projects presented in this thesis.  

 

Finally, I would like to thank the 523 people who responded to the advertisements for the 2 

clinical studies and to the 74 people who gave up a significant amount of their time and 

energy to participate in my clinical research. Together, we questioned the evidence and we 

have contributed to science. Thank you. 

 

 

 

 



 22 

PERSONAL CONTRIBUTION 
 
I performed all of the basic science and clinical studies presented in this thesis apart from 

the following: 

Chapter 3 – Basic Sciences 

i. Protein Kinase G (PKG) 1α “redox dead” mice were a kind gift from Prof Philip Eaton 

(King’s College London) 

ii. Maintenance and genotyping of the PKG1α colony was performed by Dr Alessandra 

Borgognone, Dr Rosie Hayes and Miss Joanna Goodwin (University of Birmingham) 

iii. Blood vessel isolation and mounting of blood vessels for vascular myography was 

conducted by Dr Melanie Madhani (University of Birmingham) 

iv. Miss Joanna Goodwin contributed to the resistance vascular myography experiments 

v. In vivo nitrite treatment for the PKG1α dimerization western blotting experiments were 

conducted by Dr Alessandra Borgognone and Dr Rosie Hayes (University of 

Birmingham). 

Chapter 4 – The Haem and Nitrite Study 

i. Senior on-call support in the Norfolk and Norwich University Hospital (NNUH) was 

provided by Dr Simon Fletcher (Critical Care Consultant) and Dr Vassilios Vassiliou 

(Cardiology Consultant) 

ii. Senior blood donation process support was provided by Dr Suhail Asghar (Associate 

Specialist, National Health Service Blood and Transplant [NHSBT])  

iii. Blood donation process support was provided by Sister Patsy Lowson (Sister at the 

Thetford donation team) 

iv. Statistical analysis support was provided by Dr Allan Clark (Study statistician, 

University of East Anglia [UEA]) 

Chapter 5 – The Nitrite and Coronary Artery Study 

i. Senior on-call support was provided by Prof Sanjay Prasad (Cardiology Consultant) 



 23 

ii. Cardiac magnetic resonance (CMR) image acquisition and analysis was delivered by 

Prof Jennifer Keegan (Principal Physicist, Royal Brompton and Harefield Trust 

[RBHT]) and Mr Ricardo Wage 

FUNDING 
 
The work presented in this thesis was funded by a Medical Research Council (MRC) 

programme grant awarded to Professor Michael Frenneaux (PI). I was employed on this 

grant. This work was also supported by funding from The Norfolk Heart Trust awarded to 

Professor Michael Frenneaux (investigator) and myself (co-investigator) to fund the salary 

of a specialist nurse to assist in delivery of The Haem and Nitrite Study. 

 

PRIZE/PRESENTATIONS/PUBLICATIONS 
Prize 
 
1. 1st Prize – ‘Best Research Proposal/Protocol in PhD/MD category’. Norwich Academic 

Training Office (NATO) - Excellence in Training Awards 2017. (Appendix 1). 

Presentations 
 

1. Gollop, N. D. The effects of cell-free haemoglobin nitric oxide (NO)-blockade on nitrite 

forearm vessel dilatation under normoxia and hypoxia in healthy volunteers. By 

invitation to the NHSBT at Colindale, London, April 2016. 

2. Gollop, N. D. NO-Independent vasodilatation. Invited research update. Clinical 

Research Network (CRN) Eastern Cardiovascular Specialty Meeting, Madingley Hall, 

Cambridge, April 2018. 

 

Publications 

1. Loudon, B. L., Noordali, H., Gollop, N. D., Frenneaux, M. P. & Madhani, M. (2016). 

Present and Future Pharmacotherapeutic Agents in Heart Failure: An Evolving 

Paradigm. Br J Pharmacol; 173(12): 1911-24.  



 24 

2. Feelisch, M., Akaike, T., Griffiths, K., Ida, T., Prysyahna, O., Goodwin, J. J., Gollop, N. 

D., Fernandez, B. O., Minnion, M., Cortese-Krott, M. M., Borgognone, A., Hayes, R. 

M., Eaton, P., Frenneaux, M. P. & Madhani. M. 2019. 'Long-lasting blood pressure 

lowering effects of nitrite are NO-independent and mediated by hydrogen peroxide, 

persulfides and oxidation of protein kinase G 1alpha redox signalling', Cardiovasc Res. 

(Appendix 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

CHAPTER 1: BACKGROUND 
 

1: Public health problem 

Global perspective 
 
The World Health Organisation (WHO) classifies cardiovascular disease (CVD) as coronary 

artery disease, cerebrovascular disease, peripheral arterial disease, rheumatic heart disease, 

congenital heart disease, deep vein thrombosis, pulmonary embolism, and others (including 

heart muscle diseases, heart valve diseases, and disorders of the lining of the heart) (1). CVD 

is the leading cause of death worldwide (2). Each year, 17.5 million people die from CVD 

(31% of all deaths worldwide) of which an estimated 7.4 million are due to coronary heart 

disease and 6.7 million are due to cerebrovascular disease/stroke, figure 1. CVD can also 

lead to ischaemic cardiomyopathy and subsequent heart failure (3). Over 75% of CVD 

deaths occur in low- and middle-income countries (4). 

 

The Framingham Study and the INTERHEART Study (5-7) demonstrated that 90-95% of 

population-attributable risk (PAR) of overt CVD can be determined by nine modifiable risk 

factors. These include smoking, apolipoprotein B/apolipoprotein A1 ratio, history of 

hypertension, diabetes, abdominal obesity, psychosocial factors, daily consumption of fruit 

and vegetables, regular alcohol intake and regular physical activity (8-10). Importantly, 

psychosocial index accounted for 40% of PAR and alcohol consumption had a large 

beneficial effect in women but a rather borderline effect in men. People who are at high-risk 

of developing CVD (due to the presence of risk factors) require early detection and 

aggressive management using lifestyle counselling and medicines, as appropriate, to 

minimise their risk of developing CVD (2, 10, 11).  
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Figure 1: The 10 leading causes of death in the world in 2016. Source: Global Health 

Estimates 2016. Geneva, (1). 

 
UK perspective  
 
Global rates of CVD are increasing due to an explosion in emerging economies (12). In 

contrast, in the Western world (including the United Kingdom [UK]), rates of CVD have 

reduced substantially. Over the last century (between 1915 and 2015) in the UK we have 

seen major advances in sanitation, nutrition, hygiene, medical science and technology. In 

1915, people were predominantly dying of infections (13, 14) such as poliomyelitis, 

diphtheria, tetanus, and whooping cough (15). In 2015, as is common in most developed 

global nations, the most common natural causes of death are cancer, heart conditions and 

dementia, figure 2 (15-17). 
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Figure 2: Top causes of death by age and sex, 1915 to 2015 in the UK. Panel A – Women. 

Panel B – Men. Adapted from ‘Deaths registered in England and Wales’ (15).  

 

 
In the UK, CVD death accounts for 26% (160,000) of all deaths each year (18, 19). Of which, 

~66,000 are due to coronary artery disease and ~36,000 are due to cerebrovascular 

disease/stroke (20). There are an estimated 7 million people living with CVD in the UK (3.5 

million men and 3.5 million women) (18, 21). In common with the global perspective, the 

highest rates of CVD mortality are found in areas of socio-economic deprivation (4); in 

2012-2014 the cities of Glasgow and Manchester suffered the highest rates in the UK (21). 

CVD costs the UK economy (including premature death and disability) an estimated £15 

billion each year (22). 
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Despite record levels of obesity, physical inactivity and diabetes, there has been a massive 

decline in cardiac deaths in developed countries (23, 24). The reasons behind this are not 

clear. The impact of cardiological procedures such as percutaneous coronary intervention 

(PCI) on overall cardiac mortality is very small (25) and statins have only had a small-to-

moderate impact at a population level (26). Some commentators believe that CVD is a 

disease of ‘industrialization’ (27) and this explains the population health trends seen in many 

nations including the UK, United States of America (USA), Germany, France, Japan, 

Australia, and Canada.  

 

2: Cardiovascular physiology 

Structure and function 
 
Blood vessels can be placed into five distinct functional groups: 

1. Large arteries: responsible for the pulsatile component of afterload which is determined 

by the ‘windkessel effect’ and by the impact of wave reflection (28, 29) 

2. Resistance vessels: small arteries and arterioles, responsible for ‘static afterload’ (30, 31) 

3. Exchange vessels: capillaries and some venules, responsible for gas exchange (32) 

4. Capacitance vessels: small veins and venules, which hold 64% of the circulating volume 

(33) 

5. Conduit veins: responsible for the passage of the circulating volume through 

unidirectional valves, assisted by contraction of surrounding skeletal muscle (‘muscle 

pump’) (34, 35). 

 

Arteries and veins have three distinct layers; the tunica intima, tunica media and the tunica 

externa/adventitia (36), figure 3. The tunica intima is a single layer of squamous endothelial 

cells held together by a polysaccharide intercellular matrix and surrounded by a thin layer 

of sub-endothelial connective tissue (37). Useful clinical measurements include aortic and 
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carotid intima-media thickness (measured by ultrasound) which can be an early life marker 

of subclinical atherosclerosis (38, 39). 

 

The middle layer is the tunica media and is composed of elastic fibres arranged in a circular 

pattern, connective tissue and polysaccharide substances (40). The tunica media is rich in 

vascular smooth muscle cells (VSMCs), which control the calibre of the vessel and the 

capability of the vessel to contract and relax (41, 42). This is greatest in arteries, least in 

conduit veins and in moderate supply in the small veins and venules. 

 

Arteries, small veins and venules also have a nerve supply to allow for neural mediation of 

vasotone, these are termed ‘nervi vasorum’ (43). These are mostly sympathetic fibres, 

capable of causing both vasodilation and vasoconstriction, subject to the nature of the 

neurotransmitter and receptors located on the target cell (44, 45). The tunica 

externa/adventitia is the most external of the three layers. It is composed completely of 

connective tissue (46) and may be a source of mesenchymal stem cells (47).  

 

 

 

Figure 3: Anatomical overview of arteries and veins. Adapted from: OpenStax College, 

Anatomy and Physiology (48). 

 

Tunica externa/adventitia 
Tunica externa/adventitia 
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Haemodynamics  
 
The circulatory system is subject to numerous regional and systemic factors that influence 

the regulation of blood flow (49-52). For example, in the large arteries, pulsatile afterload is 

determined by: 

1. Large artery elastance through the ‘windkessel effect’ (28, 29) 

2. The timing and magnitude of waves returning to the central aorta following reflection at 

the arterial branch points. 

 

In healthy young people, reflected waves reach the central aorta in diastole, augmenting 

coronary reperfusion whilst minimising cardiac afterload. Premature arrival of the reflected 

waves in the central aorta during late-systole augments late-systolic pressure (increasing 

cardiac afterload and hence myocardial oxygen demand) and simultaneously reduces 

coronary perfusion pressures. Premature wave reflection can occur due to increased pulse 

wave velocity (PWV), associated with increased large artery stiffness, higher heart rate, and 

with shorter path length related to shorter stature. Evidence suggests that being less tall 

results in early arrival of systolic reflected waves, which leads to increased central aortic late 

systolic pressure, increased pulsatile load on the left ventricle, and therefore increased work. 

This may, at least in part, explain the greater prevalence of heart failure with preserved 

ejection fraction in women, due to their generally shorter height (53). 

 

The small arteries and arterioles (resistance vessels) are the site of 70% of the pressure drop 

across the vascular tree (30, 31). Systemic vascular resistance (SVR) is subject to three 

variables; blood viscosity, vessel length and vessel radius, and these are mediated by several 

mathematical constants. Flow can be explained using the Hagen–Poiseuille equation, figure 

4 (54), which takes into account the change in pressure between 2 points (P1 and P2) divided 

by the above calculated resistance. If we assume velocity (distance divided by time) is kept 

constant, a change in vessel length, cross-sectional surface area (CSA), fluid viscosity or 
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pressure can lead to a change in flow (55). For example, if velocity is kept constant and a 

vessel has a blood flow of 100m/s (A), doubling the mean arterial pressure (MAP) will 

double the flow (D) and doubling the vessel radius will lead to a x16 increase in flow (E), 

figure 4. It is also important to recall that velocity (V) is flow divided by cross-sectional 

surface area (CSA), therefore, if flow is kept constant, an increase in CSA would lead to a 

reduction in velocity.  

 

Figure 4: Haemodynamics – the Hagen–Poiseuille equation. Key – Q: flow rate, ΔP: 

change in pressure, r: radius, h: fluid viscosity, L: length of tube. (54). 

 

The term ‘compliance’ describes the change in dimension following a change in stress. In 

venous physiology, compliance is the ratio of the change in volume (DV) resulting from a 

change in transmural distending pressure (DP), or DV/DP. It is the slope of the 

pressure/volume relationship (PVR). Because venous compliance is very high at low 

pressures, the slope of the PVR over the physiological pressure range (10-40mmHg) is 

nearly linear (56). 

 

L

" # =
8&'
(")

∆P P2P1

Q

Resistance	to	flow: Volume	flow	rate:

A =
BC − BE
#

1 2 3 4 5 6

double	
length

double	
viscosity

double	
pressure

double	
radius

A B C D E
100m/s 50m/s 50m/s 200m/s 1600m/s

#



 32 

The term ‘elastance’ describes the vessels ability to recoil and return to its previous 

dimensions after being stretched. The degree of elastance is due to the amount of elastin 

fibres present in the tunica media. Elastance is inversely proportional to compliance, so can 

be expressed as change in pressure (DP) divided by the change in volume (DV), or DP/DV.  

(57). Arteries are more elastic and as described above, this can contribute to the aortic 

‘windkessel effect’. 

 

Capillaries are exchange vessels and consist of a single layer of endothelium and occasional 

connective tissue (58). Capillaries are surrounded by pericytes that may have contractile 

properties that allow them to regulate blood flow (59, 60). It is also thought that different 

signalling pathways regulate the constriction of capillaries by pericytes and of arterioles by 

VSMCs (61). In addition, capillary opening is further influenced by erythrocyte 

deformability (which is NO-modulated) and the surface charge on the endothelium and 

erythrocyte (62). 

 

Distensibility of the venous system (capacitance vessels) is physiologically important as it 

means that significant proportions of the circulating volume can be stored within blood 

vessels; 84% systemic circulation of which 64% is capacitance vessels (63, 64). The 

‘stiffness’ of the capacitance vessels affects the slope of the volume-pressure relation 

(venous compliance). In contrast, changes in venous tone cause parallel shifts in the venous 

volume-pressure relation resulting in changes in the ‘venous [unstressed] volume’ (i.e. the 

venous volume at zero transmural pressure). 

 

Modulation of compliance is also very important with respect to stroke volume. In healthy 

subjects, during exercise, venoconstriction of the splenic and splanchnic vascular beds 

translocates blood from the peripheral to the central compartment, increasing LV end 
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diastolic volume, and hence, via the Frank-Starling mechanism, contributes to the increased 

force of contraction and increased CO (65-67). 

 

Blood moves through the venous system (conduit veins) via several key mechanisms. In 

most part, relying on unidirectional valves and contraction of surrounding skeletal muscles 

(34, 35). Additional less significant factors also contribute, such as negative pressure 

‘suction’ (such as in the thoracic cavity on inspiration) (68), smooth muscle contraction in 

the tunica media (41, 42) and compliance (57). 

 

3: Cardiovascular pathophysiology 

Cardiovascular disease 

Atherosclerotic CVD is a condition in which excess fats, calcium deposits, abnormal 

inflammatory cells and other substances accumulate in the arteries and initially form ‘fatty 

streaks’ and later ‘intermediate lesions’ (69). Fatty streaks and intermediate lesions are 

usually asymptomatic and occur in the second and third decade of life (70). Over time, these 

lesions can increase in size and can progressively obstruct the arteries, including the 

coronary arteries; thereby reducing the oxygen-bound blood supply to the active contracting 

myocardium during periods of increased exertion (71). The reduced oxygen supply can 

cause the myocardium to become ischaemic during exertion, resulting in symptoms (usually 

chest tightness) termed ‘stable angina’ (72). 

 

Typically, from the fourth decade onwards, plaques that have a thin fibrous cap or a 

substantial inflammatory infiltrate in the lipid rich core are prone to erode or rupture (73). 

The inflammatory cells release metalloproteinase enzymes that break down the fibrous cap 

allowing the highly thrombogenic lipid core to be exposed to the blood stream and resulting 

in thrombosis, which in the coronary arteries leads to acute coronary syndrome (ACS) (74, 
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75). In contrast, plaques with a thick fibrous cap and a lesser inflammatory infiltrate are less 

prone to rupture but may progress to cause flow-limiting stenosis (76). Further consequences 

of atherosclerotic disease can include vascular remodelling (77) leading to aneurysms (78) 

and deposition of calcium leading to valvular dysfunction (79). 

 

Preventing and managing CVD 

At the forefront of the clinical management of CVD is effective primary prevention (80, 81). 

Major CVD risk factors are well-defined and understood, as are the evidence-based and 

widely recommended preventative measures that can be taken in order to reduce morbidity 

and mortality (80-83). Despite this, the long-term uptake of effective measures including a 

healthy diet, regular exercise, smoking cessation, statins and anti-hypertensive therapies, 

remains inadequate across populations with CVD morbidity and mortality remains 

unacceptably high (84).  

 

Early detection of CVD risk factors together with effective implementation of pragmatic 

primary preventative measures can significantly reduce the burden of CVD in society. The 

UK National Institute for Healthcare and Clinical Excellence (85) guidelines for lipid 

modification recommend reducing the 10-year CVD risk threshold from ≥20% down to 

≥10% for implementation of statin therapy, which will result in a significant increase in the 

numbers of individuals eligible for these drugs. Importantly, age remains the strongest 

predictor of intermediate to long-term CVD risk and often younger individuals with adverse 

CVD risk profiles have relatively low 10-year CVD risk scores (86). Reducing the threshold 

for implementation of cost-effective therapies should lead to a greater proportion of younger 

at-risk subjects receiving effective preventive therapies (87). 

 

Acute myocardial infarction, if extensive, can result in severe left ventricular systolic 

dysfunction (LVSD) associated with pulmonary oedema and can lead to cardiogenic shock 
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and death (88, 89). Lesser degrees of acute damage may also progress (over weeks to years) 

to severe LVSD and heart failure, a process known as ‘remodelling’ (90). This progression 

is mediated in part through activation of the circulating and local (tissue) renin angiotensin 

aldosterone (RAA) systems and the sympathetic nervous system (91, 92). A wealth of 

clinical trials have demonstrated the efficacy of agents that block the RAA system 

(angiotensin-converting enzyme [ACE] inhibitors, angiotensin [AT] receptor blocker [+/- 

neprilysin inhibitor], eplerenone and spironolactone) (92) and the adrenergic nervous system 

in both treating established heart failure and in preventing the remodelling process (93-95). 

 

Myocardial ischaemia (as for example, in effort-induced ischaemia) may result in transient 

LV systolic and diastolic dysfunction (a phenomenon known as ‘stunning’) (96). Recurrent 

episodes of stunning may eventually result in sustained regional LV systolic dysfunction 

(LVSD) in the affected territory, such that it appears on echocardiography as if it were 

infarcted (a phenomenon known as ‘hibernation’) (97). It is important to recognise 

hibernation in patients with heart failure and LVSD since correction of flow limiting stenosis 

can result in complete recovery of LV function (98). Viability is most accurately assessed 

using CMR (or positron emission tomography [PET] if available) but can also be assessed 

by dobutamine stress echocardiography and nuclear scintigraphy (99). 

 

4: Principles of vasoactivity 

At a cellular level, VSMCs  are arranged in a fusiform shape (40). Each myocyte contains 

many molecules of myosin (predominantly myosin class II in smooth muscle, ‘heavy 

chains’) (100) and actin (predominantly α-actin in smooth muscle, ‘light chains’) (101), 

which together interact resulting in excitation-contraction coupling (102). Key proteins 

involved in VSMC contraction include calmodulin (which regulates smooth muscle 

contraction), caldesmon (which enhances contraction and tension maintenance) and 
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calponin (which maintains continual load bearing) (103). Key tensile structures involved 

include vimentin, desmin, dense bodies and adherens junctions (102). 

 

VSMC contraction and relaxation  
 
VSMCs contract when the following sequence ensues. An initial stimulus (mechanical, 

electrical, chemical or VSMC passive stretch) (104) creates a rise in intracellular calcium. 

Calcium can be released from internal stores (via production of inositol triphosphate and 

release from the sarcoplasmic reticulum [SR]) (105) or by increased influx. Elevated calcium 

binds calmodulin (forming the calcium-calmodulin complex) (106) which activates myosin 

light chain kinase (MLCK), which in turn phosphorylates myosin light chains (MLCs) in the 

presence of adenosine triphosphate (ATP), resulting in cross-bridge formation and 

subsequent VSMC contraction (107). This process repeats creating a continual 

unidirectional movement termed ‘cross-bridge cycling’, resulting in increased tension along 

the length of the tensile structures, resulting in smooth muscle contraction (108). 

 
VSMCs relax when the MLC is no longer phosphorylated (102). This can result from: 

1. Reduced calcium induced calcium release (CICR) from SR or reduced influx (109)  

2. Inhibition of MLCK by increased intracellular cyclic adenosine monophosphate (cAMP) 

(110) 

3. Phosphatase-activated MLC dephosphorylation (111) 

 

Coronary vasoactivity  
 
The vasomotor response of the coronary arteries is thought to be very similar to that of the 

peripheral vasculature. In 1995, Anderson and colleagues assessed patients with known 

coronary artery endothelial dysfunction and healthy controls. The group showed that those 

with coronary artery disease manifested as vasoconstriction in response to acetylcholine 
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(ACh) and had significantly impaired flow-mediated vasodilation in the brachial artery 

compared with that of patients with normal coronary endothelial function (112).  

5: Vasoactive substances 

Vasoconstrictors  
 
Vascular tone determines SVR and therefore regulates MAP/blood pressure (BP) (113). 

Mathematically, SVR is the dependent variable; however, physiologically, SVR and CO are 

normally the independent variables and MAP is the dependent variable (114). Thus, if the 

heart is required to pump against increased resistance, blood pressure increases and CO 

remains normal (assuming the heart is not failing) (115).  

 

Muscarinic agonists (including ACh) can mediate vasodilation in the presence of an intact 

endothelium via NO-release (116). Interestingly, if the endothelium is no longer intact, ACh 

can lead to vasoconstriction by binding to and increasing the activity of the muscarinic 

receptor M2. This results in reduced cAMP and reduced protein kinase A (PKA) activity 

leading to MLC phosphorylation and subsequent vasoconstriction (117).  

 

Additional important endogenous vasoconstrictors have been described, including 

thromboxane, neuropeptide Y, angiotensin II, anti-diuretic hormone (vasopressin), 

asymmetric dimethylarginine, thrombin, and insulin, to name a few. The mechanisms of 

these vary, but they all act to either decrease endothelin, decrease NO, or increase 

intracellular calcium (116). Physiologically, adaptive mechanisms also exist to regulate 

vasotone. Increased cutaneous vessel tone is a hypothermic preventative mechanism; blood 

is removed from cold extremities, minimising avoidable heat loss and maintaining adequate 

temperatures centrally (118). 
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Vasodilators  
 
The study of vasodilating agents has evolved over the last 50 years (119) with several key 

papers defining our current knowledge. In 1976, Moncada and colleagues published their 

discovery of a vasodilatory prostaglandin synthesised and released by the vessel. In the 

following year, the same group showed that the endothelium in the most abundant source of 

prostacyclin (120). In the following decade, a series of papers demonstrated that NO and 

nitrocompounds activated guanylate cyclase (121), and that endothelium-dependent 

hyperpolarisation resulted in smooth muscle relaxation (122), and that the predominant 

endothelium-derived relation factor (EDRF) was NO (123). The synthesis of NO was further 

characterised when L-arginine was identified as the precursor in the so-called 

‘endogenous L-arginine/NO-synthase pathway’ (124). Interestingly, towards the end of the 

1980’s, the focus began to shift away from defining single vasodilatory pathways to trying 

to understand these various factors collectively. Whilst NO and prostaglandin had been well-

characterised vasodilators at the level of the arteries (110) increasing evidence for other 

endothelium-derived vasodilating factors, known as the ‘endothelium-derived 

hyperpolarizing factor’ (EDHF) began to accumulate (125, 126). 

 

Current evidence suggests that the term EDHF should represent a mechanism rather than a 

specific factor. EDHF-mediated vasorelaxation seems to be heterogenous depending on 

various factors (such as vessel size, vascular bed, oxidative stress, hypoxic demand, etc) 

(127). It has been postulated that EDHF-mediated vasorelaxation may utilise a range of 

different endothelial mediators/processes (including arachidonic acid derivatives, hydrogen 

peroxide [H2O2], potassium ions flux, C-type natriuretic peptide, gap-junction-mediated 

processes, etc) (127) (119) working simultaneously (or being able to substitute) providing a 

back-up when NO-mediated vasodilation is compromised (119, 126). Recent work has 

shown that EDHF may also have a tissue-specific distribution, with endothelium-dependent 

vasodilation in human conduit arteries being mediated mainly by NO, whereas vasodilation 
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in resistance arteries is mediated by a combination of NO, prostaglandins and EDHF together 

(42). 

 

Whilst the role of EDHF in small resistance arteries is now more clearly defined, we still 

have not fully characterised which hyperpolarizing factors represent the EDHF. Previously 

viewed as a cytotoxic ROS, H2O2 is now thought to play a central role in cell signalling and 

nitrite reduction (128). It was suggested that H2O2 had a role in regulating vasomotion 

through modulation of the adventitial layer (129), and that H2O2 generation from the 

mitochondrial electron transport chain in the perivascular adipose tissue contributes directly 

to the modulation of aortic muscle contraction (130). Most recently, we identified that nitrite 

administration caused H2O2 generation and consecutive production of persulfide species 

(CysSSH and GSSH) in mesenteric resistance vessels, leading to oxidative activation of 

PKG1a (131). 

 

Next to NO, prostacyclins and H2O2, several other important vasodilators exist and function 

with varying potency, depending on local oxygen concentrations. For example, adenosine, 

which is known to bind to A1, A2a and A2b receptors on VSMCs (132), leading to increased 

ATP-sensitive potassium channel activity, VSMC hyperpolarization and reduced 

intracellular calcium (117), may be augmented in hypoxia (133). Evidence also suggests that 

in hypoxia, adenosine exerts an array of pleiotropic effects including proliferation and 

migration of endothelial cells (134), reduction of vascular leak (135) and downregulating 

immune responses (136). Other additional endogenous vasodilators have been described 

with varying potency in hypoxia vs normoxia, including histamine (137) vasoactive 

intestinal peptide (VIP) (138), L-arginine (139), bradykinin (140) substance P (141), 

natriuretic peptides and heparin (142). In the most part, these vasodilators are potentiated in 

hypoxia, providing a ‘protective’ ischaemic response mechanism. Whilst exact mechanisms 
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vary, they all act to either increase endothelin, increase NO, or decrease intracellular calcium 

(116).  

 

Pathophysiological conditions can also result in vasodilation, such as hypoxia, hypercapnia, 

acidosis and hyperkalaemia. These conditions all lead to a decrease in intracellular calcium, 

resulting in VSMC relaxation and subsequent vasodilatation (111). Interestingly, systemic 

epinephrine (adrenaline) acts via both α- and β-adrenoreceptors, causing vasoconstriction 

and vasodilation, respectively. Its effect is dose-dependent; at low concentrations the 

dominant effect is via β-adrenoreceptors and at high concentrations the dominant effect is 

via α-adrenoreceptors (143, 144). The response is the opposite in the coronary arteries, where 

β2 response is greater than that of α1, resulting in overall dilation with increased sympathetic 

stimulation (145).  

 

6: Nitrate and nitrite metabolism 

Inorganic nitrite (and nitrate) are abundant in the circulation and tissues, with nitrite being 

capable of acting as a storage pool for bioavailable NO. In resting, non-fasted humans, 

various values have been reported for plasma nitrate and nitrite, with values falling within 

the ranges of 20 – 50 μmol and 0.1 - 0.5 μmol respectively (146, 147) (148-150). Nitrite 

concentrations also differ from cell, to vessel, to organ. In Wistar rats, for example, the RBC 

compartment had more than two-fold higher nitrite than plasma (680 ± 60 nmol vs 290 ± 50 

nmol) (151). A similar magnitude of difference was also observed in humans (288 nmol vs 

121 nmol) (150) with a notable artery-to-vein nitrite gradient (arterial 176 ± 10 nmol vs 

venous 143 ± 7nm) (150). In Wistar rats, nitrite content of the lung, kidney, heart and liver 

was 0.5 – 0.8 μmol whereas the brain (1.7 ± 0.3 μmol) and specifically aorta (22 ± 9 μmol) 

had much higher levels (151). In humans, a wide range of factors can significantly affect 

nitrite levels, such as dietary habits, infection, living at altitude and pregnancy (152) (153, 

154). 
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Essentially, there are two major sources of inorganic nitrate: i) the endogenous L-

arginine/NO-synthase pathway and, ii) the diet (such as in fresh leafy vegetables and 

beetroot – as commonly found in the Mediterranean diet) (155). Endogenous nitric oxide 

synthases (NOS) release NO molecules from L-arginine with the consumption of 1.5 

NADPH equivalents and two oxygen molecules per NO formed. This is an aerobic process 

and requires calcium–calmodulin and tetrahydrobiopterin (BH4) as cofactors (156). Whilst 

eNOS is able to function down to oxygen levels of ~10 μmol (157) below this level, a series 

of anoxic ‘alternate mechanisms’ are activated to enable NO production at the oxygenase 

domain (158). 

Once NO is produced, it binds to haemoglobin with very high affinity (159) and is quickly 

oxidized to nitrite and nitrate (160). Non-enzymatic auto-oxidation of NO to nitrite is very 

slow, but greatly increases if catalysed by caeruloplasmin. The vascular endothelium is both 

a target as well as a production source of NO due to its membrane bound endothelial nitric 

oxide synthase (eNOS) (161). Endothelial sheer stress caused by increased blood flow 

during exercise can also increase eNOS expression and its activity, resulting in increased 

NO levels (162). Inducible NOS (iNOS), usually present in very low levels is strongly 

upregulated by systemic inflammation (163). In contrast, patients with endothelial 

dysfunction are known to have lower eNOS activity and reduced nitrite plasma levels, which 

correlate closely with cardiovascular risk factors (164). NOSs catalyse conversion of L-

arginine to NO and citrulline and this reaction can only occur in the presence of oxygen. NO 

can then diffuse into VSMCs where it binds to the haem centre and activates sGC, which 

converts guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). This 

sequence activates PKG leading to low-grade phosphorylation of downstream targets (165). 

This process is very slow and only yields low levels of NO and therefore minimal systemic 

vasodilation (166). 
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The second major source of circulating nitrite is dietary intake of nitrate and nitrite. Green 

leafy vegetables and beetroot contribute to daily nitrate intake significantly. Certain foods, 

such as cured meats also contain high levels of nitrite (167). For example, a plate of green 

leafy vegetables can provide more nitrate than is formed endogenously over a full day by all 

nitric oxide synthases (168). Interestingly, beetroot juice has been used in several human 

studies to investigate the effects of oral nitrate supplementation. The average European diet 

has a nitrate intake of 50-150 mg per day (UK 95 mg) from food and a further 50 mg from 

drinking water (169), however specialised targeted diets have been developed, such as the 

Dietary Approaches to Stop Hypertension (DASH) diet, which provide up to 1222 mg nitrate 

intake a day (169). 

 

 
 
Figure 5: The entero-salivary circulation (168) 
 
 
The ‘entero-salivary circulation’ relies heavily on a unique set of bacterial nitrate reductases 

possessed by specific bacterial populations in the mammalian mouth and gut (168). The 
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process begins by the ingestion of dietary nitrate (and nitrite), of which, 5-7% is reduced to 

nitrite by bacterial nitrate reductases in the mouth. In the low stomach pH 1-2, nitrite is 

protonated to HNO2 and further to N2O3 which is then reduced to NO (via acid 

disproportionation) (170). Interestingly this NO production is thought to play an important 

role in gastric mucosa blood flow regulation and anti-bacterial non-specific immunity 

protection such as from helicobacter pylori infection (171). Around 75% of the excess nitrate 

in the bloodstream is excreted by the kidneys. The remaining nitrate (and some nitrite) is 

then absorbed across the gastric mucosa into the bloodstream where at the level of the 

venules and capillaries it is oxidised to nitrite which is more stable (172). As discussed 

before, NO can also be oxidised back to nitrite and nitrate by eNOS at the vascular 

endothelium via non-enzymatic auto-oxidation. Next, the remaining 25% of the circulating 

nitrate and nitrite can also be actively taken up in the salivary glands and is concentrated 10- 

to 20-fold and then secreted into the mouth cavity where it is swallowed into the stomach 

and re-enters the cycle. Baseline levels of nitrite vary in healthy people, but according to 

values published, appear to exist in the range of 0.13 μmol/L - 0.25 μmol/L (173-175). 

 

The importance of the ‘entero-salivary circulation’ and the role of bacterial reductases have 

been highlighted by animal and human experiments using anti-septic mouth washes or 

spitting out of saliva, both of which prevent effective plasma nitrite rise following inorganic 

nitrate ingestion and abolish its biological effects (176, 177). 

7: Pharmacokinetics of nitrate and nitrite metabolism 

Nitrates and nitrites exist in two main forms. Inorganic nitrates/nitrites are small, water 

soluble ions that exist in the diet and are also endogenously produced via oxidation of NO 

(as discussed above) and organic nitrates/nitrites are synthesized and structurally more 

complex, with the exception of ethyl nitrite, are all medicinally synthesised products (178). 

These chemical differences result in distinct pharmacokinetic and pharmacodynamic 

properties, bioavailabilities and metabolic profiles. As alluded to in figure 5, the route of 
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administration plays an important role in nitrite metabolism. Inorganic nitrates/nitrites do 

not undergo first pass metabolism and rely on the entero-salivary circulation for absorption 

and also to buffer against toxic levels of nitrite prolong beneficial effects, whereas organic 

nitrates do not. As a result of this, inorganic nitrates/nitrites have a delay of ~3 hour to nitrite 

plasma peak levels (179, 180), whereas organic nitrate/nitrite have a rapid blood level rise 

and onset of action within 1-3 minutes (181). As shown by Pannala and colleagues in 2003, 

consumption of a high-nitrate meal (221.7 ± 10.8 mg) led to a rapid increase in salivary 

(baseline ~249-483 μmol/L vs 2h post: 2.6 mmol/L, p<0.001), urinary (baseline: 53 mg vs 

24-collection: 223 mg, p<0.001) and plasma (baseline: 26 mg vs 1h post: 179 mg, p<0.001) 

nitrate levels, with increased levels of nitrite in the saliva (baseline 204-302 μmol/L vs 2h 

post: 1.8 mmol/L, p<0.001), sustained for at least 5h post-nitrate ingestion (182).  

 

In a study by Rix in 2015, they demonstrated that with increasing doses of nebulised nitrite, 

there was a progressive increase in  Cmax (maximum plasma concentration), AUC (area under 

the curve plasma concentration-time curve from time zero to end time point), CL/F (apparent 

clearance), Vss/F (apparent steady state volume of distribution) and t½ (half-life), indicating 

that nebulised sodium nitrite is capable of producing dose-proportional plasma 

pharmacokinetics. The group also showed that the t1/2 of nitrite in plasma at 4oC was ~30 

minutes, which was comparable with that reported following intra-arterial (0.7 h) (173) or 

intravenous (0.5 h) (179) and (0.8 h) (175) administration in other healthy subject studies, 

providing additional insight into how nitrite in metabolised and distributed (183). 

 

Also, as will be discussed in greater detail later, metabolism of organic nitrate/nitrite is partly 

regulated by reductase systems and local oxygen tension, and able to lead to significant 

vasodilation, whereas inorganic nitrites have a far subtler effect on vasodilation (184-186). 

Specifically, in the context of ischaemia-reperfusion injury, inorganic nitrate/nitrite has 

important cytoprotective effects, whereas repeated use of organic nitrates may increase 



 45 

injury (158, 187). Differences also exist in efficacy. For example, in chronic use, organic 

nitrates are known to be associated with tolerance and endothelial dysfunction, whereas 

inorganic nitrite does not appear to induce tolerance (173). 

 

Finally, as discussed previously, the mode of excretion differs, with inorganic 

nitrates/nitrites being subject to renal clearance (figure 5) (168) whereas organic 

nitrates/nitrites are not (188). Therefore, all of these factors taken together, it is very 

important to separate the pharmacokinetics of these two forms of nitrates/nitrites when 

considering their use in  clinical research (178). 

 

In a detailed review article by James et al, 2015, the discordances in data from inorganic 

nitrate supplementation studies were discussed. They highlighted the importance of knowing 

whether the individual variation of nitrate/nitrite/NO metabolism may be greater than the 

effect being tested (189). As discussed above, whilst data exists, they highlighted the 

importance of the source of nitrate or nitrite (inorganic vs organic), route of administration, 

study cohort kinetic profile, and timing of bolus/serial dose/infusion, as each potentially 

influences the success of any given study. Interestingly, the group also highlighted the need 

for more research to help understand at what stage in the nitrate-nitrite-NO pathway ‘non-

responders’ are being limited in their response. They called for future work to examine this 

inter-individual variability, by assessing nitrate pharmacokinetics, comparing different 

sources and routes of administration of nitrate in the same individual(s) in a carefully 

controlled crossover study (189). 

 

8: Nitrite-mediated vasodilation  

Nitrite in normoxia 
 
Over the years, several groups have demonstrated that nitrite can also induce significant 

vasodilation and systemic BP changes during normoxia in specific physiological conditions 
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(146, 177, 190-192). This observation is not adequately explained, as nitrite is predominantly 

reduced to NO in the venules and capillaries, yet for flow to increase and MAP to fall there 

must be significant relaxation of the resistance vessels upstream. The mechanism(s) 

underlying this are unclear. Various hypotheses have been proposed including 

electrochemical retrograde transmission of hyperpolarisation via gap junctions (193, 194) 

and vascular looping resulting in proximal NO donation from capillaries and venules (195). 

To date, no consensus has been reached. 

 

Understanding how nitrite can cause vasodilation in resistance vessels in normoxia has 

significant therapeutic importance. It is this gap in the knowledge that led our group to 

examine this mechanism. As a terminal point in the well-described NO-sGC-cGMP-PKG 

pathway and the gatekeeper to downstream target phosphorylation, a plausible candidate of 

particular interest is PKG. PKG exists as two isoforms; type 1 (75kDa) and type 2 (85kDa). 

Both isoforms are homodimeric and share similar quaternary structures. PKG1 is 

predominantly expressed in the cardiovascular system and has two splice variants; PKG1a 

(heart, lungs, cerebellum) and PKG1b (platelets and hippocampal neurons) (196). PKG1a 

has 11 cysteine residues within its structure, five of which are sensitive to redox oxidation. 

Disulphide bond formation is a cysteine modification able to form in signalling kinases and 

influence enzymatic activity (197). 

 

Nitrite-mediated PKG1α dimerization  
 
In 2007, Burgoyne and colleagues from the Eaton group, King’s College, UK showed that 

PKG1α can operate as a ‘redox sensor’ and can also dimerize via inter-protein disulphide 

bonding after exposure to exogenous H2O2 in rats (198). This mechanism was further 

explored by the same group in 2010. They showed that oxidising agents acted on low pKa 

cysteine thiols (Cysteine 42) to generate disulphide bonds between adjacent cysteine 
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residues, resulting in PKG1α dimerization. They proposed that PKG1α can function via 

monomeric activation and oxidative dimerization simultaneously.  

 

Until 2012, this hypothesis was very difficult to study, until a significant paper by Eaton and 

colleagues, presented a transgenic knock-in (KI) mouse model that was unable to form 

PKG1α dimers through oxidation (referred to as being ‘redox dead’) (199). These mice were 

created by a single-atom change (an oxygen atom replacing a sulphur atom), leading to an 

amino acid substitution (Cysteine, position 42, replaced with Serine) as a result, they could 

not form disulphide bonds between cysteine residues and thus prevented oxidative 

dimerization of PKG1α. In 2012, the group showed that PKG1α KI mice developed 

hypertension, which further drew attention to the role of PKG1α dimerization in vasodilation 

and maintenance of healthy vascular tone (199). 

 

Also, in 2012, Eaton and colleagues observed that when cGMP formation by sGC was 

blocked with ODQ, PKG1α dimer formation increased from 13 ± 2% to 29 ± 4% of total 

PKG1α in aorta and mesenteries, respectively. This, at the time, seemed unusual, as the 

higher levels of NO were detected in the aorta (conduit vessel) and therefore it was expected 

that ODQ blockade would induce a compensatory response and therefore greater levels of 

disulphide bond formation at this site (the conduit vessel). Even more unexpectedly, ODQ 

induced constriction in aorta, but not in mesenteries. This data was interesting because it 

suggested that once PKG1α is bound to cGMP, it is not able to form disulfide bonds, 

indicating that these two processes may in fact be mutually exclusive (later described in 

more detail by the Kass group, 2018). It also suggested that there may be a difference in the 

mechanism driving the vasodilatory response, with conduit vessels vasodilating in response 

to monomeric PKG1α and resistance vessels vasodilating in response to PKG1α oxidative 

dimerization (199). 
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With the advent of the redox-dead mouse, several groups took an interest in PKG1α 

dimerization, in the context of cardiovascular physiology. In 2012, Zhang and colleagues 

attempted to explain the mechanisms by which H2O2 dilates human coronary arterioles. The 

group showed that H2O2 induced dose-dependent and reversible PKG1α oxidative 

dimerization, which resulted in big potassium (BK)-calcium channel opening, potassium 

efflux, hyperpolarisation and subsequent reduced calcium influx, preventing VSMC 

contraction (200). This finding was very interesting as it appeared to show a mechanism for 

H2O2-dependent, PKG1α-dimer mediated coronary artery vasodilation in normoxia. The 

group suggested that the hydrogen sulphide system mediated oxidation at the cysteine 

residues, leading to dimerization. 

 

Later in 2012, Eaton and colleagues studied the vasoactive mechanisms of glyceryl trinitrate 

(GTN). The group showed that in the redox-dead KI mouse there were substantive 

deficiencies in hypotensive response to GTN as measured by radiotelemetry. When the same 

was performed in wild-type littermates, GTN caused PKG1α oxidative dimerization via 

disulfide formation and induced a significant hypotensive response. The group showed that 

resistance blood vessels from KIs were markedly less sensitive to GTN-induced vasodilation 

than the wild-types (WTs) (201). This work showed that GTN directly induced disulfide 

bond formation and subsequent PKG1α dimerization in the resistance vessels. 

 
In 2013, it was suggested by Eaton and colleagues that not only does PKG1α dimerization 

play an important physiological role in resistance vessel tone and BP maintenance, it is also 

implicated in serious pathological processes, such as sepsis. The group showed that in 

conditions where vasodilation and increased vascular permeability are cardinal features, 

PKG1α dimerization may be a key underlying finding (202). This observation raised the 

notion that PKG1α oxidative dimerization often follows an oxidative surge, which is 

uncommonly seen in normal physiology but can occur during sepsis in normoxia. The group 
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proposed that in a high reactive oxygen species (ROS) state (such as sepsis), PKG1α 

oxidative dimerization can take place resulting in profound vasodilation in normoxia.  

 

In 2016, the Eaton group demonstrated that the PKG1α dimer is able to regulate cardiac 

diastolic relaxation and plays an important role in fine-tuning the Frank-Starling response. 

Using phosphoproteomics, they showed that PKG1α can dimerize in response to oxidants 

generated by diastolic mechanical filling stress. Once dimerized, PKG1α can selectively 

phosphorylate cardiac phospholamban Ser16, a site important for diastolic relaxation. When 

the redox-dead KI model underwent the same protocol, these mice developed diastolic 

dysfunction and diminished ventricular filling (203). This finding highlighted that in heart 

failure, PKG1α oxidative dimerization may result from increased ROS production, which 

further supported the previous work by Rudyk and colleagues in 2013. 

 

In 2017, the Eaton group sought to bring the therapeutic potential of PKG1α dimerization to 

the forefront. The group developed an assay and screened for electrophilic drugs that activate 

PKGIα disulfide bond formation by selectively targeting Cysteine 42, resulting in 

vasodilation and BP lowering effects. The group identified a novel compound, which they 

called ‘G1’, which displayed antihypertensive effects in an angiotensin II-induced 

hypertension mouse model (204). Using the redox-dead KI mouse the group revealed that 

these anti-hypertensive effects were attenuated, validating PKGIα C42 as the target of G1, 

as well as providing proof-of-principle for a new class of antihypertensive drugs that have 

potential for further development for clinical use in humans (204). 

 
In 2018, the Kass group, John Hopkins, USA showed that in cardiac myocyte, localisation 

of PKG1α is subject to whether it is in its monomeric or homodimeric form. The activated 

monomer is membrane-bound whereas oxidative dimerization leads to it becoming released 

into the cytosolic compartment. As sGC is membrane-bound and phosphodiesterase (PDE) 

is cytosolic, the location of activated PKG1α is very important when considering how to 
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target it for therapeutic intervention (either by stimulation of sGC or inhibition of PDE5) 

(205). 

 

Alternative mechanisms for nitrite-mediated vasodilation 
 
Persulfides 
 
A separate body of literature also supports the belief that hydrogen sulphide can reduce 

nitrite to NO and/or promote nitrite reduction via XOR or porphyrins (206). Persulfides have 

been implicated in nitrite reduction via polysulfide and perthionitrite intermediate formation 

(207). In 2016, the Feelisch group, UK, suggested that nitrosopersulfide could also generate 

polysulfides and NO, which could in turn activate the classical NO-sGC-cGMP-PKG 

pathway (208). These observations indicate that either persulfide intermediates and/or high 

ROS may be important in the direct oxidation of PKG1α cysteine residues. 

 
S-nitrosothiols (RNSO) 
 
S-nitrosothiols (RNSOs) were originally thought to serve as intermediates in the action of 

organic nitrates (209) and endogenous RSNOs were shown to represent a main source of 

NO bioactivity in vivo (210). In recent years, RSNOs have emerged as having a central role 

in the modulation of NO bioavailability and subsequent vasotone in the presence of haem 

proteins (as will be discussed in later) (211-213) and through the redox modulation of sGC 

thiol groups (specifically nitrosylation of cysteine), leading to the generation of bioavailable 

NO (214).  

 

RSNOs have also been shown to be an important post-translational protein modification in 

cardiovascular signalling (215, 216) and cardioprotection (217) including in the context of 

thiol protection from oxidative modification on reperfusion protection during ischaemia-

reperfusion injury (218, 219). In 2008, Sayed and colleagues made the link between S-

nitrosylation of sGC and vasoactivity by showing that GTN treatment of primary aortic 

smooth muscle cells induced S-nitrosylation of sGC and that this was reversed when GTN 
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was stopped (220). This concept was challenged by Sun and colleagues in 2013 who used 

Langendorff-perfused mouse hearts to show that ODQ and KT5823 inhibition (sGC and 

PKG inhibitors, respectively) did not abolish ischaemic preconditioning (IPC)-induced acute 

protection. They postulated that a sGC/cGMP/PKG-independent signalling pathway, via 

RSNOs, was responsible for NO-mediated cardioprotection during acute IPC.  

 

Whilst the exact roles of RSNOs in nitrite-mediated vasodilation require further 

characterisation, emerging evidence continues to indicate the RSNOs have an important role 

to play, with potentially thousands of RSNOs (including S-nitrosoglutathione [GSNO], 

thionitrous acid [HSNO] and S-Nitroso-N-acetylpenicillamine [SNAP]), regulated by many 

denitrosylases and nitrosylases are capable of functioning as both targets and transducers of 

S-nitrosylation (221, 222). 

 
Due to the meticulous work over the last decade by the Eaton group and others (197-208), 

the following observations have been made: 

1. Nitrite can induce NO-independent PKG1α oxidative dimerization in normoxia 

2. PKG1α oxidative dimerization is a tissue-specific phenomenon seen in the resistance 

vasculature and this is important in the maintenance of MAP 

3. High ROS, persulfide intermediates and the hydrogen sulphide system may be 

implicated in direct oxidation of the cysteine residues. 

 

These observations are of great interest to our group scientifically and therapeutically. In an 

attempt to unravel the story further we examined the mechanisms mediating PKG1α 

oxidative dimerization in normoxia with respect to NO-dependency, vessel-type variations, 

ROS and persulfide intermediates, figure 6. Accordingly, in Chapter 3 we examined the 

mechanisms of nitrite-mediated vasodilation in normoxia in a murine ex vivo model.  
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Figure 6: Can nitrite mediate NO-independent vasodilation in murine resistance arteries in 

normoxia ex vivo? (via PKG oxidation/dimerization or associated intermediates or via 

alternative non-PKG intermediates such as hydrogen sulphide or RSNOs). Key XOR – 

xanthine oxidoreductase, L-arg: L-arginine, NADPH: nicotinamide adenine dinucleotide 

phosphate, NOS: nitric oxide synthase, NO: nitric oxide, sGC: soluble guanylate cyclase, 

GMP: guanylate monophosphate, cGMP: cyclic guanosine monophosphate, PDE: 

phosphodiesterase, PKG1a: protein kinase G1 alpha, VASP: vasodilator stimulated 

phosphoprotein, RGS2: regulator of g-protein signalling 2, VDCC: voltage-gated calcium 

channels. 

 

Nitrite in hypoxia 
 
In the context of the clinical studies we performed in this thesis, we first need to define what 

the term ‘hypoxia’ means and what this represents both physiologically and pathologically. 

We also need to understand how nitrite interacts with different reductase systems in hypoxia, 

with a specific focus on changing oxygen gradients across different vascular beds and tissues 
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(168, 223-225). In healthy physiology, arterial blood has a free oxygen concentration of 

~100-130 μmol (pO2 15-100 mmHg), venous blood has 35-40 μmol (pO2 1.5-15 mmHg), 

perivenous tissues have 20-30 μmol, and mitochondrial respiration is compromised when 

free oxygen is <2 μmol (pO2 <1.5 mmHg). We can assign hyperoxia as being >130 μmol, 

normoxia as the interval spanned by arterial blood and perivenous tissues (130-20 μmol), 

hypoxia as the interval spanned between perivenous tissues and mitochondrial respiration 

compromise (20-2 μmol), and anoxia being <2 μmol (229).  

 

As alluded to above, it is also important to also point out that oxygen gradients vary 

significantly across vascular beds and tissues, due in part to differential degrees of oxygen 

consumption. Several studies report a wide range of human and animal partial oxygen 

pressures measured across various tissues in normoxia. Values vary significantly between 

adult mammal species (for example, rat liver pO2 70-77 mmHg vs pig liver pO2 20 mmHg) 

(230) vascular beds (pig arterial blood pO2 75 mmHg vs human arterial blood pO2 90 mmHg) 

(229, 230) and between organs (rat renal cortex pO2 50 mmHg vs mouse renal cortex pO2 23 

mmHg) (231-233). It is important to consider that across the human vascular tree, sharp 

oxygen gradients exist, especially when we consider the gradient span between normoxic 

arterial blood (130 μmol) through to active muscularised capillaries (25 μmol) (234) and that 

these differences in partial oxygen pressures directly influence nitrite reductase systems and 

the degree to which nitrite is reduced to NO. 

 

Whilst it is not possible to study the effects of hypoxia (in the strictest sense; 20-2 μmol [pO2 

1.5 – 15 mmHg]) on arterial vasoactivity in healthy human volunteers in vivo, it is possible 

to study nitrite in a ‘reduced oxygen condition’ of 62.5 – 72.5 μmol (pO2=47.5 to 55 mmHg) 

achieved by subjects breathing 12% oxygen / 88% nitrogen in order to achieve an oxygen 

saturation of 83-88%, as a surrogate for clinical hypoxia (235), as might be seen in patients 

suffering with established cardiovascular disease, sepsis, or established respiratory disease, 
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etc. (236). The ‘reduced oxygen’ in vivo human model has been used by several groups to 

study vascular physiology and disease (174, 235, 237-241). For clarity, we refer to the 

reduced oxygen condition as ‘hypoxia’ throughout this thesis to differentiate it to the 

condition of normoxia (21% oxygen) which is also studied.  

 

Nitrite reductases 
 
Nitrite reduction is ubiquitous throughout biology. In bacteria and Archaea, denitrification 

in the major mechanism by which fixed nitrogen returns to the atmosphere from soil and 

water (242). In humans, as discussed, nitrite can be either i) synthesised via the 

endogenous L-arginine/NO-synthase pathway, or ii) can be generated by reduction of 

inorganic nitrate by facultative anaerobic bacteria in the mouth and stomach (149, 168). As 

described, humans do not innately possess nitrate reductase enzymes, so this symbiosis is 

essential in the metabolism of nitrate to nitrite. Nitrite reduction in turn generates NO 

enabling a wide range of important downstream pleiotropic effects (168, 243). Nitrite 

reduction (equation 1) is the process in which a protein donates an electron to nitrite in the 

presence of a proton source to form NO, becoming oxidized in the process (244): 

(1)	NO() + H, + Nitrite	reductase6, 	→ NO + OH) + Nitrite	reducatase(6,8),	 

In contrast to the NOS pathway (described previously) which is strictly oxygen-dependent, 

NO production from nitrite reduction is greatly facilitated by hypoxia (245, 246), such as 

those that commonly occur in hypoxic vasodilation of cardiovascular systems (247) muscle 

tissue during extensive exercise (248) and ischemic tissues (249). Unlike NOS, nitrite 

reductases can produce NO via oxygen-independent processes, suggesting the potential 

contribution of NO in mediating hypoxic signalling-dependent cellular responses (250). 

Reduction is significantly potentiated by hypoxia and acidosis, and is catalysed by a variety 

of reductases. It is important to emphasise that different nitrite reductase systems are activate 
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at different partial oxygen pressures, therefore the degree to which nitrite is reduced to NO 

will depend on the changing oxygen gradients across different vascular beds and tissues 

(168, 223-225). This is an important observation, as several studies that have looked at the 

effect of blocking any one of these reductases in vivo have frequently failed to show an effect 

on NO generation, indicating a degree of redundancy, thereby ensuring NO production in 

situations for which the oxygen-dependent NO-synthase enzyme activities are compromised 

(168, 229). For example, Cytochrome c (251), cytochrome bc1 (245, 252) and 

cytochrome c oxidase (Cco) (246, 252) of the mitochondrial electron transport chain, have 

been reported to generate NO via nitrite reductase-dependent catalysis at very low oxygen 

concentrations (229). Interestingly, nitrite is able to enter the cell and access the 

mitochondria due to nitrite anion. In addition, as previously mentioned, eNOS is also able 

to function down to oxygen levels of ~10 μmol (157) to reduce nitrite to NO (161, 253), 

however below this level, a series of anoxic ‘alternate mechanisms’ are activated to enable 

NO production at the oxygenase domain (158). 

Another important class of nitrite reducing metalloproteins are the molybdopterins. These 

molybdenum-based proteins include xanthine oxidoreductase (XOR), aldehyde oxidase 

(AO), sulfite oxidase (SO), and the mitochondrial amidoxime reducing components 

(mARCs) (249, 254). XOR, which is a nicotinamide adenine dinucleotide + hydrogen 

(NADH)-dependant reductase that has been shown to be most potent during hypoxia  (255). 

XOR is seen in mammalian cells and is involved in catabolism of purines and pyrimidines, 

oxidizing hypoxanthine to xanthine and xanthine to uric acid. It can also reduce oxygen to 

superoxide and H2O2. Interestingly, XOR-mediated NO production can operate in hypoxia 

(O2 <2 μmol) via ‘process I’ and also in all oxygen conditions from hypoxia to hyperoxia (O2 

<2 - >130 μmol) via ‘process II’ (229). In normoxia, dose-dependent XOR has been shown 

to reduce MAP/BP in N(gamma)-nitro-L-arginine methyl ester (L-NAME) induced 



 56 

hypertensive rats and this effect was abolished when the mice were treated with allopurinol 

(a XOR inhibitor) (256). 

 

Aldehyde oxidase (AO) is another molybdenum containing flavoenzyme which has a high 

sequential homology with XOR (86% conserved) (254). AO contributes significantly to 

anoxic reduction of nitrite in rat tissue homogenates (254). Other reductase systems to briefly 

mention are i) carbonic anhydrase (CA), which due to the biochemical similarity between 

nitrite and bicarbonate, also readily reduces nitrite to NO in both normoxia and hypoxia 

(241), and ii) myoglobin, which has been shown to be a potent hypoxia-dependent nitrite 

reductase (O2 ~4 μmol) (257) and this effect has also been shown at supra-physiological 

levels (258).  

 

Another key mechanism that allows nitrite reduction to NO is via ‘acid disproportionation’ 

which is a slow non-enzymatic conversion which takes place under profoundly acidotic 

conditions (259). This process takes place in the stomach, but also in ischaemic tissues where 

the local pH is low (equation 2):  

(2)	NO() + H, ⇋ HNO( - - - > 2HNO( ⇋ H(O	+	N(O; - - -> N(O; → NO +	NO( 

 
Haem proteins in normoxia and hypoxia  
 
In normoxia, one of the discoveries that identified NO as the EDRF was that its activity is 

inhibited by haemoglobin (209) as oxyHb reacts with NO to form metHb and nitrate, 

figure 7, equation 3: 

(3) Fe(,O(Hb + NO →	Fe;,Hb +	NO;) 

 
‘NO dioxygenation’ is a near diffusion-limited fast reaction (k = 107 − 108 M−1s−1), is 

irreversible and inactivates NO in blood (260). It leads to the reduction in NO signalling, 



 57 

however this effect is problematic from a theoretical perspective. Modelling of NO 

generation has shown that NO should only have a half-life of 1 μs and should only be able 

to diffuse 0.1 μm before being consumed by haemoglobin within the erythrocyte (148) yet, 

NO still appears to escape the erythrocyte and reach the vascular endothelium, where it has 

its vasodilatory effects (261). A plausible explanation is the formation of intermediates such 

as dinitrogen trioxide (N2O3) or RSNOs on protein surfaces (212). Several mechanisms 

adopting the use of intermediates have been proposed, figure 7. The ß93 cysteine residue in 

haemoglobin has been shown to be a site for RSNO formation and NO export (211). N2O3 

is a promising candidate as it is highly reactive, rapidly able to disproportionate to NO, has 

a longer half-life (vs NO) and is diffusible.  

 

In hypoxia, haem-binding proteins, such as haemoglobin, myoglobin, cytoglobin, 

neuroglobin, and the non-mammalian globin X are the most well-documented haem-based 

nitrite reductases (262). Of particular note, haemoglobin (263) has been shown to play an 

important role in nitrite reduction. At levels near the lower end of normoxia (O2 ~30 μM), 

deoxyHb can reduce nitrite. In hypoxia, the fraction of deoxyHb rises and accelerates the 

release of NO from the RBC (229). The process requires the haem iron to be in the ferrous 

state (Fe2+) and without a bound ligand (i.e deoxyHb) (262). The reduction of nitrite to NO 

takes place via an electron transport reaction at the haem iron (equation 4): 

 

(4)	NO() + H, + HbFe(, 	→ NO + OH) + HbFe;,	 

Also, in hypoxia, haemoglobin can generate N2O3 via a ‘nitrite anhydrase reaction’, in which 

nitrite reacts with deoxyHb forming a Fe3+ nitrosyl intermediate which can then react with a 

second nitrite molecule to form N2O3 (264, 265) (equation 5): 

 

(5) NO() + H, + HbFe(, → (HbFe;, − NO ↔ HbFe(, − NO,) + OH, 
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(HbFe;, − NO ↔ HbFe(, − NO,) +	NO() → HbFe(,	 + N2O3 

 

Taking all of the potential NO liberating mechanisms together, as shown in figure 7, nitrite 

and oxyHb can produce metHb and nitrate. MetHb can react with NO to produce deoxyHb 

and N2O3, which can be exported and converted to NO and nitrite, or it can be used to form 

RSNOs. Also, deoxyHb can produce NO-bound metHb, which can dissociate, again 

releasing NO, or this NO can be transferred to a thiol forming SNO-Hb then a nitrosating 

group to another thiol to generate RSNOs, adapted from (213). 
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Figure 7: Potential nitrite and Hb interaction within the RBC resulting in NO bioactivation 

Adapted from (213). Note: White Fe2+: oxyHb, grey Fe2+: deoxyHb, not-circled Fe3+: ferric 

Hb. Key: 

Reaction 1: Nitrite + oxyHb = metHb and nitrate 

Reaction 2: MetHb + nitrite = nitrite-bound met 

Reaction 3: Nitrite-bound metHb + NO = deoxyHb + N2O3 

Reaction 4: N2O3 à NO + nitrite  

Reaction 5: N2O3 à RSNOs 

Reaction 6: Nitrite + deoxyHb = NO-bound metHb 

Reaction 7: NO-bound metHb = metHb + NO 

Reaction 8: NO + SNO-Hb à RSNOs 

Reaction 9: NO-bound metHb + nitrite + hydroxyl = deoxyHb + N2O3 à NO + nitrite or 

RSNOs.  

 

Whilst haem proteins can reduce nitrite to NO, the physiological role behind this function 

remains unclear as due to the allosteric nature of the reaction, it is most efficient near the 
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Hb-P50 (oxygen tension at which haemoglobin is 50% oxygenated) and is thus modulated 

at considerably reduced oxygen concentrations (253, 266). 

 

In 2002, Joshi and colleagues compared bolus NO addition to NO generated homogeneously 

throughout solution by using NO donors. Using visible spectroscopy, they showed that 

multiple haemoglobin species are formed as well as both nitrite and nitrate. They concluded 

that the reaction of NO with haemoglobin during normoxia resulted in consumption, rather 

than conservation of NO, highlighting that oxyhaemoglobin is capable of scavenging NO 

(267). In the same year, Reiter and colleagues hypothesized that decompartmentalization 

of haemoglobin into plasma could divert nitric oxide from homeostatic vascular function. 

By studying patients with sickle-cell disease, they showed that plasma contained higher 

levels of cell-free ferrous haemoglobin and this stoichiometrically consumed micromolar 

quantities of nitric oxide, abrogating forearm blood flow responses to nitric oxide donor 

infusions (268).  

 

A study by Cosby and colleagues in 2003 showed that in the presence of a nitrite infusion, 

NO adducts of haemoglobin are increased, demonstrating that haemoglobin may be 

functioning as an important nitrite reductase (269). In 2007, Dalsgaard and colleagues 

observed that nitrite-dependent vasodilation conforms to first-order reaction kinetics with 

respect to nitrite concentration. Using selective inhibitors during hypoxia, they showed that 

nitrite-induced vasorelaxation was independent of the main nitrite reductases and 

importantly was inhibited by oxygenated haemoglobin but not by deoxygenated 

haemoglobin (270). This observation raised the notion that haem proteins may have different 

effects on vasoactivity dependent on oxygen tension. In hypoxia, it appears that haemoglobin 

can sub-serve a number of roles, including nitrite reductase in hypoxia; as an acceptor of the 

resulting NO (eg, through nitrosyl haemoglobin [HbNO]); and as a donor of NO precisely 

where it is required, ie, at the site of hypoxia (through S-nitrosohaemoglobin) (237). 
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In 2008, Gladwin and Kim-Sharpiro, USA presented a host of complex mechanisms 

underlying the role of haem proteins in hypoxia-mediated nitrite reduction, including 

allosteric autocatalysis, redox potential ligand accessibility, proton and redox Bohr effect, 

oxidative denitrosylation, radical-radical reaction pathways, and anaerobic nitrogen trioxide 

generation (263). Whilst other groups have been unable to corroborate these proposed 

mechanisms, importantly this commentary did raise useful questions around the exact role 

of haem proteins with respect to NO bioavailability. In the same year, the same group 

presented the argument that during normoxia, cell free-haem proteins can also avidly 

scavenge, bind and attenuate NO (271). They ascribed this to blood degradation whilst in 

storage, a process they named the ‘storage lesion’ effect (272). The group postulated that 

this storage lesion effect could overcome the compartmentalisation barrier and accounted 

for the ability of haem to bind NO, leading to a reactive vasoconstriction. The group 

promoted that nitroxyl-derived salts could counteract the vasoconstrictive effects of elevated 

plasma haemoglobin when administered with stored blood (273).  

 

Donadee and colleagues examined the rate at which stored blood haemolyses and showed 

that the degree of haemolysis and haemoglobin release in blood stored in standard conditions 

increases significantly and exponentially over time vs baseline; from baseline 4-day plasma 

Hb (11.6±2.5 μmol/L) to 39-day plasma Hb (81.0±18.4 μmol/L). They showed that with 

haemolysis, cell-free haem accumulation is coupled with microparticle encapsulated 

haemoglobin accumulation, which despite prolonged storage largely remains in the ferrous 

oxyhaemoglobin state. They showed that cell-free haem increases are directly proportional 

to NO consumption, p < 0.001, via the classic deoxygenation reaction (equation 3 page 59) 

at a 1:1 reaction stoichiometry and that microparticles also inactivate NO at similar rates. 

This is very interesting, given microparticles are continuously released after transfusion and 

are not known to be cleared by haptoglobin, so may be an ongoing source of NO 

bioactivation (274). 
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Taken together, it is now clearer than ever that the role of haem proteins in nitrite metabolism 

(and NO liberation) is a complex process relying on a multitude of factors, including oxygen 

tension, haem compartmentalization within the RBC (213) and possibly within exocytosed 

microparticles (274). As described, the ability of haem proteins to perform both nitrite 

reduction and NO dioxygenation allows haem proteins to both increase and decrease NO 

levels and NO signalling depending on local oxygen tension and pH, although this may be 

mediated by RBC membrane integrity, figure 7 (213). In addition, the formation of N2O3 or 

RSNOs from the Hb/nitrite reaction may be the key to nitrite-mediated NO activity export 

from intact red blood cells, but these mechanisms still remain a matter of debate. It is also 

unclear if a meaningful difference exists in the metabolism of nitrite (and release of NO) in 

the presence of circulating (intact) blood vs stored blood (as used in blood transfusion). 

 

Clinical blood transfusion and vasoconstriction 
 
Whilst allogenic blood transfusion has well-defined associated risks (virus transmission, 

acute lung injury due to increased pulmonary artery pressure, haemolytic reactions and 

sepsis, to name a few) (275), it is thought to be a relatively safe clinical intervention if 

processed, administered and monitored correctly. Despite this, a series of clinical studies 

have also shown that packed red cell transfusions which have been stored for prolonged 

periods are associated to increased mortality in critically ill patients (276-278). Whilst the 

rationale behind this association is not fully understood, increasing evidence suggests that 

this may be due to deleterious effects of stored blood. 

 

In 2014, Berra et al showed that in 40-day stored packed red cell transfusions, subjects with 

endothelial dysregulation experienced elevated pulmonary artery pressures (p<0.05) and that 

this could be attenuated by breathing nebulised nitric oxide (80 parts per million [ppm]). In 

2015, the Gladwin group showed that intra-arterial infusion of stored blood attenuated 
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endothelial NO bioavailability, resulting in reduced forearm blood flow (measured by strain 

gauge plethysmography) (260). Whilst this study was logical, their work did create 

uncertainty. For example, they administered a brachial artery blood transfusion and waited 

4-minutes before assessing endothelial integrity with ACh. The local concentration of free 

haem would have fallen over this period and would have equilibrated across the circulation. 

Also, they only administered <200mls of blood, which may have had negligible effects due 

to volume of distribution effects.  

 

Despite these limitations, their study did present the notion that stored blood with 

uncompartmentalized haemoglobin can be used in the context of clinical research to 

attenuate endothelial NO bioavailability (which had previously not been possible in vivo, as 

compounds such as CTPIO are not licensed for human use). Using this ‘healthy volunteer 

NO-blockade model’ we designed a study to test the effect of nitrite on resistance artery 

vasodilation in normoxia and hypoxia in the healthy vascular endothelium and, and to our 

knowledge, for the first time, in the NO-reduced environment in humans. This comparison 

enabled our group to test in Chapter 4 if nitrite was able to mediate vasodilation via NO-

independent processes, such as via PKG oxidation/dimerization or associated intermediates 

(as studied from a mechanistic perspective in Chapter 3), or via alternative non-PKG 

intermediates such as hydrogen sulphide or RSNOs, in humans in vivo, figure 8. 
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Figure 8: Can nitrite mediate NO-independent vasodilation in human resistance arteries in 

normoxia in vivo? (via PKG oxidation/dimerization or associated intermediates [as studied 

from a mechanistic perspective in Chapter 3], or via alternative non-PKG intermediates such 

as hydrogen sulphide or RSNOs). Key – XOR: xanthine oxidoreductase, AO: aldehyde 

oxidase, CA: carbonic anhydrase, eNOS: endothelial nitric oxide synthase, NO: nitric oxide, 

sGC: soluble guanylate cyclase, GMP: guanylate monophosphate, cGMP: cyclic guanosine 

monophosphate, PDEs: phosphodiesterase’s, PKG1a: protein kinase G1a, VASP: 

vasodilator stimulated phosphoprotein, RGS2: regulator of g-protein signalling 2, VDCC: 

voltage-gated calcium channels. 

  

Nitrite in the coronary arteries  
 
The coronary arteries are physiologically similar to the peripheral arteries with respect to 

vasomotor activity (112, 279) and are most similar to conduit vessels in their function (126, 

280). Consistent with systemic conduit arteries, a body of work exists which highlights that 

healthy coronary arteries do not exert significant resistance to flow (281, 282). In 2016, 

Raphael and colleagues showed that coronary flow can also be profoundly influenced by a 

Cell-free haem 
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variety of cardiac factors (with vascular compression during systole resulting in backward 

travelling compression waves, and left ventricular relaxation resulting in backward 

travelling expansion waves – the latter resulting in forward flow by suction) (283).  

 

Historical evidence exists, albeit very limited, suggests that organic nitrites such as amyl 

nitrite can increase velocity and flow within the coronary arteries. In 1972, Benchimol and 

colleagues presented a study in which 21 subjects had instantaneous coronary arterial phasic 

blood flow measurements immediately after amyl nitrite inhalation. In all subjects, the group 

reported appreciable diastolic coronary arterial phasic blood flow and flow velocity 

increasing by up to 216% (284). In 1977, the same group presented a second study in which 

phasic instantaneous aortocoronary saphenous vein bypass graft blood velocity was 

continuously measured during the inhalation of amyl nitrite in 20 closed-chest conscious 

subjects. Amyl nitrite inhalation resulted in an 84% rise in velocity. These findings 

suggested that amyl nitrite could increase cross-sectional area of the studied vessels and also 

blood velocity in parallel (285). Whilst of interest, it is also noted that amyl nitrite does have 

different vasoactive properties to inorganic nitrite and may not be directly comparable.  

 

In 2015, Keegan and colleagues validated a non-invasive high temporal spiral phase velocity 

mapping technique using CMR. The group showed that compared with invasive doppler 

guidewire measures, spiral phase velocity mapping showed a strong linear relationship with 

a slope close to unity (0.89 and 0.90 for right and left arteries respectively). This 

advancement enabled accurate assessment of the temporal patterns of blood flow in the 

coronary arteries (286).  

 

In a study by O’Gallagher and colleagues in 2018, 9 patients undergoing diagnostic 

angiography had a coronary doppler wire placed in the proximal artery and average peak 

velocity (APV) was measured following 5-minute infusion of saline, nitrite 2.6 μmol/min, 
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nitrite 26 μmol/min and GTN 1μg/min.  The group also measured vessel diameter changes 

and calculated coronary blood flow and coronary resistance. The group showed that the 

higher dose of nitrite and the GTN significantly dilated the coronary artery vs saline (with a 

change of +8.9%, p = 0.01 and +10.8%, p = 0.03, respectively). They showed no significant 

difference between the vasodilator effects of higher dose nitrite and GTN, p = 0.45. There 

was also no effect of the lower dose of nitrite on coronary artery CSA, +3.9%, p = 0.30. 

They also showed that GTN increased coronary blood flow vs baseline, +23.9%, p = 0.02 

and lowered coronary resistance, -29.3%, p = 0.02. Whereas both low and high doses of 

nitrite did not significantly affect coronary blood flow or coronary resistance, p > 0.05. They 

also did not show any significant differences in SBP, DBP, or MAP in any of the 

interventions, p > 0.05. Thus, the group had demonstrated that nitrite dosing led to selective 

and dose-dependent epicardial coronary vasodilation in normoxia and postulated that 

systemic nitrite could act as a normoxia-dependent selective resistance vessel dilator (287). 

Whilst this study only had 9 subjects, these findings suggest that nitrite is capable of 

mimicking the effects of NO in the epicardial arteries, without changing coronary artery 

blood flow.  

 

The O’Gallagher study was published during the ‘Nitrite and Coronary Artery Study’ 

(Chapter 5) and the findings informed our work and validated the scientific need to 

characterise whether the nitrite had vasoactive properties in the coronary arteries analogous 

to that seen in the systemic conduit arteries, figure 6. We also took the opportunity to test 

whether this mechanism was NO-dependent by testing in both normoxia and hypoxia 

(expecting NO-dependence to lead to greater vasodilation in hypoxia). Finally, as a proof of 

concept, we attempted to answer our scientific question using non-invasive CMR technology 

(namely temporal spiral phase velocity mapping) to show that the vasoactive properties of 

the coronary arteries can be examined in normoxia and hypoxia, safely and non-invasively, 

in vivo (Chapter 5). 
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9: Clinical applications of nitrite 

Historically, organic nitrates have been used routinely in clinical medicine for centuries 

(288). As far back as 1847, the discovery of nitroglycerin and its ability to be rapidly 

converted to NO, led to a surge in scientific discovery, not only in explosives and 

propellants, but also in cardiovascular medicine. In Europe, by the 1860s, organic amyl 

nitrite was being used for its anti-anginal and vasodilatory properties, which led to studies 

of oral inorganic nitrite and recognition of its ability to cause sustained hypotension, to alter 

oxygen carrying capacity of blood and change its appearance (224). Organic nitrates 

(including sodium and potassium nitrate) were also used to treat angina pectoris until the 

mid-20th century, but became less favoured due to the appearance of case reports of 

methaemoglobinaemia caused by ammonium nitrate. Whilst these cases were rare and often 

had plausible explanations, their use declined nonetheless (224, 289). 

 

Whilst dietary inorganic nitrate is generally safe, high dietary nitrite can be associated with 

methaemoglobinaemia, especially in people with glucose-6-phosphate dehydrogenase 

deficiency (G6PD deficiency) (290, 291). The G6PD enzyme is the terminal part of the 

Pentose Phosphate Pathway and if deficient this leads to reduced levels of 6-

phosphoglucono-δ-lactone, NADPH and glutathione, which leads to accumulation of free 

radicals and increased oxidative stress and haemolysis. The G6PD / NADPH pathway is the 

only source of reduced glutathione in RBCs, therefore, in patients with G6PD deficiency, 

red cells are vulnerable to oxidation of haemoglobin and oxidant injury of the red cell 

membrane, resulting in significant haemolysis, which manifests as Heinz bodies in the blood 

film. Similarly, the inherited metabolic disorder, pyruvate kinase deficiency (the terminal 

enzyme in the glycolytic pathway) can also lead to RBC haemolysis as failure to complete 

glycolysis leads to deficient ATP, and as mature RBCs do not have mitochondria, they 

depend on anaerobic generation of ATP for most of their energy requirements (292). 
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A more generally applicable public health concern associated with high consumption of 

inorganic nitrites is the risk of carcinogenesis by nitrosamines. Nitrosamines are formed by 

reaction of secondary or tertiary amines with a nitrosating agent (usually nitrous anhydride, 

formed from nitrite in acidic, aqueous solution). Ascorbic acid (vitamin c) and sulfur dioxide 

are used to inhibit nitrosamine formation in foods (293). Foods which have been shown to 

contain volatile nitrosamines include cured meats, primarily cooked bacon, beer, some 

cheeses, non-fat dry milk and sometimes fish (293, 294). Whilst the evidence base supports 

a clear link between nitrosamine formation and human cancer (295-298), the association 

between nitrite consumption and human cancer is less clear.  

 

Whilst a large systematic review, analysing 61 studies between 1985 - 2005 identified an 

association between nitrite and nitrosamine ingestion and gastric cancer (299) more recent 

reviews have specifically identified that in the absence of co-administration of a 

carcinogenic nitrosamine precursor, there is no evidence for nitrite consumption leading to 

gastrointestinal carcinogenesis (300). Interestingly, whilst the nitrate rich Mediterranean diet 

is supported by convincing data from large long-term cohort studies showing that higher 

level of adherence to the Mediterranean diet were associated with reduced risk of gastric 

cancer (301, 302), it also exceeds the WHO recommended maximum daily nitrate intake 

(3.7 mg/kg) by ~550% (169). 

 

Indeed, it appears the association with cancer is more complex than nitrite ingestion alone. 

In a study assessing high intake of nitrite and nitrates in a cohort of people in Mexico City, 

Hernández-Ramírez and colleagues showed that these people were at a significantly 

increased risk of stomach cancer, but concomitant high intake of polyphenols (pears, 

mangos, beans, carrots, squash and legumes) protected from the development of gastric 

cancer (303). Taken together, the evidence suggests that the carcinogenicity of 



 69 

nitrates/nitrites are subject to a variety of co-factors which determine the amount of 

nitrosamines and nitrosamides produced.  

 

With over 130 years of medical experience, organic nitrate-based therapies can still be found 

in various forms in contemporary medicine and can be used to treat a wide range of 

cardiovascular conditions. Common applications include modified-release isosorbide 

mononitrate (ISMN) for stable angina and GTN infusions for acute LVSD.  However, an 

important limitation to the use of organic nitrates, is that they are associated with tolerance 

and endothelial dysfunction (173). The exact mechanisms of this phenomena are not fully 

understood but are considered to be multifactorial and associated with vascular biochemical 

changes, physiological compensation, and possibly receptor regulation (304). The 

presence of less-favourable characteristics (such as tolerance and resistance) creates the 

need for an alternative therapy to either replace or work as an adjunct alongside nitrates in 

selected individuals.  

 

In 2008, Maher and colleagues showed that inorganic nitrite promoted vasodilation in 

forearm resistance and capacitance vessels and that this process was augmented in resistance 

vessels during hypoxia (237). Also, in 2018, Webb and colleagues showed that dietary 

supplementation of nitrate (using beetroot juice) could substantially reduce MAP/BP. They 

also showed that the dietary nitrate load also prevented endothelial dysfunction induced by 

an acute ischemic insult on the human forearm (177). Both studies showed that nitrite has 

clear therapeutic potential (as both a vasodilator and an anti-hypertensive). 

 

In 2013, Ingram and colleagues showed that during dobutamine stress echocardiography of 

subjects with inducible myocardial ischaemia, low-dose inorganic nitrite (1.5 µmol/min-1 for 

20 minutes) improved functional responses in ischemic myocardium. They also 

demonstrated that when testing healthy subjects, nitrite could protect against vascular 
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ischaemia reperfusion injury when measuring forearm flow-mediated dilation during whole-

arm ischaemia-reperfusion (305). 

 

In 2014, Siddiqi and colleagues published a phase-2 study investigating the potential 

therapeutic role of intravenous nitrite in the management of acute myocardial infarction. The 

study was a double-blind, randomized, placebo-controlled trial of 229 patients, receiving 

intravenous administration of sodium nitrite (70 µmol, 5 min infusion) immediately before 

the reperfusion phase as a form of peri-conditioning in ST-elevation myocardial infarction 

(STEMI) patients. They showed that there were no significant changes in the infarct size 

(assessed by CMR) both 6-8 days and 6 months post-event (306), or in the areas under the 

curves for Creatine Kinase and Troponin. Whilst being a negative study, benefit was 

observed in diabetic patients in a post-hoc analysis, raising interest in the role of nitrite in 

those with endothelial dysfunction. 

 

In 2015, Omar and colleagues showed that nitrite selectively dilates conduit arteries at supra-

physiological and near-physiological concentrations of oxygen via a normoxia-dependent 

mechanism that is associated with cGMP production and is enhanced by acetazolamide and 

raloxifene. They showed that this effect was abolished during hypoxia and hyperoxia (280). 

In the same year, Jones and colleagues published a phase-2 study investigating the effects of 

intracoronary infusion of sodium nitrite (1.8 µmol) or matched sodium chloride placebo prior 

to balloon dilatation in 80 STEMI patients. They reported no change in infarct size (as 

determined by MRI) or CK or troponin T levels. However, they did show an improvement 

in myocardial salvage index and a lower number of major adverse cardiac events (MACEs) 

recorded 1-year post-procedure (307). However, these were post-hoc analyses and must be 

considered hypothesis generating. To date, other groups have been unable to corroborate the 

findings in this study. 

 



 71 

Considering the historical perspective and weighing up the discussed evidence with respect 

to safety and clinical efficacy, nitrite presents itself as a unique compound with therapeutic 

potential. Defining the underlying mechanisms of action of nitrite-mediated vasodilation in 

normoxia could help us to understand the capabilities of nitrite as a potential therapeutic 

option (131, 308-310).  
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10: Overall hypotheses 

Chapter 3: 
 

i. In normoxia, inorganic nitrite will induce PKG1α dimerization/oxidation via a NO-

independent mechanism and initiate vasodilation predominantly in the resistance 

vessels.  

Chapter 4: 

i. In normoxia, we hypothesise that nitrite may be operating largely via a NO-independent 

process (as demonstrated in vitro in Chapter 3), therefore we expect that the addition of 

autologous whole blood will have a much lesser effect on inorganic nitrite-induced 

forearm vasodilation 

ii. In hypoxia, given that nitrite-mediated vasodilation is known to be augmented and 

thought to be mainly due to NO release, we expect that the addition of autologous whole 

blood will reduce the degree of inorganic nitrite-induced forearm vasodilation. 

Chapter 5: 

i. In normoxia, inorganic nitrite will increase epicardial (conduit) coronary artery CSA and 

assuming flow is constant, this will lead to a reduction in velocity (according to the 

Hagen–Poiseuille equation) 

ii. In hypoxia, hypoxic-augmentation of inorganic nitrite-mediated vasodilation in the 

epicardial coronary arteries will lead to increased effects on CSA and velocity vs 

normoxia.  
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CHAPTER 2: METHODS 
 

1: Basic sciences  

Animal welfare 
 
The work described was completed using an animal licence (number PPL 30/2797) 

registered to Dr Melanie Madhani. All experimental procedures were reviewed and approved 

by the local Animal Welfare and Ethical Review Body (AWERB) and the UK Home Office. 

The study was conducted according to the Animals (Scientific Procedures) Act 1986 (ASPA) 

and European Commission guidelines. DNA from mouse ear clippings were extracted, 

amplified using polymerase chain reaction (PCR) and separation through electrophoresis. 

Genotyping ensured all mice used in this study were correctly identified as either 

homozygous PKG1α WT or homozygous C42S PKG1α KI. 

 

Tension wire myography  
 
Tension wire myography was performed using a four chamber multi-myograph 610M 

(Danish Myotechnology, Denmark [DMT]), connected to PowerLab 4/35 (AD Instruments, 

UK). Data was collected with LabChart Pro Software (AD Instruments, UK), which included 

the DMT Normalization Module, enabling determination and setup of pre-experimental 

conditions for the tissue. The methodology for performing tension wire myography is 

summarized in the flow chart below, figure 9.  
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Figure 9: Tension wire myography methodology flow chart 
 

Preparation of Krebs-Henseleit Buffer (KHB) 
 
KHB was prepared each morning as previously described (311). Reagents required (table 1) 

were added in succession to distilled water and the solution was gassed with 95% O2 / 5% 

CO2 for 15-minutes prior to addition of CaCl2.  

 

 

 

 

 

Data Aquisition and Data Analysis

EC50/EC80 Contraction and Nitrite Dose Response Curve 

Addition of Inhibitor/Scavenger
ODQ CPTIO

EC50/EC80 Contraction and Nitrite Dose Response Curve 

Acetylcholine Assessment of Endothelial Integrity

PE and U46619 Dose Response Curve
TA: EC80 Calculation MA: EC50 Calculation

Potassium Chloride Assessment of Contraction

Vessel Normalisation 

Vessel Equilibration

Vessel Mounting

Vessel Dissection and Measurement
Thoracic Aorta Second Order Mesenteric 

Reagent preparation
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Table 1: Concentrations (mM) of reagents used to make standard KHB 

Reagent  Concentration (mM) 

NaCl 118.5 

NaHCO3 25 

KCl 4.7 

KH2PO4 1.2 

MgSO4 1.2 

Glucose 11 

CaCl2 1.4 

NaCl: sodium chloride, NaHCO3: sodium bicarbonate, KCl: potassium chloride, KH2PO4: 

potassium phosphate, MgSO4: magnesium sulfate, CaCl2: calcium chloride 

 

Vessel dissection, mounting and measurement 
 
Adult male Cys42Ser PKG1α WT and KI mice (25-30 g) were anaesthetized via an 

intraperitoneal (IP) injection of sodium pentobarbital (100 mg/kg) and heparin (100 mg/kg) 

in a 50:50 ratio. Conduit vessel (thoracic aorta) and second-order mesenteric resistance 

arteries were carefully isolated and extracted from the mice and immediately transferred into 

ice-cold, freshly gassed KHB. Vessels were cleaned from adhering connective tissue and cut 

into 2-3 segments (1-2 mm in length), in preparation for mounting. In thoracic aorta, 2 x 40 

µm diameter stainless steel wires were passed through the vessel lumen. Both ends of the 

threaded wire were attached to the jaws of the myograph. For second-order mesenteric 

resistance vessels, a wire with a diameter of 25 µm was used. Once the vessel was attached 

to the jaws of the chamber, the KHB was exchanged and the chamber placed on the 

myograph. Vessel length was calculated by multiplying the observed divisions on a 

microscope reticule lens by the lens objection. Normoxia was replicated by applying 95% 

oxygen/5% carbon dioxide at a rate of 2 litres/min-1. The temperature of all chambers was 

maintained at 37oC throughout the study protocol.  
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Vessel equilibration and normalisation 
 
Each vessel underwent a 40-minute equilibration period. During this time, the KHB was 

exchanged and the resting tension was reset to zero every 2-3 minutes. Tension was initially 

set upon mounting and reset in a step-wise fashion at chosen intervals on the micromillimeter 

scale using DMT normalization module on LabChart in order to stretch the vessels to optimal 

lumen diameter and therefore active tension. An exponential curve was plotted to fit the 

internal circumference pressure data to allow the stretch of the vessel to calculated (312). 

Following normalisation, another 20-minute equilibration period was set.  

 

 

Figure 10: Vessel normalisation showing basal tension and incremental contraction to target 

optimal passive tension in 3 vessels, measured using LabChart Pro Software (AD 

Instruments) 

 

Potassium chloride (KCl) assessment of contraction 
 
Following 20-minute equilibration, the vessels were primed with 4.8 mmol potassium 

chloride (KCl) to stimulate smooth muscle contraction. A positive plateau demonstrated that 

the studied vessel was vasoactive and therefore suitable for further assessment. If no 
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response was observed, the vessel was repeatedly washed with KHB and challenged with 

KCl. If after the second test no contraction was observed, the vessel was excluded from 

further assessment.  

 

Dose response curves 
 
Cumulative concentrations of phenylephrine PE (thoracic aorta) or thromboxane mimetic 

U46619 (mesenteric resistance arteries), were added to the baths to construct a concentration 

response curve (10-9 to 103*-6 M). This enabled the calculation of PE 80% maximum 

contraction (EC80) or U46619 50% maximum contraction EC50 (Pinder and James, 2009). 

 

Acetylcholine (ACh) assessment of endothelial integrity 
 
Vascular tissue was then washed three times with fresh KHB and equilibrated for a further 

30-minutes until basal tone was reached. The vessels were then contracted to either EC80/50, 

and 5 µl of ACh (concentration 10-5 M) was added to each bath to assess integrity of 

endothelium of vessels. If relaxations elicited by ACh were <50% the tissue preparation was 

discarded.   

 

Contraction (EC50/80) followed by nitrite dose response curve 
 
PKG1α WT vessels were then washed again with KHB before increasing cumulative 

concentration of PE or U46619 were added to enable vasoconstriction to either EC80/50. Once 

the response was stable, under normoxic conditions, a cumulative concentration response 

curve to sodium nitrite was constructed (10-9-10-4 M). The vessel reached a negative stable 

plateau before adding the next cumulative concentration. We also tested vessels with the NO 

donor, Spermine NONOate (data not shown) to assess NO-mediated vasoactive effects, as 

per previous work (199, 311, 313), however this work was focused on investigating nitrite-

mediated vasodilation in normoxia, specifically NO-dependency, so work with this NO 

donor was not pursued. Incubation was performed with a sGC inhibitor (1H-
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[1,2,4]oxadiazolo-[4, 3-a]quinoxalin-1-one (ODQ); 10µM; (184) and a NO scavenger (2-4-

carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO); 1µM; (184). To 

evaluate the role of PKG1α oxidation, vascular myography was repeated in the Cys42Ser 

PKG1α KI mice. Nitrite concentration response curves were constructed in both the conduit 

and mesenteric resistance vessels (131).  

 

 

Figure 11: Contraction (EC50/80) followed by Nitrite dose response curve, measured using 

LabChart Pro Software (AD Instruments) 

 

Data capture and myograph close down procedure 
 
After data was recorded using LabChart Pro Software (AD Instruments, UK). Data was 

securely saved to the University of Birmingham shared drive. Chambers were repeatedly 

cleaned with 5ml 5% hydrochloric acid.  

 

Statistical analysis 
 
All data shown as mean (±SEM). Curves were plotted in log [M] form. To assess % 

relaxation, treatment conditions (e.g. WT or KI +/- CPTIO or ODQ) were analysed using 
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two-way ANOVA followed by Bonferonni post-hoc tests, in which the significance level 

was p<0.05. Statistical analysis was undertaken using Prism (GraphPad software San Diego, 

CA, USA). 

 

Additional methods 
 
Additional methods including western blotting and IP nitrite administration were completed 

by researchers within the Madhani research group to complete the research presented in 

Chapter 3 and in the associated publication (Appendix 2) (131). Briefly, to translate the 

myography work into the in vivo setting, WT C57BL/6 mice underwent IP injection with 

either placebo, nitrite 0.1mg/kg, nitrite 1mg/kg, or nitrite 10mg/kg. To minimise 

chronobiological variation, the mice were culled either at 1-hour or at 24-hours after the IP 

injection and aortic conduit and mesenteric resistance vessels were extracted, snap frozen 

and western blotted for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (loading 

control) and PKG. Plasma samples were also taken to show the plasma concentration of 

nitrite at each of the dosing conditions. As shown the associated publication (131), nitrite 

plasma levels at 1 hour and 24 hours were ~1M in the placebo, nitrite 0.1mg/kg, and nitrite 

1mg/kg dosing conditions. Whereas, in the nitrite 10mg/kg dosing condition at 1 hour, nitrite 

plasma levels were ~5M. At 24 hours, this value had returned to near baseline despite 

persistent BP reduction. These data were consistent with work by Bryan and Perlman, who 

each showed that IP nitrite administration in rats led to rapid increases in plasma nitrite 

levels, which returned close to baseline values at ~1 hour but also led to major, long-term 

perturbation of cardiac redox tone (314, 315). 

 

Importantly, the plasma nitrite concentrations reported in the associated publication (131) 

were very similar to the concentrations achieved during the myography experiments, figures 

21 – 23, therefore the data presented in figure 24 can be directly compared to figures 21 – 

23 with respect to the concentration of nitrite present and the timing of PKG1α dimer 
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formation. The PKG monomer band was located at 75kDa and PKG dimer band was located 

at 150 kilodalton (kDa). Additional details of these methods can be found in the publication 

associated with Chapter 3 (131) (Appendix 2). The study results and discussion are presented 

in Chapter 3. 
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2: The Haem and Nitrite Study 

Study design 
 
This study was a single-centre, pharmacodynamic, random order, cross-over trial 

investigating the physiological vasoactive effects of an intra-arterial inorganic nitrite 

infusion following a 30-35-day stored autologous whole blood transfusion in normoxia and 

hypoxia. This study took place at the Norfolk and Norwich University Hospital (NNUH), 

Norwich, UK. The Haem and Nitrite Study flow chart is summarised below, figure 12.  

 

Figure 12: The Haem and Nitrite Study - General study schematic 
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Power calculations 
 
Applying the assumed mean and standard deviations from previous published works (237, 

260) it was calculated that to achieve 80% power, statistical significance of 10% (one-sided 

5%, as only interested in one direction of effect, i.e. increase in FBFR) and effect size of 

0.40, we would require 41 participants to complete the study (Stata 14). The primary 

endpoint was change in FBFR during intra-brachial nitrite and haemolysed blood co-

infusion in normoxia versus hypoxia. Due to the complexity of the study, we anticipated 

attrition rates of up to ~40% and recruited 60 healthy subjects.  

 

Regulatory and ethical processes  
 
The protocol was submitted to the Medicines and Healthcare products Regulatory Agency 

(MHRA) on 23rd September 2015. On 30th September 2015, we were notified that the study 

was not a Clinical Trial of an Investigational Medicinal Product (non-CTIMP) as defined by 

the EU Directive 2001/20/EC and therefore no submission to the Clinical Trials Unit at the 

MHRA was required.  

 

The University of East Anglia (UEA) was the study sponsor. A full suite of documents was 

submitted for initial Research Ethics Committee (REC) consideration on 21st April 2016. I 

attended the REC meeting on 5th May 2016 (East of England – Essex REC). The REC 

requested additional information on 9th August 2016. Additional information was provided 

to the REC on 15th August 2016. On 5th September the REC provided favourable opinion. 

Three substantial amendments followed between October 2016 and July 2018 adding a 

senior clinical team member, clarifying a technical detail in the protocol and increasing our 

recruitment pool. The REC sub-committee gave a favourable ethical opinion on the basis of 

each described notice. The study was registered on the clinicaltrials.gov website:  

NCT03077763. 
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Recruitment 
 
Subject identification  
 
Recruitment was via the UEA e-Bulletin systems distributed to the School of Medicine staff, 

followed by ‘all-schools’ (to both staff and students). Recruitment was also via the NNUH 

in-house ‘This Week’ bulletin. Lastly, we approached research-active subjects via the 

UEA’s Cognitive Ageing Nutrition and Neurogenesis (CANN) trial research database led 

by Professor Anne-Marie Minihane.  

 

Once the clinical research team had received contact from an interested participant, we 

completed an assessment of eligibility and distributed the participant information sheet 

(PIS). If the subject chose to proceed, key information was collected to identify the 

individuals National Health Service (NHS) hospital records. If a record did not exist, an 

NHS number was allocated and a record created using the Patient Administration System 

(PAS). All records were kept pseudo-anonymously and the owner of records was known 

only to the lead research fellow. All processes were documented in the participants NHS 

clinical notes, as per Good Clinical Practice (GCP) Guidelines (316). 

 

Inclusion and exclusion criteria 
 
No exceptions to the stated eligibility criteria were permitted. If in any doubt the Chief 

Investigator (CI) was asked to provide advice about inclusion/exclusion in the study.  

 

Inclusion criteria 
 
1. Male or female, aged ³18-years - If between 18-20 years of age, calculated total blood 

volume should be more than >3.5L (317) 

2. Female subjects must be of non-childbearing potential, defined as follows: 

postmenopausal females who have had at least 12-months of spontaneous amenorrhea 

or 6-months of spontaneous amenorrhoea with serum follicle stimulating hormone 
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(FSH) >40mIU/ml or females who have had a hysterectomy, bilateral salpingectomy or 

bilateral oophorectomy at least 6-weeks prior to enrolment 

3. Body weight >50kg weight (8 stone 12lbs) 

4. Not known to have any significant past medical history (assessed by research team) and 

not having regular follow up  

5. Baseline observations (BP and heart rate) within normal parameters and pulse oximetry 

saturations above 94% 

6. Willing to provide blood donation and receive autologous whole blood transfusion 

7. After assessment for eligibility - pass all blood donor eligibility criteria 

8. Able to provide informed written consent 

9. Should inform overseas travel plan during study period (Check Geographical Disease 

Risk Index on www.transfusionguidelines.org.uk/dsg/gdri) e.g. unable to donate blood 

for 6 months if travel in a malaria endemic country. Similar guidelines for West Nile 

virus and T. Cruzi endemic countries. 

 
Exclusion criteria 
 
1. Significant medical, surgical or psychiatric disease that in the opinion of the lead 

research fellow would affect subject safety or significantly impact his/her ability to 

comply with follow-up (including any known clotting disorders) 

2. Known allergy or intolerance to nitrites 

3. Known glucose-6-phosphate dehydrogenase (G6PD) deficiency or G6PD deficiency 

measured at screening in males of African, Asian or Mediterranean decent 

4. Receipt of an investigational drug or biological agent within the 4-weeks prior to study 

entry or 5-times the drug half-life, whichever is longer 

5. Predisposed to acute on chronic limb ischemia evident from a history of claudication or 

known peripheral arterial disease 

6. Past history of significant adverse events post-blood donation. 
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Consent, NHSBT donation forms, group and save and study scheduling 
 
If participants were suitable for inclusion, they were invited to a face-to-face assessment at 

the NNUH clinical research and trials unit (CRTU) which included completion of fully 

informed written consent, completion of the ‘Donor health check for new and returning 

donors’ form (FRM form 421/6, Appendix 3i) and the ‘Autologous blood pre-donation 

assessment’ form (FRM 1560/4, Appendix 3ii), and completion of the first group and save 

blood test. A group and save blood test was processed by the NNUH laboratories and results 

were provided to the blood bank and the research team.  

 

After the assessment clinic, the ‘Pre-deposit autologous blood donation memorandum’ 

(FRM 1563/1.4 – cross referenced in primary document SOP 3968, Appendix 3iii) was 

completed and was sent to the NHSBT clinical support team (CST). The NHSBT CST was 

notified and the subject was registered and scheduled for autologous donation. 

 

Study visit 1 

Autologous whole blood donation 
 
The clinical research team and the NHSBT CST ensured all involved staff were trained 

according to SOP3968 which was uniquely created for this study (Appendix 3iv - Change 

Control [6422] Process Flow). The research/NHSBT team performed a clinical risk 

assessment and the following actions were implemented throughout this study to minimise 

the risk of clinical harm: 

1. A separate panel was set up and these donors were registered as autologous donors 

so that the product had a different product code 

2. The pre-attached pack label detailing the patients name was completed by session 

staff and adjudicated by the study participant 

3. Autologous pre-donation form was completed by session staff and packed with the 

donation in a separate transport box/bag 
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4. The autologous donation was quarantined in a locked container whilst in transit  

5. Only identified supervising NHSBT and NNUH staff were permitted access to 

handle the autologous donation at any time. 

All donations were collected at two pre-determined NHSBT blood donation sites (Fakenham 

Community Centre and Wymondham Village Hall) both of which were under the 

supervision of Sister Patsy Lowson (NHSBT, Thetford Donation Team), figure 13. 

Donations followed all standard practices to ensure safety throughout.  

 

  

Figure 13: Healthy volunteer undergoing autologous whole blood donation. Images 

produced with permission of the participant. 

 
 
NHSBT blood processing and storage  
 
Operational aspects of this study were implemented with expert guidance of Dr Suhail 

Asghar (NHSBT, Associate Specialist). Processing took place at the NHSBT Filton site and 

storage at NHSBT Cambridge site. Blood was requested 3-4 days before use via the NNUH 

blood bank using the ‘non-standard product request form’. Blood was delivered on the next 
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routine transport to the NNUH blood bank. Blood was stored, separated from normal supply 

chain units in the NNUH blood bank until it was issued by a designated member of the 

NNUH blood bank staff to the research team. Enrolled participants were advised to follow 

a nitrate/nitrite low diet for 2 days prior to visits 2 and 4. Participants were provided with an 

information sheet detailing the foods they should avoid. 

 

Study visit 2 

On visits 2 and 4 of the study, each subject underwent a structured clinical study protocol, 

figure 14. In the given study. We elected to use 2 x 30-minute intra-arterial nitrite infusions, 

at 2 different doses (depending on oxygen condition being studied), rather than a continuous 

infusion throughout the study. There were several considerations that enforced this decision. 

Firstly, we had a fixed number of ‘time-limited’ CRTU slots per month (because the facility 

was supporting a host of other studies). As such, each clinical visit was time-limited and we 

were not able to wait the amount of time required (reported by some to take ~12 hours) (175) 

(318) to gain a steady-state of plasma nitrite.  

 

Next, we decided to test each subject’s response to nitrite at full dose, before starting blood, 

as we recognised from previous work studying FBFRs in normoxia that there is significant 

inter-subject variability (237) and collecting FBFR data in the absence of blood was 

important to enable us to answer our scientific hypothesis (with respect to NO-dependency). 

Therefore, in this situation, the two alternative options would have been to run a single, 

longer steady-state infusion, or 2 separate steady-state infusions, which as discussed above, 

would have further extended the clinical schedule beyond what was possible.  

 

A final but central consideration in our decision making was that whilst our clinical schedule 

was planned to last ~3hours, we realistically (and correctly) recognised that these sessions 

would last much longer, due to factors associated with performing complex clinical research 
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as a sole researcher in a busy NHS environment. For example, it could take up to 1 hour for 

the pharmacy to dispense the study drug (but this was only possible for research prescriptions 

between 10am-3pm) and it could take >3 hours for the blood bank to cross-match and release 

the autologous unit (based on clinical service demand) – which was often the case. Most 

study visits lasted >5 hours and subjects were simply not able to tolerate any extension to 

this duration. The clinical schedule was already long and highly invasive for healthy 

volunteers, with subjects being bed-bound for the duration (and unable to use the bathroom), 

so we did not feel it was appropriate or ethical to extend the duration of visits unless 

absolutely critical.   

 

We recognised that given that the half-life of nitrite in plasma is reported to be between ~35-

45 minutes (319-321) and even shorter in whole blood (322), if we administered a 30-minute 

infusion, as shown as infusion 1 (N1 or H1) below, we would expect to see between 12.5-

25% carry over and elevation in the baseline measurements of NOx/RXNO at the point of 

initiating infusion 2 (N2 or H) (taking into account the 10-minute period [in which saline 

was infused at 1 ml/min to keep the arterial line patent and equilibrate the vessel] and the 

first 90-minutes of the 120-minute blood transfusion). Whilst a continuous steady-state 

infusion may have avoided this, we recognised that if we repeated NOx/RXNO levels at 

sample collection 3, we could statistically correct the baseline, when comparing the results 

in infusions 1 and infusions 2. The correction was performed as described in the ‘Statistical 

analysis’ section below. We accepted that this post-hoc adjustment was an acceptable trade-

off, and this is the rationale for the clinical schedule as shown in figure 14. 

 

Given the complexity of the study design, to aid explanation of results and discussion, the 

following figure adopts labels for nitrite infusions (N1, N2, H1, H2), key sample collections 

(Normoxia/Hypoxia 1-4), and also FBFR time points (T0-T30) to enable clear comparations 

and discussion, figure 14. These labels will be used throughout the results and discussion. 
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Figure 14: The Haem and Nitrite Study – Clinical intervention schematic. Note: time 

durations of each stage shown in brackets. Key - N1: first nitrite infusion in normoxia, N2: 

second nitrite infusion in normoxia, H1: first nitrite infusion in hypoxia, H2: second nitrite 

infusion in hypoxia, T0: plethysmography FBFR at time 0 mins, T5: FBFR at 5 mins, T12: 

FBFR at 12 mins, T20: FBFR at 20 mins, T30: FBFR at 30 mins. Normoxia 1: first sample 

collection timepoint in normoxia (baseline), Normoxia 2: second samples collection 

timepoint in normoxia (repeat), Normoxia 3: third samples collection timepoint in normoxia 

(repeat), Normoxia 4: forth samples collection timepoint in normoxia (repeat), Hypoxia 1: 

first sample collection timepoint in hypoxia (baseline), Hypoxia 2: second samples 

collection timepoint in hypoxia (repeat), Hypoxia 3: third samples collection timepoint in 

hypoxia (repeat), Hypoxia 4: forth samples collection timepoint in hypoxia (repeat). 

 

Equipment preparation and subject preparation 
 
All equipment was prepared in advance and maintained by the research team. One hundred 

27-gauge needles were individually autoclaved (55 autoclave series, Tuttnauer, UK), then 
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individually attached to a sterile epidural catheter (Portex®, Smith’s Medical, UK) using 

sterile dental wax (Kemdent, Swindon, UK) and an open flame (Fireboy, Intergra UK and 

CV 470 plus Butan/Propan) maintaining sterility throughout.  

 

The participant was admitted to the NNUH CRTU using PAS, enabling the research team to 

access acute medical support in the case of a medical emergency and also to utilise the 

Integrated Clinical Environment (ICE) system to send the cross-match and order the 

autologous whole blood unit from the NNUH blood bank. All plethysmography sessions 

were performed in the NNUH CRTU providing a quiet, temperature-monitored environment 

(optimally maintained between 22-26oC) to ensure consistency and reduce variation of 

forearm blood flow due to extremes of temperature.  

 

On arrival, subjects were interviewed and a focused clinical history was taken (to ensure 

they remained eligible), they were issued with an identification wristband (used later for 

blood tracking) and had a second cross-match blood test sent in-line with the research 

protocol. Participants were asked to lie at a slight incline and they had their forearm width 

measured to allow for the correct strain-gauge to be selected. The participant had a Hokanson 

SC5 tourniquet cuff (Hokanson, UK) attached around each wrist. Participants also had a 

Hokanson SC10 straight segmental cuff (Hokanson, UK) attached around each upper arm. 

A 20-gauge cannula was placed in either the basilic or cephalic vein at the level of the 

antecubital fossa of the dominant arm (used for blood-letting and administration of the 

autologous whole blood transfusion).  

 

The antecubital fossa of the non-dominant arm was palpated carefully to locate the brachial 

artery and the best point for puncture. The selected site was anaesthetised with 2-3mls of 1% 

lidocaine and the 27-gauge needle was placed into the lumen of the brachial artery, figure 

15. This needle was kept patent by the continuous infusion of clinical grade 0.9% sodium 
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chloride at a rate of 1 ml/min-1. Brachial artery cannulation was performed by the lead clinical 

research fellow throughout the study. Comprehensive training in brachial artery cannulation 

had been provided by Professor Phil Chowienczyk’s team at the St Thomas’ Department of 

Clinical Pharmacology, London. 

 

The brachial needle site was left exposed (no dressing) so that the site could be observed 

throughout the experiment, reducing the risk of unintentional removal or disconnection. In 

the event of difficulties gaining arterial access senior support was available from Dr Simon 

Fletcher (Critical Care Consultant) and Dr Vassilios Vassiliou (Cardiology Consultant).  

 

 

Figure 15: Brachial artery cannulation.  Note: the 27-gauge arterial needle was located in the 

dominant arm at the request of the participant, thus the venous cannula can also be seen 

located in the basilic vein. Images produced with permission of the participant. 

 
Study drug administration 
 
The study drug was inorganic sodium nitrite 100 µmols in 0.9% sodium chloride 10 mls and 

was supplied by Tayside Pharmaceuticals (Ninewells Hospital & Medical School, Dundee, 

UK). Intra-brachial nitrite infusions were administered at a rate of 3 µmol/min-1 for 30-
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minutes in the normoxic group and a rate of 1 µmol/min-1 for 30-minutes in the hypoxic 

group. This was based on 50% effective dose (ED50) values, taken from previous work, 

conducted by a previous clinical research fellow of the primary supervisor (237, 323). In this 

paper, Maher showed that 3.14 µmol intra-brachial nitrite infusion over 20-minutes led to 

an increase in FBFR x 1.8. He showed that when he gave a higher dose (7.84 µmol) that this 

effect was reduced (FBFR x 1.6). Maher and colleagues also showed that nitrite in hypoxia 

(12% oxygen/88% nitrogen) led to ~ x 3 increase in FBFR. The selected doses allowed us 

to compare percentage change in each oxygen condition as both doses were operating in the 

middle of the dose response relation. 

 

On each study day, the lead clinical research fellow prescribed the study drug, autologous 

whole blood transfusion unit and 250 mls of clinical grade 0.9% sodium chloride on the 

study specific prescription chart (Appendix 4i). If subjects were <70 kg, we adjusted the 

dose according to weight. Before the infusion, a 10-minute period of saline (1 ml/min) was 

completed. This was firstly to keep the line patent, as the 27-gauge arterial needle would 

have occluded if we had not done this (324). Secondly, it provided a short equilibration 

period as arterial injury (such as puncture) would be expected to be associated with a 

transient increase in local NO (325), so this period allowed the vessel to return to basal tone, 

without undue extension of the study schedule.  

 

During the infusion, forearm blood flow (FBF) was measured at baseline, 5, 12 and 20 and 

30-minutes in both arms simultaneously to calculate the FBFR. A second intra-brachial 

nitrite infusion was commenced after 90-minutes (of the 2-hour) autologous whole blood 

transfusion and was given in exactly the same way as the first infusion. The timing of the 

second infusion coincided with the completion of the autologous blood transfusion. The 

FBFR recording schedule was identical to the first nitrite infusion.  
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Medical gas: 12% oxygen/88% nitrogen 
 
The medical gas used to achieve hypoxia during the hypoxic experiments in this study was 

a composition of 12% oxygen/88% nitrogen (BOC, The Linde Group, UK). Stock control 

and ordering of these study specific cylinders was managed by the research team. The study 

specific cylinders were clearly labelled and when not in use, securely locked in the CRTU 

facility. During hypoxic experiments, medical gas was prescribed on the study-specific 

prescription chart (Appendix 4i) and administered via a simple face mask, attached to gas 

flow regulator (Therapy Equipment Ltd, UK) and attached to the study-specific cylinders. 

During hypoxic experiments, oxygen saturations were monitored via pulse oximetry 

(Nellcor N-180, Nellcor, Pleasanton, Calif) and the flow rate was adjusted (range 0L/min-1 

to 15L/min-1) to maintain target saturations of between 83-88% O2 (estimated pO2=47.5 to 55 

mmHg, based on Severinghaus’ equation) (326). If after 5-minutes target saturations could 

not be achieved (235), hypoxia measurements continued as per protocol (and subjects were 

identified as compensating). If hypoxia was not well-tolerated, 100% high-flow oxygen was 

available to be administered to reverse hypoxia.  

 

Autologous whole blood transfusion 
 
Participants received autologous whole blood transfusion (volume ~500 mls) via the 

intravenous cannula situated in the antecubital vein in the dominant arm (NNUH Trust 

guidelines CA4029 v3, CA1026 v10, CA1027 v10, CA2057 v5, Care Domain 4 v2.1). The 

unit was transfused over a 2-hour period and was administered exactly according to Trust 

procedures in-line with the study protocol. Each transfusion unit was checked carefully using 

a detailed checklist before transfusion (Appendix 4ii). Participants underwent bedside 

observations (tympanic temperature recording and haemodynamic measurements) during 

the transfusion in-line with Trust procedures. The overall experimental set-up for the Haem 

and Nitrite study can be seen in figure 16. 
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Figure 16: The Haem and Nitrite Study - Experimental set up. Key – A: Arterial infusion 

pump, B: 12%oxygen/88%nitrogen cylinder with tubing and mask, C: SC10 cuff, D: 27g 

brachial arterial needle, E: SC5 cuff, F: Autologous whole blood transfusion, G: Blood 

pump, H: Plethysmography recording stack (PC/laptop, EC6 Plethymograph x 2, PowerLab, 

E20 Rapid Cuff Inflator x 2), I: Observation stack. Images produced with permission of the 

participant. 

 

Blood sample collection  
 
Throughout the ‘clinical intervention schematic’, Figure 14, blood was taken from the 

intravenous cannula in the non-dominant arm at 4 time points: 

Sample collection 1:  

1. Repeat group and save 

2. Baseline NOx and RXNO levels 

Sample collection 2:  

1. Baseline cell-free haemoglobin levels  



 95 

2. Baseline nitric oxide consumption levels 

3. Repeat NOx and RXNO levels 

Sample collection 3:  

1. Repeat cell-free haemoglobin levels  

2. Repeat nitric oxide consumption levels 

3. Repeat NOx and RXNO levels 

Sample collection 4:  

1. Repeat cell-free haemoglobin levels 

2. Repeat nitric oxide consumption levels 

3. Repeat NOx and RXNO levels 

Venous NOx and RXNO levels were taken into 4ml EDTA tubes, supplemented with N-

Ethylmaleimide (NEM, 1 mM final concentration) and immediately centrifuged (2000 rpm 

for 10-minutes at 4°C) and snap frozen using liquid nitrogen. Samples were stored at -80°C. 

Cell-free haem and NO consumption assay samples were collected into 4ml EDTA tubes, 

not supplemented with NEM. 

 

Strain-gauge plethysmography: forearm blood flow ratios (FBFRs) 
 
FBF was measured in both arms using standardised practices which are validated and 

described in detail in the literature (327-329). The ratio of FBF in the infused arm vs. control 

arm was expressed as ‘FBFR’. The main processes are summarised as follows. Bilateral 

Hokanson SC5 tourniquet cuffs (Hokanson, UK) were inflated to supra-systolic pressures 

during measurements to exclude the hand circulation (typically, 150-170 mmHg). Bilateral 

Hokanson SC10 straight segmental cuffs (Hokanson, UK) were inflated above the elbow to 

~40 mmHg to occlude venous flow out of the limb at the time of measurement while not 

changing the rate of arterial inflow (327-329). Mercury-silastic strain gauges were placed on 

the widest part of the forearm bilaterally, as shown in Figure 16. A change in arm 
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circumference in response to infusion of drug or blood resulted in a change in strain gauge 

length and this was proportional to changes in forearm blood flow. Upper arm cuffs were 

inflated for approximately 10-seconds and deflated for 5-seconds and the flow 

measurements were recorded for 5 completed curves and the average of these was calculated. 

Measurements were simultaneously performed on both arms of each subject to allow for 

calculation of FBFR. These measurements were performed at the start of the study drug 

infusion, then at 5, 12, 20 and 30-minutes.  

 

Data was visualised using LabChart 7.0 Life Science Data Analysis Software (AD 

Instruments, UK), Figure 17. As shown in Figure 14, subjects underwent 2 x 30-minute 

intra-arterial infusions per study visit. Whilst we recognise that the half-life of nitrite in 

plasma is reported to be between ~35-45 minutes (319-321) and even shorter in whole blood 

(322), given that we were administering the study drug at a steady state (either 3 µmol/min 

or 1 µmol/min), we would not expect to see pharmacological decay leading to any 

perceptible changes in forearm blood flow (figure 17). In addition, strain-gauge 

plethysmography paired with intra-brachial drug infusions are a well-established method, 

for measuring FBFR and it would not be expected for the operator to observe effects of 

decay, beyond that of the study drug half-life, on the LabChart trace (324, 329). 
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Figure 17: Example plethysmography trace (Channel 1: top trace, right arm, control, and 
Channel 2: bottom trace, left arm, intervention) during the normoxia study (Panel A), scaled 
to show multiple measurements taken at each time point to enable post-hoc calculation of 
mean FBFRs (Panel B). Note: All values were manually extracted (delta voltage, V) from 

A:  

B:  

C:   
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both arms simultaneously and care was taken to avoid ‘inflation artefact’ (Panel C). Taken 
from subject 27. 
 

Study visit 3 & 4 

Study visits 3 and 4 were identical to study visits 1 and 2 respectively. 

 

Formalised discharge processes 
 
A discharge checklist was used to assess several key aspects to promote safety and best 

practice, including reviewing puncture sites, haemodynamics and overall wellbeing at the 

end of the study visit. Participants were financially reimbursed for their time and travel. A 

fixed value of £50 was offered for attendance at visit 1 and completion of visit 2, and a 

further fixed value of £150 was offered for attendance at visit 3 and completion of visit 4. A 

maximum of £50 was offered for travelling to the donation and study sites (values to match 

train receipt/mileage). 

 

S(AE) monitoring  
 
Safety reporting was a continuous process and all adverse events were reviewed by the CI 

either at the point of identification or as soon thereafter as practicable. Definitions of harm 

of the EU Directive 2001/20/EC Article 2 based on the principles of ICH GCP applied to 

this study. Definitions of adverse events (AEs) are outlined in the study protocol. All adverse 

events associated to the use of autologous whole blood transfusion were reported to the 

Serious Hazards of Transfusion (SHOT) haemovigilance scheme (www.shotuk.org) and to 

the Serious Adverse Blood Reactions and Events (SABRE) scheme (www.aic.mhra.gov.uk) 

by the research team.  

Sample and data analysis   

Sample analysis was performed by Drs Magda Minnion and Bernie Fernandez, under the 

supervision of Prof Martin Feelisch at the University of Southampton, UK. 
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Laboratory sample analysis 
 
Plasma nitrate and nitrite species via High Performance Liquid Chromatography 

[HPLC]) 

 

Nitrate and nitrite levels were determined by the method of combining a diazo coupling 

reaction (Griess reaction) with HPLC. These methods are described in detail in Appendix 5.  

 

In brief, the appropriately pre-treated sample is injected onto the HPLC system and the 

sample is first filtered through the pre-column and then the NO2
- and NO3

- are separated on 

the analytical column, with NO3
- being retained longer than NO2

-. From the (analytical) 

separation column NO2
- and NO3

- elute into the reduction column and the following occurs: 

• NO2
- passes through the reduction column without any reaction and is then mixed with 

the reactor solution (Griess reagent) at a three-way joint. NO2
- reacts with the acidified 

Griess reagent in the reaction coil and generates diazo compounds which have a 

pink/red colour. The level of diazo compound is measured by absorbance at 540 nm 

using a spectrophotometric detector. 

• NO3
- is reduced to NO2

- by reaction with a cadium/copper alloy. NO2
- derived from NO3

- 

undergoes the same reaction as above.  

The response of the detector is transformed to a voltage which it generates at the CPU 

(analogue output) terminal. The concentrations of NO2
- and NO3

- in the sample are measured 

by assessing the peak area of the absorption and comparing it to the peak of the absorption 

for the standards of known concentration. 

 

RXNO was not analysed in this study. This decision was taken by the supervisors due to 

limited resources in the laboratory, further exacerbated by the Covid-19 pandemic. The 
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student was informed of this decision. For further details please see the letter written by the 

CI in Appendix 10. 

 
Cell-free haem via enzyme-linked immunosorbent assay [ELISA]) 
 
Cell-free haemoglobin levels were determined using a human haemoglobin ELISA kit 

(Abcam, ab157707) and analysis was performed according to the manufacturer’s 

instructions (https://www.abcam.com/human-hemoglobin-elisa-kit-ab157707.html).  

 

In brief, all reagents are equilibrated to room temperature and prepared according to the 

manufacturer’s instruction. Standard or samples are added to each well and incubated at 

room temperature. After which, wells are aspirated, washed, and HRP labelled secondary 

detector antibody is added and incubated at room temperature. The wells are again aspirated 

and washed. Chromogen substrate is then added to each well and colour recording is started 

using a GloMax Promega Microplate Reader. 

 

NO consumption levels via ozone-based chemiluminescence 
 
NO consumption levels were measured using previously described methods (274, 330). The 

only difference being that we used the ECO Physics CLD 77 am sp for NO detection and 

that the analogue signal was interfaced via an A/D converter to the PowerChrom software 

(eDAQ version 2.76, US). 

 

In brief, NO was generated using DETA-NO (stock 100 mM ion 10 mM NaOH) in PBS (50 

mM, 37°C), which produced stable levels in the range of 50-60 ppb NO.  The system was 

calibrated using the triiodide-mediated reduction of nitrite and (negative) peaks from the 

NO-scavenging experiments were integrated, without prior inversion to positive peak, using 

the PowerChrom software (ignoring that the resulting peak areas produce negative numbers). 

Linearity of the responses was confirmed using oxyHb standards in the range of 1-100 µM. 
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Sample injection volumes were typically 20 µL, using a Hamilton syringe, with appropriate 

adjustments as necessary if samples were too hemolytic. 100 µL Antifoam was added to 13 

mL of PBS (containing DETA-NONOate) in the reaction chamber to minimise foaming. 

Control experiments with plasma from three different individuals confirmed that NO 

scavenging was linearly dependent on sample volume injected into the reaction chamber. 

 

LabChart data analysis 
 
All data was extracted from LabChart 7.0 Life Science Data Analysis Software (AD 

Instruments, UK) anonymised and analysed using Microsoft Excel, version 18, 2018 

(Microsoft Corporation, US). In a small proportion of cases the slopes varied very 

considerably from one inflation to the next. To increase standardisation and eliminate these 

highly variable flows in an objective manner, we first visually inspected the FBF traces for 

consistency across all of the studied patients, as shown in figure 18. For each subject at each 

timepoint (as described), we calculated the range as a percentage of the mean. We ‘binned’ 

these percentages into 20% brackets (e.g.: range is 0-20% of mean value = very low 

variation, through to 200-220% = very high variation). The majority of values (310/601, 

52%) were in the 40-60% range of the mean value. We selected a cut-off at range of >140% 

of the mean as this was the closest ‘bin’ to 2 standard deviations from the mean, and 

represented the highest acceptable variability, without removing unnecessary data points. 
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Figure 18: Exclusion of FBFRs >2SD of the mean. Note: In total, 24 sets of measurements 

were excluded from a total of 601 sets of measurements (3.9%). This process ensured that 

sets of measurements considered to be ‘highly variable’ were excluded from the analysis, 

without bias. 

 

Statistical analysis 
 
The statistical analysis plan was reviewed and agreed by the sponsor and approved by the 

trial statistician (Dr Allan Clark, UEA). Simple descriptive statistics performed using 

Microsoft Excel, version 18, 2018 (Microsoft Corporation, US) were used to analyse the 

baseline characteristics, pulse oximetry and room temperature. Statistical analysis was 

performed using R statistical software. To assess the change in NOx, unit and subject cell-

free haem levels, serial timepoint measurements were analysed using two-way ANOVA 

followed by Bonferonni post-hoc tests. Effects of nitrite, blood, and oxygen condition were 

tested for main and interaction effects using a mixed effect linear regression model. All data 

are expressed as mean (±SEM), unless otherwise stated. Probability values <0.05 were 

considered statistically significant.  
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Mixed model (linear regression) 
 
A linear mixed model was fitted to assess the effect of the explanatory variables, including 

fixed effects for plasma nitrite levels, presence of autologous blood transfusion, oxygen 

condition, nitrite infusion status and their interactions on FBFRs and random effect for 

participants to account for the repeated measures: 

 

model_1 <-lmer(fbfr~  nitrite_levels  

                                         + blood  

                                         + normoxia  

                                         + time  

             +normoxia*time 

             +blood*normoxia 

            +blood*time 

            +(1|subjectid), data=data.HaNStudy) 

summary(model_1) 

anova(model_1) 

 

The p-values of the regression model itself are conditional on the other factors being at the 

reference levels and do not tell us if there is a difference between normoxia vs hypoxia or 

other subgroups of the data. With interaction terms in the model the conditional effect is 

different from the 'main effect'.  Given that the null hypothesis was to test mean FBFR is the 

same for normoxia and hypoxia after accounting for difference in nitrite levels, blood 

before/after and time, we present the significance from the model based on the ANOVA 

structure, due to the interactions. The ANOVA p-values are based on the 'main effects' which 

are the effects 'averaged' over all the comparisons and represent the average effect 

accounting for the other factors in the model.  

 

We also included the ‘plasma nitrite levels’ as a variable into the model to ensure that any 

potential carry-over effect (as discussed earlier) between nitrite infusions was accounted for. 

‘Blood condition’ is a dichotomous factor variable contrasting ‘before’ and ‘after’ blood 
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transfusion. The ‘oxygen condition’ is also a factor variable which either encodes for 

‘normoxia’ or ‘hypoxia’. ‘Nitrite infusion status’ was integrated into the model to allow us 

to distinguish between the effect of nitrite at T0 and T30. To account for the influence of 

physiological inter-subject variability and to statistically address the repeated cross-over 

design of the trial, we used subject ID as a random effect in the mixed model. Marginal R2 

shows how much variance in the data was explained by the fixed effects (explanatory 

variables) in the model, whilst conditional R2 includes the variance of the data explained by 

random effect. Estimated effects are used to present the magnitude of effect as indicated by 

the model. Where interaction effects were non-significant, we used least square means to 

calculate the estimate, the main effects and the significance.  

 

Model 1 is the overall model for FBFRs. It looks at the effect of plasma nitrite levels, blood 

condition, oxygen condition, nitrite infusion status, and the interaction between oxygen 

condition and nitrite infusion status, as well as the interaction between oxygen condition and 

blood condition on FBFR. Models 2, 3 and 4 assess the effect of plasma nitrite levels, blood 

condition, nitrite infusion status, and the interaction between nitrite infusion status blood 

condition on FBFR in normoxia only, hypoxia only, and after blood only, respectively. 

Model 5 is looking to establish the effect of plasma nitrite levels, blood condition, oxygen 

condition, nitrite infusion status and two-way interactions between oxygen condition and 

nitrite infusion status, between oxygen condition and blood condition, and between blood 

condition and nitrite infusion status on MAP. Model 6 uses the same fixed effects, but 

investigates their effect on HR.  
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3: The Nitrite and Coronary Artery Study  

Study design 
 
This study was a pharmacodynamic, proof of concept study investigating systemic intra-

venous infusion of inorganic nitrite on epicardial coronary artery vasodilation, blood 

velocity and flow using specialised CMR. The study took place at the Royal Brompton and 

Harefield NHS Trust (RBHT), London, UK. The Nitrite and Coronary Artery Study chart is 

summarised below, figure 19.  

 

Figure 19: The Nitrite and Coronary - General study schematic 

Power calculations 
 
As a proof of concept study only, no formal sample size calculation was performed. We 

elected to recruit up to 15 subjects. 

 

 

Ongoing processes

(S)AE monitoring Subject payment Laboratory sample analysis

Study day (MRI) 

Equipment & nitrite 
preparation

Subject 
preparation Normoxia Nitrite Imaging Hypoxia

Study day (preparation) 

Consent Cannulae and safety bloods Baseline bloods/processing

Recruitment 

Subject identification Verbal assent MRI safety checklist Schedule/travel 
planning 
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Regulatory and ethical processes  
 
The protocol was submitted to the MHRA on 3rd July 2017. On 13th July 2017, we were 

notified that the study was a non-CTIMP as defined by the EU Directive 2001/20/EC and 

therefore no submission to the Clinical Trials Unit at the MHRA was required. The UEA 

was the study sponsor. A full suite of documents was submitted for initial REC consideration 

on 22nd August 2017. I attended the REC meeting on 19th September 2017 (East of England – 

Cambridge East REC). On 5th January 2018 the REC provided favourable opinion. One 

substantial amendment was submitted on 29th June 2018 clarifying the study drug dosage. 

The REC sub-committee gave a favourable ethical opinion on the basis of the described 

notice. The study was registered at the clinicaltrials.gov website: NCT04354051 

 
Recruitment 
 
Subject identification  
 
The Nitrite and Coronary Artery Study recruited suitable participants from the Haem and 

Nitrite Study cohort. Recruitment channels were as previously described. Potential 

participants were advised to contact the research team if they had any questions about the 

study or if they wished to proceed. As described previously, selected information was 

collected to identify the individuals National Health Service (NHS) hospital records. If a 

record did not exist, an NHS number was allocated and a record created using PAS. All 

records were kept pseudo-anonymously and the owner of records was known only to the 

lead research fellow. All processes were documented in the participants NHS clinical notes, 

as per Good Clinical Practice (GCP) Guidelines (316). 

 
Inclusion and exclusion criteria 
 
No exceptions to the stated eligibility criteria were permitted. If in any doubt, the CI was 

asked to provide advice about inclusion/exclusion in the study.  
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Inclusion criteria 
 

1. Male or female, aged ³18 years 

2. Not known to have any significant past medical history and not having regular 

follow-up  

3. Able to provide informed written consent 

Exclusion criteria 
 

1. Significant medical, surgical or psychiatric disease that in the opinion of the lead 

research fellow would affect subject safety or significantly impact his/her ability to 

comply with follow-up 

2. Known allergy or intolerance to nitrites 

3. Known G6PD deficiency or G6PD deficiency detected at screening in males of 

African, Asian or Mediterranean decent 

4. Female subjects must be of non-childbearing potential, defined as follows: 

postmenopausal females who have had at least 12 months of spontaneous 

amenorrhea or 6 months of spontaneous amenorrhoea with serum FSH >40mIU/ml 

or females who have had a hysterectomy, bilateral salpingectomy or bilateral 

oophorectomy at least 6-weeks prior to enrolment 

5. Receipt of an investigational drug or biological agent within the 4-weeks prior to 

study entry or 5 times the drug half-life, whichever is the longer 

6. Predisposed to acute on chronic limb ischemia evident from a history of claudication 

or known peripheral arterial disease 

7. Any contra-indication to MRI, including the presence of an implanted metal device 

or suspected metal foreign bodies. 

Verbal assent, MRI safety checklist and scheduling 
 
Assented subjects completed the ‘MRI Safety Checklist’ (Appendix 7) which was reviewed 

and forwarded to Mr Ricardo Wage, the Chief CMR Radiologist assisting in the study. If 
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deemed ‘MRI safe’, subjects were invited to attend a structured clinical study session in the 

CMR unit at the RBHT, London. After enrolment a suitable CMR study date was arranged. 

The RBHT CMR unit was notified and the subject was registered and scheduled for imaging. 

As before, subjects were advised to follow a nitrate/nitrite low diet for 2-days prior to their 

CMR session. 

 

Study visit 

Consent, cannula insertion, safety bloods and sample processing  
 
Preparations included re-assessment of suitability and if confirmed, fully informed written 

consent. A 20-gauge cannula was placed in either the basilic or cephalic vein at the level of 

the antecubital fossa of the dominant arm. This was used for blood-letting and study drug 

administration. A 4 ml venous blood sample was collected to perform safety blood analyses 

(if indicated. i.e. no renal function results or haemoglobin level in the preceding 12-months) 

via a bedside haemoglobin (Digital haemoglobin meter, Hangzhou Sejoy Electronics and 

Instruments Co. Ltd, China) and bedside creatinine test (StatSensor Creatinine, Novo 

Biomedical, US). Venous blood for nitrite, nitrate and RXNO levels was collected, 

processed and stored as described in the Haem and Nitrite Study. 

 
Equipment and study drug preparation  
 
All equipment was prepared in advance and maintained by the research team. The study drug 

was sodium nitrite 17.5 mg in 5 ml 0.9% sodium chloride and was supplied by Tayside 

Pharmaceuticals (Ninewells Hospital & Medical School, Dundee, UK). The concentrations 

infused were based on the study published in 2015 by Dr Julian Ormerod (one of Professor 

Frenneaux’s previous clinical research fellows) (258). The group showed that 50 µg/kg/min 

(equal to sodium nitrite 17.5 mg in a 70 kg subject) was well-tolerated in severe chronic 

heart failure patients without adverse haemodynamic effects. On each study day, the lead 
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clinical research fellow prescribed the study drug on the study specific prescription chart 

(Appendix 9). If subjects were <70 kg, the dose was adjusted according to weight. The study 

drug was drawn up into a 50 ml syringe and attached to a 5-meter infusion line which was 

primed with 0.9% saline (volume 3.7 ml). This line was passed through a secure port in the 

wall of the MRI room and attached to the subject’s cannula and clipped to keep the line 

closed until it was required. 

 

Subject preparation  
 
On arrival to the CMR unit, eligibility was re-confirmed. The subject ensured that they did 

not have any metallic items in their possession. The subject wore a hospital gown to enable 

connection of ECG pads to allow for ECG-gated image acquisition. The subject was 

positioned in the CMR scanner with specific care to ensure correct positioning of the cardiac 

and spine coils. Next, the gas flow regulator (Therapy Equipment Ltd, UK) was attached to 

the 12% oxygen/88% nitrogen medical gas cylinder (BOC, The Linde Group, UK) in the 

CMR control room. A 5-meter length of medical grade oxygen tubing was connected to the 

gas flow regulator (Therapy Equipment Ltd, UK) and passed through a secure port in the 

wall between the CMR control room and the 3 Tesla Magnetom Skyra MR scanner 

(Siemens, Germany). This tubing was then attached to a simple face mask. 

 
 
Each subject followed a structured clinical study protocol, figure 20. As discussed in ‘The 

Haem and Nitrite Study’ clinical intervention schematic, we elected to use a 5-minute IV 

bolus rather than a continuous infusion throughout the study. In this study, there were several 

considerations that enforced this decision. Firstly, time available inside the 3 Tesla 

Magnetom Skyra MR scanner (Siemens, Germany) was incredibly limited and valuable. We 

had time-limited sessions and were not able to wait the time required (reported by some to 

take ~12 hours) (175) (318) to gain a steady-state of plasma nitrite, between pre- and post-

drug images. Given the half-life of nitrite in plasma is reported to be between ~35-45 minutes 
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(319-321) and even shorter in whole blood (322) we identified that a bolus regimen with 

rapid sequential imaging of the post-drug coronaries in normoxia and hypoxia (15-minute 

sequence), would be an acceptable trade-off, as we would expect to see >75% of the total 

dose in circulation during hypoxia. An additional point, as will be discussed in depth in the 

study discussions and limitations, was that the technical complexity of imaging the 

coronaries meant that any delays in the protocol or small movements of the subject during 

the study increased the risk of losing the imaging views (as we unfortunately discovered 

when attempting to measure BP during hypoxia), thus a prolonged protocol was more likely 

to result to slight unintentional movements. Therefore, whilst appreciating the advantages of 

a longer protocol, on reflection, keeping the study protocol as short as possible and adopting 

a bolus administration of nitrite was a necessary to reduce attrition due to poor image quality. 

However, we also recognise that the bolus nitrite administration method meant that we did 

not know the exact plasma nitrite level at the point of each image acquisition, and we take 

this into consideration when interpreting our results. 

 

 

 

Figure 20: The Nitrite and Coronary Artery Study – Clinical intervention schematic. Key – 

RXNO: protein-bound NO (RXNO) levels, IMP: sodium nitrite. Note: time durations of 

each stage shown in brackets. 
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CMR coronary image acquisitions 
 
The CMR coronary images acquired in this study were overseen by Prof Jennifer Keegan 

(Principal Physicist and Honorary Senior Lecturer at Royal Brompton and Harefield NHS 

Trust/Imperial College London). The details of the study methods are identical to those 

published in papers by Prof Keegan and colleagues (286, 331).  

 

The study used an interleaved spiral phase velocity sequence and which was developed on a 

3 Tesla Magnetom Skyra MR scanner (Siemens, Germany). The spiral sequence favoured 

high temporal resolution acquiring frames every 23 ms. The slice thickness was 8 mm, the 

spatial resolution was 1.4 × 1.4 mm (reconstructed to 0.7 × 0.7 mm through zero-filling) and 

the repeat time (acquired temporal resolution) was 19 ms, providing adequate spatial 

resolution to detect coronary vasodilation (332). Being a spiral phase velocity sequence, data 

were reconstructed to cartesian format online via a 256 × 256 matrix gridding algorithm 

(333). Retrospective electrocardiogram (ECG) gating allowed full coverage of the entire 

cardiac cycle in 50 cine frames, the reconstructed temporal resolution depending on the 

subjects’ heart rates. 

 

The study team targeted the right coronary artery (RCA) due to the preferable anterior 

anatomical position, locality to the receiver coil and reproducibility (334). The left anterior 

descending artery (LAD) was less favoured due to posterior location and increased 

anatomical branches (i.e. limited through-plane acquisition opportunities). The left coronary 

was however selected if the right was too narrow, tortuous or branching to allow for clear 

images. Multiple early diastolic breath-hold transverse segmented gradient echo scout 

acquisitions were acquired in each subject to ascertain the path of the coronary artery of 

interest, figure 21.  
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Figure 21: Diastolic transverse-segmented scout acquisitions. Images taken from study 

subject ID 015. 

 

From these, oblique and double oblique images were acquired showing the path of the artery 

in-plane, followed by a through-plane acquisition in a straight section of the proximal artery, 

matched as closely as possible to the location of the invasive measurement, figure 22. 
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Figure 22: A through-plane acquisition in a straight section of the left anterior descending 

artery (LAD) (Indicated by white arrow). Image taken from study subject ID 015. 

 

Spiral coronary artery phase velocity maps were then acquired in the same location. 

Sensitivity to off-resonance was minimised by localised second-order shimming and 

frequency adjustment based on the signal from a user-defined region of interest (ROI) 

positioned over the heart. For right coronary studies, an additional breath-hold spiral phase 

velocity mapping acquisition was performed using fat-excitation (335). This was used to 

correct the data for the through-plane velocity of the vessel. 

 

Medical gas: 12% oxygen/88% nitrogen 
 
Following acquisition of images during normoxia, subjects were desaturated using a 

composition of 12% oxygen/88% nitrogen medical gas (BOC, The Linde Group, UK) to 

enable acquisition of the hypoxia images. The medical gas was the same composition as 

previously used in The Haem and Nitrite Study. 
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Desaturation took up to 5-minutes with target saturations of between 83-88% O2 (estimated 

pO2=47.5 to 55mm Hg, based on Severinghaus’ equation). During hypoxic experiments, 

oxygen saturations were monitored via pulse oximetry (Nellcor N-180, Nellcor, Pleasanton, 

Calif) and the flow rate was adjusted (range 0 L/min-1 to 15 L/min-1) to maintain target 

saturations (326). If after 5-minutes target saturations could not be achieved hypoxia 

measurements continued as per protocol (and subjects were identified as compensating) 

(235), If hypoxia was not well-tolerated, 100% high-flow oxygen was available to be 

administered to reverse hypoxia. After hypoxia images were acquired, the subject was 

returned to normoxia by breathing room air for a period of 2-3 minutes.  

 

Study drug administration  
 
Inorganic sodium nitrite was infused intravenously at a rate of 50 µg/kg/min-1 for 5-minutes. 

The infusion was administered through the in-dwelling venous cannula. Throughout the 

infusion, repeated haemodynamic measurements were recorded (heart rate and BP). 

Unfortunately, we discovered during the first run of the study protocol that when we inflated 

the BP cuff in hypoxia, this caused the subject to move in the MRI scanner and we lost the 

view of the artery (which had been located in normoxia, after the normoxia BP measurement 

had been taken). After careful consideration and following discussions, we felt it was more 

appropriate to increase the chance of imaging the coronary, at the expense of not measuring 

the BP in hypoxia, so we did not record BP in hypoxia in the given study. 

 

Following administration of the study drug, a second set of coronary CMR images were 

acquired in both normoxia and hypoxia. These processes were repeated as described 

previously. 
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Repeat blood testing and processing  
 
On completion of the studies, venous nitrite, nitrate and RXNO levels were repeated, as 

described previously. 

 

CMR coronary image analysis 
 
Using a highly specialised CMR sequence meant that coronary image analysis for this study 

was a complex and specialised task. As such, as an international expert in this field, Prof 

Jennifer Keegan conducted image acquisition and analyses. The details of the study methods 

are identical to those published in papers by Prof Keegan and colleagues (286, 331). 

Importantly, the 2015 publication demonstrated that the method used in the given study 

provided accurate assessment of temporal patterns of coronary blood flow when compared 

to peak Doppler values. Specifically, it showed that in individual vessels, plots of CMR 

velocities at all cardiac phases against corresponding Doppler velocities showed a consistent 

linear relationship between the two with high R2 values (mean ±SD: 0.79 +/-0.13) (286) 

demonstrating validation of this method against Doppler. This method also showed excellent 

test-retest reproducibility. 

 

As explained step-by-step below, the image analysis process was carefully controlled to 

reduce variability as defined a priori. To reduce observer bias, the operator was blinded to 

the whether the subject was undergoing normoxia or hypoxia. This was achieved by 

assessing all images in random order and then linking the subject ID and oxygen condition 

at the end of the full set of image analysis. To increase inter-observer reproducibility, the 

method used was semi-automatic. This meant that only 2 decisions had to be made by the 

operator: i) marking the centre of the vessel and (ii) defining a background region of interest. 

The rest of the processing was automated, which ensured that variability was kept to a 

minimum (335). Finally, to increase repeatability, the operator repeated step 4 on several 

analysed vessels, thus reducing intra-observer variability throughout (336).  
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Using a semi-automatic in-house MATLAB program, the operator followed a standardised 

and reproducible process:  

1. Manually define background noise region 

2. Subtract background noise from detected signal 

3. Crop image to 64x64 and interpolate x8 

4. Manually mark centre of vessel 

5. Take average full width half maximum (FWHM) of radial profile passing through 

vessel center (exclude poor profiles) 

6. Repeat in 16 images (each rotated by 11.25 degrees) 

7. Apply mean FWHM (mm) as diameter to πr2 to calculate cross-sectional surface 

area (CSA) 

 

This process was repeated in 16 images for each vessel to improve accuracy, figure 23. All 

data analysis was handled using Microsoft Excel (Microsoft Corporation, US). 

 

 

Figure 23: A - Cropped interpolated image centred on LAD (the 16 images are rotated by 

increments of 11.25deg). B - Horizontal profiles through each rotated image. C - FWHM 

(mm) of each profile, together with mean FWHM and calculated CSA. Images taken from 

study subject ID 015. 

 

A      B           C 
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This enabled the difference in CSA to be calculated between the 4 conditions for each 

subject, figure 24 and 25.  

 

Figure 24: Example transverse images in each of the 4 conditions (normoxia, normoxia and 

nitrite, hypoxia, hypoxia and nitrite) showing the associated measured CSAs in the LAD 

(marked with white arrow). Images taken from study subject ID 007. 

 

 

Figure 25: Example oblique images in each of the 4 conditions (normoxia, normoxia and 

nitrite, hypoxia, hypoxia and nitrite) showing the associated measured CSAs in the RCA 

(marked with white arrow). Images taken from study subject ID 007. 
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For breath-hold acquisitions, velocity time curves were generated post-hoc for each breath-

hold by two independent observers. Using an in-house semi-automatic custom MATLAB 

program, the operator would follow the described process:  

 

1. Manually mark the centre on the cross-sectional segmented scout image, figure 26A 

2. Automatic multi-level thresholding to create a circular ROI around the coronary 

artery using a modified Hough transform based algorithm, figure 26B; this value was 

expected to match the CSA values as calculated and were adjusted if needed 

 
 

 

Figure 26: A – Manual marking of centre point of the vessel on the scout image. B - Window 

level and width automatically set for circular ROI (calculated area from CSA program). 

Images taken from study subject ID 007. 

 

3. The initial ROI was copied to the first frame of the spiral magnitude dataset which 

was put through a spatial band pass filter to identify objects of similar size in the next 

frame in the spiral magnitude dataset, figure 27A 

4. The new ROI location was copied throughout the corresponding velocity; 

automatically tracking the artery from frame to frame of the acquisition, figure 27B 

A                B   
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Figure 27: A - Manual marking of centre point of the vessel on first frame of spiral flow 

study. B - Each cine frame thresh-holded and circular objects with radius of RCA 

automatically detected and tracked through cardiac cycle. Images taken from study subject 

ID 007. 

 

5. For each frame, position of automatically detected RCA was checked on magnitude 

image and velocity maps and a fat ROI was automatically determined – this was used 

to correct for through-plane motion of the vessel and could be adjusted if needed, 

figure 28. This however was of less relevance as velocity data was per cardiac cycle 

and therefore through-plane motion would be expected to equal 0. 

A                    B   
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Figure 28: Automatic through-plane motion correction. Images taken from study subject ID 

007. 

 

The resulting velocity-time curve is a composite of the uncorrected through-plane velocity 

of coronary blood and the through-plane velocity of the vessel itself, figure 29. For the LAD, 

the velocity of a tracked region of nearby myocardium was used as a marker of the through-

plane velocity of the vessel (337). For the RCA, surrounding epicardial fat was used instead 

(335). For each vessel, coronary velocity was calculated as the average velocity through the 

entire cardiac cycle multiplied by the cross-sectional area. All CMR coronary image analysis 

data was handled using Microsoft Excel (Microsoft Corporation, US).  
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Figure 29: Magnitude images (darker panels, numbered) and paired velocity-time course 

map (corresponding panels below) on the RCA in normoxia in subject 007. Time course in 

panels 1-18: 52ms, 110ms, 165ms, 222ms, 280ms, 337ms, 392ms, 450ms, 507ms, 565ms, 

622ms, 677ms, 735ms, 792ms, 850ms, 905ms, 962ms, 1020ms. Panel B: Calculated 

coronary blood velocity (mm/s) vs. time in cardiac cycle (ms) - uncorrected for through-

plane motion. 
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Finally, we calculated mean velocity over the cardiac cycle as follows (equation 6) (286):  

𝑣 =
(𝑣8𝑡 + 𝑣(𝑡 + 𝑣;𝑡 …+ 𝑣GH𝑡)

50  

Where, v=velocity (mm/s), v1t=velocity at time point 1, etc, divided by 50 cine frames. We 

also calculated mean coronary blood flow over the cardiac cycle as follows (equation 7) 

(335): 

𝑄 = 𝐶𝑆𝐴	𝑥	(𝑣8𝑡 + 𝑣(𝑡 + 𝑣;𝑡 …+ 𝑣GH𝑡)	𝑥	𝐻𝑅 

Where, Q=flow (ml/min), CSA=cross-sectional area (mm2), v1t =velocity time point 1, etc, 

multiplied by HR=heart rate (bpm). Also, we integrated the velocity-time curve over the 

cardiac cycle, accounting for pulsatile flow. 

 

Subject payments 
 
Participants were financially reimbursed for their time and travel. A fixed value of £50 was 

offered for completion of the study day visit and up to £100 was offered for travelling to the 

study site (value to match train receipt/mileage). 

 

S(AE) monitoring  
 
Safety reporting was a continuous process and all adverse events were reviewed by the CI 

either at the point of identification or as soon thereafter as practicable. Definitions of harm 

of the EU Directive 2001/20/EC Article 2 based on the principles of ICH GCP applied to 

this study. Definitions of AEs are outlined in the study protocol.  

Sample and data analysis  

Sample analysis was performed by Drs Magda Minnion and Bernie Fernandez, under the 

supervision of Prof Martin Feelisch at the University of Southampton, UK. 
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Laboratory sample analysis 
 
Plasma nitrate and nitrite species were measured using HPLC, as previously described in 

‘The Haem and Nitrite Study’ methods (Appendix 5). In addition, RXNO was determined 

using gas-phase chemiluminescence. These methods are described in detail in Appendix 6. 

 

RXNO levels via gas-phase chemiluminescence 
 
In brief, the amount of total nitroso species (RXNO) is quantified after sample pre-treatment 

with acidic sulphanilamide. The concentration of RXNOs are determined after reductive 

cleavage by an iodide/triiodide containing reaction mixture and subsequent determination of 

the NO released into the gas phase by its chemiluminescent reaction with ozone (O3). NO 

reacts with O3 to form nitrogen dioxide (NO2). A proportion on NO2 arises in an electronically 

excited state (NO2*), which, on decay to its ground state, emits light in the near-infrared 

region and is quantified by a photomultiplier. Provided O3 is present in excess and reaction 

conditions are kept constant, the intensity of light emitted is directly proportional to NO 

concentration. 

  NO + O3.                                                                      NO2* + O2 

  NO2*                             NO2 + h · Ѵ 
 

Statistical analysis 
 
The statistical analysis plan was reviewed and agreed by the sponsor approved trial 

statistician (Dr Allan Clark, UEA). Simple descriptive statistics performed using Microsoft 

Excel, version 16 (2018) were used to analyse the baseline characteristics. Statistical analysis 

was performed using R statistical software. To assess the change in NOx, RXNO, unit and 

subject cell-free haem levels, serial timepoint measurements were analysed using two-way 

ANOVA followed by Bonferonni post-hoc tests. Effects of nitrite and oxygen condition 

were tested for main and interaction effect using two-way repeated measures ANOVA. All 

data are expressed as mean (±SEM), unless otherwise stated. Probability values <0.05 were 

considered statistically significant.  
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CHAPTER 3: EXAMINING THE MECHANISMS OF NITRITE-MEDIATED 

VASODILATION IN NORMOXIA IN A MURINE ex vivo MODEL 

 
 
To examine the mechanisms underlying nitrite-mediated vasodilation in normoxia, the 

experimental work shown in this chapter was conducted in the Dr Melanie Madhani research 

laboratory, Institute of Cardiovascular Sciences, University of Birmingham. PKG1α “redox 

dead” mice were a kind gift from Prof Philip Eaton (King’s College London). The 

maintenance and genotyping of the PKG1α colony was conducted by Dr Alessandra 

Borgognone, Dr Rosie Hayes and Miss Joanna Goodwin at University of Birmingham. 

Blood vessel isolation and mounting for vascular myography were conducted by Dr Melanie 

Madhani. In vivo nitrite treatment for the PKG1α dimerization western blotting experiments 

were conducted by Dr Alessandra Borgognone, Dr Kayleigh Griffiths, and Dr Rosie Hayes. 

Vascular myography data shown in this chapter was jointly conducted by Miss Joanna 

Goodwin and myself. My contribution to this work was focused over a 9-month period at 

the start of the PhD. During this time, I also developed, prepared and initiated the Haem and 

Nitrite Study (Chapter 4). Once the Haem and Nitrite Study commenced, it was not possible 

to run this complex clinical study in Norwich and continue the basic science work in 

Birmingham. Therefore, my positioning in the authorship on the associated publication of 

the basic science work (Appendix 2) reflects my contribution to the overall basic science 

programme.  

 

Introduction 

Inorganic nitrite is an important systemic vasodilator in humans (190, 191). Nitrite reduction 

to NO and the subsequent involvement of the NO-sGC-cGMP pathway in hypoxia is well-

described (338). Nitrite reduction to NO in normoxia is very slow at physiological pH (339), 

yet vasorelaxant effects have been described during normoxia, especially in resistance 
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vessels (146, 177, 190-192). These observations raise the possibility that nitrite-mediated 

vasodilation in normoxia may be via a NO-independent mechanism. 

 

Direct S-Nitrosylation of the cysteine thiols in PKG1α can result in a wide range of 

signalling processes (340) and this may include activation of downstream vasoactive targets. 

NO-independent activation of PKG1α has also been described, involving oxidation of 

cysteine residues resulting in dimerization. This has been described with H2O2 (198), high 

ROS and the presence of hydrogen sulfide (208).  

 

In addition to the classical NO-sGC-cGMP-PKG pathway, PKG can also be activated by an 

oxidation mechanism, whereby the homodimer complex forms an interprotein disulfide 

bond (199). This disulfide bond forms a link in the N-terminus of the two α subunits of 

PKG1α cys42 residue. Previous studies have shown that PKG oxidation contributes to basal 

blood pressure as “redox-dead” Cys42Ser PKG1α KI mice have higher blood pressure than 

their wild-type littermates. Furthermore, various stimuli such as H2O2, hydrogen sulfide and 

GTN have all shown to activate PKG1α and induce vasodilation and lower blood pressure 

(202-204). In the present study, we sought to investigate whether nitrite-induced 

vasodilation is mediated by oxidation and/or dimerization of PKG1α.  

 

In the present series of experiments, we examined the vasoactivity of murine thoracic aortae 

conduit vessels and mesenteric resistance vessels from PKG1α WT and Cys42Ser PKG1αKI 

(“redox dead”) littermates in normoxia following cumulative concentration response to 

sodium nitrite. To assess whether these effects were nitrite-NO-dependent, we first 

compared PKG1α WT vessels in the absence and presence of NO scavenger (CPTIO) and 

sGC inhibitor (ODQ). Next, to evaluate whether nitrite has the ability to mediate 

vasodilatory effects via the redox pathway, concentration response curves to sodium nitrite 

were constructed in the PKG1α WT and PKG1α KI mice.  
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Hypothesis  

In normoxia, inorganic nitrite will induce PKG1α oxidation/dimerization via a NO-

independent mechanism and initiate vasodilation predominantly in the resistance vessels.  

 

Aims 

i. To examine the role of nitrite on the PKG1α oxidation pathway in isolated conduit and 

resistance blood vessels by using PKG1α WT and KI mice  

ii. To examine the time-course of PKG1α dimerization following 1 or 24-hour nitrite pre-

treatment. 

 

Results 

1: Nitrite regulates vasorelaxation via PKG1α oxidation in the resistance vessels 
 
As shown in figure 30A, concentration-response curve to nitrite (10-9-10-3.5 M) in normoxia 

induced vasodilation in PKG1α WT and KI (‘redox-dead’) thoracic aortic conduit vessels 

(n=18). Vasodilation was observed at concentrations of 10-5M and above in both groups. At 

maximal nitrite dosing (100 µM), both WT and KI littermates showed equal levels of 

vasodilation (vasodilation recorded at +60% to baseline). The difference in vasodilation 

between WT and KI littermates was not statistically significant. As shown in figure 30B, 

concentration response curve to nitrite (10-15-10-3.5 M) in normoxia induced dose-dependent 

vasodilation in mesenteric resistance vessels. This effect was greatest in WT mice (n=19) 

and was significantly attenuated in PKG1α KI littermates (n=19), p≤0.001.  
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A: Conduit WT/KI    B: Resistance WT/KI 

  

Figure 30: Nitrite-mediated vasodilation in WT and KI conduit (A) and WT resistance 

vessels, but this effect was significantly reduced in KI littermates (B) Data are presented as 

mean (±SEM). Panel A. Thoracic conduit (WT n=18, KI n=18). Panel B. Mesenteric 

resistance (WT n=19, KI n=19). Statistical analysis carried out using one-way ANOVA 

followed by Bonferroni post-hoc test; *** p≤0.001. 

 

2: Nitrite regulates vasorelaxation NO-dependently in the conduit vessels during normoxia 
 
As shown in figure 31, cumulative concentration response curve to sodium nitrite (10-9-10-

3.5 M) in normoxia induced significant vasodilation in WT PKG1α thoracic aortae conduit 

vessels (n=15). Pre-incubation of WT littermate aortae conduit vessels with the sGC 

inhibitor, ODQ (10 µM) (figure 31A, n=14) or the NO scavenger, CPTIO (1 mM) (figure 

31B, n=15), substantially reduced the vasorelaxant effect of nitrite in normoxia. The 

difference in observed effect was statistically significant, p≤0.001. These data suggest that 

nitrite mediates vasodilation in WT thoracic aortae conduit vessels via a NO-sGC dependent 

mechanism. 
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A: Conduit +/- ODQ    B: Conduit +/- CPTIO 

 

Figure 31: Nitrite-mediated vasodilation in WT conduit vessels is abolished in the presence 

of ODQ (A) or CPTIO (B). Data are presented as mean (±SEM). Panel A. ODQ (10µM; 

n=14). Panel B. CPTIO (1mM; n=15). Statistical analysis carried out using one-way 

ANOVA followed by Bonferroni post-hoc test; *** p≤0.001. 

 

3: Nitrite-mediated vasodilation in WT mesenteric resistance vessels is mediated via a NO-

independent mechanism  

 
As shown in figure 32, the cumulative concentration response curve to nitrite (10-15-10-3.5 

M) in normoxia demonstrated significant vasodilation in WT PKG1α mesenteric resistance 

vessels. Pre-incubation of WT littermate mesenteric resistance vessels with the sGC 

inhibitor, ODQ (10 µM) (figure 32A, n=14) or the NO scavenger, CPTIO (1 mM) (figure 

32B, n=15), did not alter the observed effect. These data suggest that nitrite mediates 

vasodilation in WT mesenteric resistance vessels via a NO-sGC independent mechanism. 
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A: Resistance +/- ODQ   B: Resistance +/- CPTIO 

  

Figure 32: Nitrite-mediated vasodilation in WT resistance vessels is preserved in the 

presence of ODQ (A) or CPTIO (B). Data are presented as mean (±SEM). Panel A. ODQ 

(10 µM; n=14). Panel B. CPTIO (1 mM; n=15). Statistical analysis carried out using one-

way ANOVA followed by Bonferroni post-hoc test. 

 

4: Nitrite-mediated PKG1α oxidative dimerization is a delayed and time-dependent 

phenomenon in mesenteric resistance vessels 

 
The time course of nitrite-mediated PKG1α dimerization was assessed in C57BL/6 thoracic 

aortae (conduit vessels) and mesentery (resistance vessels) via western blotting following IP 

treatment with vehicle control or sodium nitrite for 1 or 24 hours (0.1 mg/kg, 1 mg/kg, and 

10 mg/kg), figure 33. 

 

A one-way ANOVA was conducted to explore the effect of increasing doses of nitrite on 

PKG1α dimer levels in aortae and mesentery at 1 and 24-hours. In the aortae at 1 hour and 

24 hours there was no statistical effect of nitrite dosing, F (3, 16) = 1.056, p = 0.395, and F 

(3, 22) = 0.114, p = 0.951, respectively. In the mesentery at 1 hour, there was no statistical 

effect of nitrite dosing, F (3, 16) = 0.090, p= 0.964, however, at 24 hours, there was a 

statistically significant effect for nitrite, F (3, 20) = 5.194, p = 0.008. Post-hoc comparisons 

using the Dunnett’s Multiple Comparison test indicated that the mean score for placebo, 

mean (±SD) 19.43 (3.36) was significantly different from 1 mg/kg, 25.47 (4.63), p <0.05) 
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and 10 mg/kg, 27.57 (2.89), p < 0.01), but did not differ significantly from 0.1 mg/kg, 18.96 

(2.90), p > 0.05. 

 

These findings indicate that nitrite did not induce PKG1α disulfide dimerization in the aorta 

at 1 or 24-hours (figure 33 A1 and 33 A2). However, nitrite did cause a dose-dependent 

increase in the PKG1α disulfide dimerization following 24-hours treatment in resistance 

vessels, p = 0.008 but not at 1-hour, p = 0.964 (figure 33 B1 and 33 B2). These experiments 

were conducted in n=5-7 mice per treatment group.  
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Conduit 

 

Resistance 

 

Figure 33: Nitrite-mediated PKG1α oxidative dimerization is a delayed and time-dependent 

phenomenon in mesenteric resistance vessels. Key – Aortae; conduit vessels – Panel A1: 1-

hour exposure to nitrite, n=5, Panel A2: 24-hours exposure to nitrite, n=6-7. Mesenteric; 

resistance vessels – Panel B1: 1-hour exposure to nitrite, n=5, Panel B2: 24-hours exposure 



 132 

to nitrite, n=6. Statistical analysis carried out using one-way ANOVA followed by Dunnett’s 

Multiple Comparison post-hoc test; * p≤0.05, ** p≤0.01. 

 
In summary, the above experiments showed the following:  

1. Nitrite induced vasodilation in the WT and KI conduit vessels (Figure 30A). 

2. Nitrite induced vasodilation in the WT resistance vessels, but this effect was 

significantly attenuated in the KI littermates (Figure 30B). 

3. Nitrite-mediated vasodilation in the WT conduit vessels is significantly attenuated in 

the presence of sGC inhibition and NO-blockage (Figures 31A and 31B),  

4. Nitrite-mediated vasodilation in the WT resistance vessels is unaffected by sGC 

inhibition and NO-blockage (Figures 32A and 32B). 

5. Nitrite-mediated PKG1α dimer formation is observed at 24 hours in mesenteric 

vessels, F (3, 20) = 5.194, p = 0.008, but not in the conduit vessels, F (3, 22) = 0.114, 

p = 0.951 (Figure 33). 

 

Discussion 

In the first series of experiments, we demonstrated that during normoxia, nitrite (10-9-10-3.5 

M) induced vasodilation in WT and KI PKG1α C57BL/6 thoracic aortae conduit vessels 

(Figure 30A). We also showed that during normoxia, nitrite (10-15-10-3.5 M) induced 

vasodilation in WT PKG1α C57BL/6 mesenteric resistance vessels, but that this effect was 

not observed in KI littermates (Figure 30B). This finding highlights two important points. 

Firstly, we showed that during normoxia there is a tissue-specific kinetic differences in 

vasoactivity, with thoracic aortae conduit vessels vasodilating only at higher concentrations 

of nitrite (10-5M and above) whereas mesenteric resistance vessels showed a steady dose-

dependent response. Secondly, we demonstrated that tissue-specific differences exist with 

respect to WT vs KI vasoactivity. In figure 30, thoracic aortae conduit vessels appeared to 

vasodilate equally, irrespective of presence of the transgenic (Cys42Ser) modification, 
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whereas mesenteric resistance vessels vasodilation was statistically reduced in the presence 

of the transgenic (Cys42Ser) modification. At the outset, we postulated that a difference may 

exist in vasoactivity with the transgenic (Cys42Ser) modification KI’s being unable to form 

a PKG1α dimer (199). However, as we will discuss later, the observed difference in 

vasoactivity between the WT vs the KIs was not due to PKG1α dimer formation as this was 

observed at 24 hours in mesenteric vessels, but not in the conduit vessels. 

 

In the second series of experiments, we showed that during normoxia, WT PKG1α C57BL/6 

thoracic aortae conduit vasoactivity was statistically reduced in the presence of the sGC 

inhibitor, ODQ (10µM) and the NO inhibitor, CPTIO (1mM) (Figure 31). The loss of 

vasoactivity in the presence of either inhibitor indicates that WT PKG1α C57BL/6 thoracic 

aortae conduit vessels require the NO-sGC dependent pathway to induce vasodilation. 

Whilst this observation has not been previously confirmed at a molecular level, 

pharmacological experiments with NO scavenger and sGC inhibitors support this finding.  

 

In the third series of experiments, we showed that during normoxia, WT PKG1α C57BL/6 

mesenteric resistance vessel vasoactivity was preserved in the presence of the sGC inhibitor, 

ODQ (10µM) and the NO scavenger, CPTIO (1mM) (Figure 32). This finding suggests that 

WT mesenteric resistance vessels do not require the NO-sGC pathway to induce vasodilation 

and that vasodilation is taking place via a nitrite-mediated, NO-sGC-independent process in 

normoxia. This observation raises the question as to the relevance and the role of PKG1α 

dimerization in this equation. The literature suggests that PKG1α oxidation is more likely to 

take place in mesenteric vessels via NO-sGC independent mechanisms (341). Eaton’s group 

have further demonstrated that PKG1α oxidation plays an essential role in the regulation of 

MAP/BP (201) but can be harmful in dysregulated activation states, such as sepsis (202).  
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In the fourth set of experiments, we showed that the formation of PKG1α dimer is a delayed 

and time-dependent phenomenon which takes place at 24-hours incubation in mesenteric 

vessels, p = 0.008. We also showed that even after 24-hours incubation, dimer was not 

present in conduit vessels (vs placebo), p = 0.951 (Figure 33). This finding indicated that 

our previous observations were not due to PKG1α dimer formation.  

 

Taken together, our results support the notion that elevated vasoactivity in the WT PKG1α 

C57BL/6 mesenteric resistance vessels was likely due to a novel, nitrite-mediated, NO-sGC 

independent process which took place in the absence of PKG1α dimerization. Possible 

explanations for the reduced vasoactivity observed in the KIs may include off-target’ effect 

of the transgenic KI process or some other complex tissue-specific differences. 

 

In view of the nitrite-mediated NO-sGC-independent effect observed in mesenteric 

resistance vessels and the absence of PKG1α dimer formation before 24-hours incubation, 

we set about investigating the underlying mechanisms in more detail. We recognised that 

nitrite must be driving vasodilation in normoxia using a novel pathway, either via 

modification of nitrite, or by nitrite modifying the oxidative environment, resulting in a shift 

in the oxidative equipoise. The literature suggested that H2O2 (198), hydrogen sulphide (200), 

high ROS (202), polysulfer species (342), RSNOs (211), N2O3 (264, 265), and/or other 

intermediates (212-214) may all be capable of triggering oxidation of key downstream 

vasoactive targets driving PKG1α dimerization. Nitrite has also previously been shown to 

inhibit catalase (343). Our group therefore proposed that wheras nitrite usually acts as a 

reducing agent, by inhibiting catalase and thereby increasing H2O2, it may also indirectly act 

as an oxidant and be capable of dimerizing PKGIα through a NO-independent mechanism. 

Indeed, it has also been reported that PKG1a is subject to redox regulation such that the 

presence of oxidants can result in inter-protein disulfide formation, which translates into an 

increase in enzyme activity without change in cGMP concentration (198, 199). Thus, species 
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such as H2O2 that are capable of causing thiol to disulfide oxidation, can elicit VSMC 

relaxation and therefore lead to vasodilation via oxidative activation of PKG1a in a NO-

independent fashion. Unlike H2O2, however, nitrite does not directly oxidize thiols to 

disulfides. Thus, the mechanism by which nitrite elicits a NO-independent and prolonged 

vasorelaxation is not likely to be via direct oxidation of PKG1a thiols triggering 

dimerization, but via an intermediate (131). 

 

Our group continued to work on this project beyond the laboratory science component of 

this PhD. The extended research team showed in complementary work that nitrite is capable 

of inhibiting catalase activity in hepatic tissue in vitro, thus inhibiting the degradation of H2O2, 

consistent with pre-existing research (343, 344). These findings were confirmed in resistance 

arteries harvested 1 and 24-hours after nitrite pre-treatment in vivo, with a significant and similar 

increase in steady-state concentrations of H2O2 in mesenteric resistance vessels with both 1 and 

10 mg/kg nitrite at - hour, which persisted at 24-hours, p<0.05. Next, to confirm the hypothesis 

that polysulfur species intermediates existed, we treated WT C57BL/6 mice with bolus IP 

administration of vehicle control or sodium nitrite (0.1, 1, and 10 mg/kg) for 1 or 24 h. Using 

LC-ESI-MS/MS following derivation with β-(4-hydroxyphenyl)ethyliodoacetamide (HPE-

IAM) we showed dose-dependent increases in CysSSH, p = 0.005, and GSSH, p = 0.0001, in 

the resistance vessels (131).  

 

Taken together, this work led us to propose that the delayed vasoactive properties of nitrite 

in mesenteric resistance vessels in normoxia are mediated via the generation of H2O2, with 

subsequent production of persulfide species including cysteine persuflide (CysSSH) and 

glutathione persulfide (GSSH), oxidatively activating PKG1a. This explains how 

administration of nitrite (that usually acts as a reducing agent) results in oxidation. We 

believe that polysulfur species are capable of modifying the local oxidative environment, 

leading to subsequent activation of key downstream vasoactive phosphoprotein targets, 
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independent of the PKG1α dimer. We also propose that with extended exposure, this 

oxidative balance drives PKG1α monomer to dimerize (in WT variants) and over a period 

of approximately 24-hours and this creates major vasodilation in systemic resistance 

vasculature, figure 33. This would explain clinical syndromes such as sepsis, for example 

(202) as this is characterised by a delayed and time-dependent processes which can result in 

major reductions in MAP (potentially mediated by PKG1α dimer formation). Whilst we 

have identified and described the association between nitrite, H2O2, and persulfide species, 

we do not exclude the possibility that other intermediates, such as RSNOs (including GSNO, 

HSNO and SNAP), other NONOates, N2O3, and others may also have a role to play in 

PKG1α oxidation/dimerization (131, 212-214).  

 

These findings warrant further investigation to address the significance of this redox 

pathway in hypertensive and other cardiovascular disease models. This animal work could 

be extended to studying other dilators as described above, to see whether they also utilise 

similar pathways. Beyond animal work, it would also be important to examine whether a 

NO-independent mechanism plays a role in human vascular tone.  
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Figure 34: Proposed nitrite-mediated pathways in murine thoracic aortae conduit vessels and 

mesenteric resistance vessels in normoxia. Key – arg: L-arginine, NADPH: nicotinamide 

adenine dinucleotide phosphate, NOS: nitric oxide synthase, NO: nitric oxide, sGC: soluble 

guanylate cyclase, GMP: guanylate monophosphate, cGMP: cyclic guanosine 

monophosphate, N2O3: dinitrogen trioxide, PDEs: phosphodiesterase’s, PKG: protein kinase 

G, CysSSH: cysteine persuflide, GSSH: glutathione persulfide, RSNO: S-nitrosothiols, 

ROS: reactive oxygen species. 

Pathway 1: Traditional NO-sGC-cGMP-PKG pathway (310, 338) 

Pathway 2: Novel Resistance pathway, ‘fast’, NO-sGC-independent, PKG1α dimer 

independent, mediated via H2O2 and/or cysteine hydropersulfide and glutathione persulfide 

(131) and/or RSNOs, NONOates, N2O3, other intermediates (212, 214) 

Pathway 3: ~24h delayed PKG1α oxidative dimerization (198, 202, 203, 207, 208) 

 

­H2O2 
­ CsySSH & 

GSSH 
+/- Others* 

 

2: Novel Resistance 
Pathway: 
- Resistance arteries 
- <24hours/’fast’ 
- NO-sGC independent 
- PKG1α dimer-   
independent 
- Via H2O2 
- CsySSH & GSSH 
Potential intermediates* 
- RSNOs 
- NONOates  
- N2O3, ROS, etc 

 

3: Delayed PKG 
Dimerization: 
- Resistance arteries 
- ~24hours/’slow’ 
- NO-sGC- PKG1α dimer- 
dependent 

 



 138 

CHAPTER 4: EXAMINING THE VASOACTIVE PROPERTIES OF INTRA-

BRACHIAL NITRITE INFUSION IN THE PRESENCE OF STORED 

AUTOLOGOUS WHOLE BLOOD IN NORMOXIA AND HYPOXIA in vivo 

 
 
To examine the interaction effects of intra-brachial nitrite and intravenous autologous whole 

blood in both normoxia and hypoxia on forearm resistance artery vasodilation, the clinical 

study shown in this chapter was conducted in the NNUH with the support of the NHSBT 

service. Blood donation processes were supported by Dr Suhail Asghar (Associate 

Specialist, NHSBT) and Sister Patsy Lowson (Senior Sister at the Thetford donation team). 

NNUH blood bank management processes were supported by Dr Hamish Lyall and Mrs 

Debbie Asher. Senior on-call clinical support was provided by Dr Simon Fletcher (Critical 

Care Consultant) and Dr Vassilios Vassiliou (Cardiology Consultant). Nursing support was 

provided by Miss Rachel Stebbings and Mrs Vanessa Martin. Management of medical gases 

was supported by Mr Clive Beech. Statistical analysis was completed independently by Dr 

Allan Clark (Study statistician, UEA). Plasma sample analysis was completed by Dr Magda 

Minnion, Dr Bernie Fernandez and Prof Martin Feelisch. All remaining aspects of this study 

were conducted by myself.  

 

Introduction 

As previously discussed in Chapter 1, several clinical studies have showed that packed red 

cell transfusions which have been stored for prolonged periods are associated to increased 

mortality in critically ill patients (276-278). In 2008, the Gladwin group first showed that in 

normoxia, haem proteins could avidly scavenge, bind and attenuate NO (271) and then later 

associated this mechanism to blood degradation whilst in storage (272). In combination, 

these publications created the notion that stored blood with uncompartmentalized 

haemoglobin can be used in context of clinical research to reduce NO bioavailability and 

therefore as an alternative to the NO blocker CTPIO that is used in experimental studies but 
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which is not used in humans. Using this ‘healthy volunteer NO-blockade model’ we 

designed a study to test the effect of nitrite on resistance artery vasodilation in normoxia and 

hypoxia in healthy subjects and in the NO-reduced environment in humans. This comparison 

enabled our group to assess and compare the NO-dependent component of nitrite-mediated 

vasodilation during normoxia vs hypoxia. 

 

Hypotheses  

i. In hypoxia, given that nitrite-mediated vasodilation is known to be augmented and 

thought to be mainly due to NO release, we expected that the addition of autologous 

whole blood will reduce the degree of forearm vasodilation. 

ii. In normoxia, we hypothesised that nitrite may be operating via a NO-independent 

process/es (as demonstrated in vitro in Chapter 3), therefore we expected that the 

addition of autologous whole blood will have a much lesser effect on nitrite induced 

forearm vasodilation. 

Aim 

To examine the effect of intra-brachial nitrite in the presence of cell-free haem on forearm 

resistance artery vasodilation in normoxia and hypoxia via strain gauge plethysmography.  

 

Results 

Recruitment  
 
Recruitment for the Haem and Nitrite Study followed the processes outlined in Chapter 2 – 

Methods. We were contacted by 473 interested individuals and after screening each for 

suitability, 257 were invited to review the PIS. Following this, 75 wished to proceed to the 

face-to-face recruitment assessment, of which 60 were successfully recruited onto the study. 

During the study, 29 subjects discontinued: 14 of these withdrawals were due to personal 
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reasons, 9 were due to system failures (NHSBT and/or NNUH problems) and 4 were due to 

technical/plethysmography failures, figure 35. Overall, 31 subjects completed the entire 

cross-over study. The recruitment sample size target was 41 subjects (80% power, statistical 

significance of 10% (one-sided 5%), effect size of 0.40), but attrition of 48% far-exceeded 

expectations. The study consort diagram is shown in figure 35.  

 

 

 

Figure 35: The Haem and Nitrite Study CONSORT diagram 

1 – Involvement/content: declined due to degree of involvement required to participate, level 

of commitment required, and invasive nature of the study 
2 – Personal reasons: attrition due to changes in occupation or residential location, family 

commitments, wellbeing and health status, non-defined attrition  
3 – System failure: NHSBT donation slot limitations, NHSBT donation failures, NHSBT 

processing error, NNUH facility failure, NNUH equipment failure 
4 – Plethysmography failure: autologous whole blood unit provision failure, 

plethysmography equipment failure, technical failure (inability to gain arterial access). 
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Population 
 
The study cohort was mostly male (74%) and generally young to middle-aged (mean 43.4 

years), table 2. Subjects had no history of active smoking, hypertension, diabetes mellitus, 

hypercholesterolaemia and no family history of premature ischaemic heart disease. All 

subjects had a normal cardiovascular examination and normal bedside clinical observations. 

The study was approved by the East of England – Essex REC. Investigations took place at 

the NNUH in the CRTU with subjects having had a light breakfast and having abstained 

from caffeine-containing drinks for at least 6-hours.  

 

Baseline characteristics  
 
This was a healthy volunteer study. As detailed in Chapter 2 – Methods, clear inclusion and 

exclusion criteria were pre-defined and subjects who did not satisfy the criteria were not 

selected to participate. Baseline characteristics and haemodynamics were recorded, table 2. 

 
Table 2: Baseline characteristics for healthy volunteers in the Haem and Nitrite study  

Characteristic Subject (n=31) 

Sex 
  Male (%) 
  Female (%) 

 
23 (74%) 
8 (26%) 

Age  
  Mean (range) 

 
43.4 (20-73) 

Systolic blood pressure (mmHg)  
  Mean (±SD) 

 
124.1 (11.7) 

Diastolic blood pressure (mmHg) 
  Mean (±SD) 

 
75.4 (8.4) 

Heart rate (bpm)  
  Mean (±SD)  

 
59.6 (10.6) 

 

 

Safety reporting: adverse events and serious adverse events 
 
In the present study we administrated 3 µmol/min in normoxia and 1 µmol in hypoxia via 

an intra-brachial line over the 30-minute period (total does, 90 µmol and 30 µmol 
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respectively). As discussed in Chapter 2, the concentration infused was taken from the study 

published in 2008 by Dr Abdul Maher in our group (345). Their work showed that 7.84 

µmol/min over a 20-minute infusion period (total dose 156.8 µmol) could be administrated 

safely and was well-tolerated in healthy volunteers. We selected the ED50 value of 3 

µmol/min-1 in normoxia and 1 µmol/min-1 in hypoxia over a 30-minute infusion period. 

Discussion of the study drug dose and administration regimen is discussed in further detail 

later. 

 

During the course of the study, we had 3 adverse events (AEs) that were identified as not 

being associated with nitrite (an episode of sudden-onset anxiety preceding any study 

intervention, mild swelling of the non-infused arm during the autologous whole blood 

transfusion and mild neck swelling which clinically presented like a swollen parotid gland 

~6 hours after the study visit completed). We also had 1 serious adverse event (SAE) which 

was related to transfusion of non-autologous blood (but not the study drug). This was rapidly 

escalated to my supervising team and subsequently reported to the sponsor, REC, SHOT, 

and SABRE reporting schemes in-line with the study protocol, details of which are presented 

in Appendix 8. 

 
 
Pulse oximetry and room temperature 
 
During infusions in normoxia, the mean (±SD) oxygen saturation recorded by pulse 

oximetry for all subjects was 98.1% ± 1.6%. During the infusions in hypoxia, the mean 

(±SD) oxygen saturation for all subjects was 87.4% ± 2.8%. The target range during hypoxia 

was 84-88% and this was achieved in 28/31 studies (93.3%). The remaining 3 hypoxia 

studies did not achieve oxygen saturations <88% despite extended exposure to the 12% 

oxygen/88% nitrogen gas, at high flow (15L/min-1), representing variability in intra-subject 

hypoxic ventilatory responses (235). The CRTU room temperature was recorded throughout 

each study in order to maintain optimum ambient temperatures (22-26oC). The mean (±SD) 
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room temperature for all studies was 22.7oC ± 3.8oC. The target ambient temperature was 

maintained throughout the study day on 52/62 occasions (83.9%). On the remaining 10 days, 

temperatures either fell below 22oC (in the winter months) or rose above 26oC (in the 

summer months), such that the optimum study temperature was not maintained throughout 

the study day. The study facility did not have integrated air-conditioning and we were not 

permitted to use free-standing air-conditioning or heating units (as this was not allowed by 

the hospital site management team). Therefore, we managed the ambient room temperature 

to the best of our ability using free-standing oscillating fans.  

 

As discussed, all data was visually inspected for consistency across all of the studied patients 

and as shown in figure 18, highly variable flows and outliers were excluded. Given the very 

high study participant attrition, in order to have as much interpretable data as possible, we 

did not systemically exclude those whose ambient study temperature or hypoxic oxygen 

saturations were not achieved or maintained during the study day and instead we reviewed 

all data equally and all non-excluded data was included for analysis.  

 

Blood analysis 
 
Plasma nitrite levels 
 
Blood was collected for analysis before and after each nitrite infusion. Samples were 

analysed for nitrite and nitrate levels. Samples were not analysed for RXNO levels and this 

limitation is noted in the methods and the discussion chapters. Descriptive statistics revealed 

the following. In normoxia, before blood transfusions (sample collection normoxia 

timepoint 1, Figure 14) baseline nitrite was 0.14 μmol (± 0.03 μmol) and after nitrite infusion 

(sample collection normoxia timepoint 2) was 0.72 μmol (± 0.27 μmol). After blood 

transfusion, baseline nitrite (sample collection normoxia timepoint 3) was 0.43 μmol (± 0.23 

μmol) and after infusion (sample collection normoxia timepoint 4) was 1.21 μmol (± 0.39 
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μmol). In hypoxia, nitrite levels were 0.15 μmol (± 0.04 μmol), 0.40 μmol (± 0.10 μmol), 

0.19 μmol (± 0.09 μmol) and 0.82 μmol (± 0.28 μmol) at each of these timepoints. 

 

A one-way repeated measures ANOVA was conducted to compare plasma nitrite levels 

before and after each nitrite infusion, as measured by HPLC. There was a statistically 

significant main effect for nitrite in each of the 4 study conditions. Before blood in normoxia: 

plasma nitrite levels F (1, 30) = 4.567, p = 0.041, partial eta squared = 0.132. After blood in 

normoxia: plasma nitrite levels F (1, 29) = 4.377, p = 0.045, partial eta squared = 0.131. 

Before blood in hypoxia: plasma nitrite levels F (1, 30) = 6.821, p = 0.014, partial eta squared 

= 0.185. After blood in hypoxia: plasma nitrite levels F (1, 30) = 5.628, p = 0.024, partial 

eta squared = 0.158. These findings indicate that the addition of nitrite led to an increase in 

plasma nitrite levels in each of the 4 conditions studied, figure 36. 

 
Plasma nitrate levels 
 
Descriptive statistics revealed the following: In normoxia, before blood transfusions (sample 

collection normoxia timepoint 1, Figure 14), baseline nitrate was 35.62 μmol (± 2.22 μmol) 

and after infusion (sample collection normoxia timepoint 2) was 37.03 μmol (± 2.55 μmol). 

After blood transfusion, baseline nitrate (sample collection normoxia timepoint 3) was 34.15 

μmol (± 1.88 μmol) and after infusion (sample collection normoxia timepoint 4) was 36.77 

μmol (± 2.07 μmol). In hypoxia, nitrate levels were 41.45 μmol (± 3.12 μmol), 38.64 μmol 

(± 3.05 μmol), 35.31 μmol (± 2.49 μmol) and 36.44 μmol (± 2.56 μmol) at each of these 

timepoints. 

 

A one-way repeated measures ANOVA was conducted to compare plasma nitrate levels 

before and after each nitrite infusion, as measured by HPLC. There was not a statistically 

significant main effect for nitrite before blood in normoxia: plasma nitrate levels F (1, 30) = 

0.499, p = 0.485, partial eta squared = 0.016, but there was a statistically significant main 
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effect for nitrite after blood in normoxia: plasma nitrate levels F (1, 29) = 4.624, p = 0.040, 

partial eta squared = 0.138. Whilst in hypoxia, there was a statistically significant main effect 

for nitrite before blood: plasma nitrate levels F (1, 29) = 4.624, p = 0.040, partial eta squared 

= 0.138, but not after blood: plasma nitrate levels F (1, 30) = 1.808, p = 0.189, partial eta 

squared = 0.057. These findings indicate that the addition of nitrite led to variable changes 

to plasma nitrate levels in each of the 4 conditions studied, figure 36. 
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Figure 36: Plasma NOx levels, n = 31. Panel A: Nitrite in normoxia, B: Nitrite in hypoxia, 
C: Nitrate in normoxia, D: Nitrate in hypoxia. Key (as per figure 14) - N1: first nitrite 
infusion in normoxia, N2: second nitrite infusion in normoxia, H1: first nitrite infusion in 
hypoxia, H2: second nitrite infusion in hypoxia, T0: plethysmography FBFR at time 0 mins, 
T30: FBFR at 30 mins. Values shown as mean (±SEM). Statistical analysis carried out using 
one-way ANOVA followed by Bonferroni post-hoc test; * p<0.05. 
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Plasma haemoglobin levels 
 
Blood was collected for analysis before, during (at 90-minutes) and after each autologous 

whole blood transfusion. Samples were analysed for haemoglobin levels. Descriptive 

statistics revealed that in normoxia (at sample collection normoxia timepoint 2, Figure 14), 

baseline plasma haemoglobin levels were 71.3 mg/dL (± 12.08 mg/dL), at 90-minutes levels 

(sample collection normoxia timepoint 3) plasma haemoglobin levels were 96.6 mg/dL (± 

17.55 mg/dL) and after the autologous whole blood transfusion (sample collection normoxia 

timepoint 4) plasma haemoglobin levels were 86.7 mg/dL (± 15.76 mg/dL). In hypoxia, 

plasma haemoglobin levels were 63.1 mg/dL (± 15.65 mg/dL), 125.3 mg/dL (± 21.38 

mg/dL) and 115.8 mg/dL (± 28.78 mg/dL) at each of the respective timepoints. 

 

A one-way repeated measures ANOVA was conducted to compare plasma haemoglobin 

levels before, during and after each autologous whole blood transfusion, as measured by 

ELISA (Abcam, UK). There was not a statistically significant main effect for autologous 

whole blood transfusion on plasma haemoglobin level in normoxia, F (2,28) = 1.315, p = 

0.286, partial eta squared = 0.086, or hypoxia, F (2, 29) = 2.757, p = 0.080, partial eta squared 

= 0.160. These findings indicate that the addition of one unit of autologous whole blood does 

not statistically increase subject plasma haemoglobin levels in normoxia or hypoxia, figure 

37. 

 
 
Autologous whole blood transfusion unit haemoglobin levels 
 
Blood was also collected from a subset of autologous whole blood transfusion units (n = 18) 

to analyse plasma haemoglobin levels in the stored unit. In those used in the normoxic 

studies, plasma haemoglobin levels were 289 mg/dL (± 50.30 mg/dL) and in those used in 

the hypoxic studies, plasma haemoglobin levels were 294.5 mg/dL (± 66.46 mg/dL). 

 



 148 

A one-way repeated measures ANOVA was conducted to compare plasma haemoglobin 

level in the autologous whole blood transfusion unit with the unit donors’ baseline level, as 

measured by ELISA (Abcam, UK). There was a statistically increased level of plasma 

haemoglobin in the autologous whole blood transfusion unit when compared to the unit 

donors’ baseline plasma haemoglobin level in normoxia, F (1, 9) = 20.146, p = 0.002, partial 

eta squared = 0.691, and in hypoxia, F (1, 7) = 11.416, p = 0.012, partial eta squared = 0.620. 

These findings indicate that the plasma haemoglobin level in the autologous whole blood 

units was significantly greater than the plasma haemoglobin level in the respective unit 

donors, in both normoxia and hypoxia transfusion units, figure 37. 
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Figure 37: Plasma haemoglobin levels. Panel A: Subject plasma haemoglobin levels in 

normoxia, n = 31. Panel B: Subject plasma haemoglobin levels in hypoxia, n = 31. Panel C: 

A subset of autologous whole blood transfusion unit haemoglobin levels in normoxia and 

hypoxia, n = 18. Values shown as mean (±SEM). Statistical analysis carried out using one-

way ANOVA followed by Bonferroni post-hoc test; p=ns. 

 
 
NO consumption levels 
 
Descriptive statistics revealed that in normoxia, before autologous blood transfusion (at 
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collection normoxia timepoint 3) NO consumption level was 107.07 μmol (± 12.64 μmol). 

After the transfusion (sample collection normoxia timepoint 4), the NO consumption level 

was 106.12 μmol (± 10.05 μmol). In hypoxia, NO consumption levels were 104.83 μmol (± 

11.44 μmol), 169.23 μmol (± 30.00 μmol) and 153.95 μmol (± 26.23 μmol) and each of the 

respective timepoints.  

 

A one-way repeated measures ANOVA was conducted to compare NO consumption levels 

before, during and after each autologous whole blood transfusion, as measured by ozone-

based chemiluminescence (274, 330). There was not a statistically significant main effect 

for autologous whole blood transfusion on plasma haemoglobin level in normoxia, F (2, 29) 

= 1.227, p = 0.302, partial eta squared = 0.103, or hypoxia, F (2, 29) = 2.256, p = 0.114, 

partial eta squared = 0.180. These findings indicate that the addition of one unit of 

autologous whole blood does not increase subject NO consumption levels in normoxia or 

hypoxia, figure 38. 
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Figure 38: NO consumption levels. Panel A: NO consumption levels in normoxia, n = 31. 

Panel B: NO consumption levels in hypoxia, n = 31. Values shown as mean (±SEM). 

Statistical analysis carried out using one-way ANOVA followed by Bonferroni post-hoc test; 

p=ns. 

 

Mixed effect linear regression model results  
 
Model 1: Effect of nitrite, autologous blood and oxygen condition on FBFR 
 
FBFRs were significantly predicted by nitrite infusion status, p<0.001, but not by any other 

of the main effects or interaction effects (no effect for blood or oxygen condition observed). 

The FBFR beta-estimate was on average 0.56 higher at T30 than at T0 across both oxygen 

condition combined and regardless of blood transfusion, table 3. Overall, the fixed effects 

accounted for 18.3% of the variance in the data (marginal R2), whilst taking also the random 

effects into account increased the explanatory power of the model for FBFRs to 38.0% 

(conditional R2). This reflects that inter-subject variability was high and thus contributed 

substantially to the amount of variance that could be explained by the model.  
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Table 3: Mixed effect linear regression model 1 (effect of nitrite, autologous blood and 

oxygen condition on FBFR) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Plasma nitrite levels -0.06 -0.15 – 0.02  0.124 

Blood condition 0.03 -0.24 – 0.31 0.592 

Oxygen condition 0.11 -0.16 – 0.39 0.050 

Nitrite infusion status 0.56 0.28 – 0.84 <0.001 

Oxygen condition* Nitrite infusion status 0.11 -0.21 – 0.43 0.512 

Oxygen condition* Blood condition -0.01 -0.33 – 0.31 0.966 

Blood condition* Nitrite infusion status 0.03 -0.29 – 0.34 0.877 

    

Marginal R2/ Conditional R2: 0.183/0.380    

† conditional effects, * averaged effects 

 

 
Figure 39: Effect of nitrite infusion status on FBFR in the overall model. Boxes represent 

interquartile range (IQR), whiskers showing lowest and highest quartile group, middle line 

denotes median, diamond denotes mean, single dots represent data points >1.5x IQR 
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Model 2 and 3: Effect of nitrite and autologous blood on FBFR (in normoxia and hypoxia) 
 
To further evaluate whether the observed effect would be present to a similar degree in 

normoxia and hypoxia, we ran a separate model for each oxygen condition (tables 4 and 5). 

In normoxia only, model 2, and hypoxia only, model 3, the same findings were observed, 

with FBFRs only being significantly explained by nitrite infusion status, both p<0.001. The 

FBFR beta-estimate was on average 0.52 in normoxia and 0.64 in hypoxia, Figure 40. The 

amount of variance explained by the fixed effects only was 18.1% and 15.0% in the 

normoxia and hypoxia only models, respectively. As before, addition of random effects 

increased the explanatory power of the models to predict FBFR to 66.8% and 77.2%, 

respectively.  
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Table 4: Mixed effect linear regression model 2 (effect of nitrite and autologous blood on 

FBFR in normoxia only) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Nitrite plasma levels 0.00 -0.07 – 0.07  0.951 

Blood condition 0.02 -0.17 – 0.22 0.623 

Nitrite infusion status 0.52 0.32 – 0.72 <0.001 

Blood condition* Nitrite infusion status 0.02 -0.26 – 0.30 0.869 

    

Marginal R2/ Conditional R2: 0.181/0.668    

† conditional effects, * averaged effects. 
 
 
 
 
Table 5: Mixed effect linear regression model 3 (effect of nitrite and autologous blood on 

FBFR in hypoxia only) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Nitrite plasma levels -0.02 -0.13 – 0.09  0.690 

Blood condition 0.00 -0.21 – 0.22 0.859 

Nitrite infusion status 0.64 0.43 – 0.85 <0.001 

Blood condition* Nitrite infusion status 0.02 -0.27 – 0.32 0.876 

    

Marginal R2/ Conditional R2: 0.150/0.772    

† conditional effects, * averaged effects. 
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Figure 40: Effect of nitrite infusion status on FBFR in (A) Normoxia and (B) Hypoxia. Left 

side shows “before” blood transfusion, right side shows “after” blood transfusion. Boxes 

represent interquartile range (IQR), whiskers showing lowest and highest quartile group, 

middle line denotes median, diamond denotes mean, single dots represent data points >1.5x 

IQR. 

(A) 

(B) 
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Model 4: Effect of nitrite and oxygen condition on FBFR (after autologous blood only) 
 
Considering only the data reflecting changes in FBFR once the whole autologous blood 

transfusion was administered, to test if there was a discernible difference in FBFR after blood 

in normoxia vs hypoxia, we again showed that only nitrite infusion status. p<0.001, had a 

significant effect on FBFR in the model, table 6, whilst no other main or interaction effects 

were found to be significant, figure 41. The FBFR beta-estimate was on average 0.61 from 

T0 to T30.  

 

Table 6: Mixed effect linear regression model 4 (effect of nitrite and oxygen condition on 

FBFR after autologous blood only) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Nitrite plasma levels -0.07 -0.18 – 0.04  0.200 

Oxygen condition 0.12 -0.24 – 0.47 0.259 

Nitrite infusion status 0.61 0.24 – 0.98 <0.001 

Oxygen condition* Nitrite infusion status 0.07 -0.44 – 0.57 0.802 

    

Marginal R2/ Conditional R2: 0.177/0.304    

† conditional effects, * averaged effects. 
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Figure 41: FBFRs after autologous blood transfusion at T0 and T30 by oxygen condition. 

Normoxia: light grey, Hypoxia: dark grey. Boxes represent interquartile range (IQR), 

whiskers showing lowest and highest quartile group, middle line denotes median, diamond 

denotes mean, single dots represent data points >1.5x IQR. 

 

Model 5: Effect of nitrite, autologous blood and oxygen condition on mean arterial 

pressure 

 
There was a significant effect of ‘blood condition’, p=0.030, and ‘nitrite infusion status’, 

p=0.010, on MAP, but no significant interaction effect between the two, p=0.888. Nor was 

MAP significantly predicted by any other variables in our model, table 7. Using least square 

means, we determined that blood condition and nitrite infusion status had opposing effects 

on MAP. Whilst the administration of whole autologous blood increased MAP by an average 

of 2.20 mmHg (SE:1.00, 95% CI), the nitrite infusion caused a decrease in MAP by 2.67 

mmHg (SE:1.03, 95% CI) when comparing MAP at T0 to T30. 
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Table 7: Mixed effect linear regression model 5 (effect of nitrite, autologous blood and 

oxygen condition on mean arterial pressure) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Plasma nitrite levels 0.95 -0.06 – 1.96  0.068 

Blood condition 1.02 -2.36 – 4.40 0.030 

Oxygen condition  -1.34 -4.70 – 2.01 0.602 

Nitrite infusion status -3.08 -6.49 – 0.33 0.010 

Oxygen condition*Nitrite infusion status 1.10 -2.82 – 5.01 0.584 

Oxygen condition*Blood condition 2.65 -1.27 – 6.56 0.187 

Blood condition* Nitrite infusion status -0.28 -4.18 – 3.62 0.888 

    

Marginal R2/ Conditional R2: 0.045/0.433    

† conditional effects, * averaged effects. 
 

 

Model 6: Effect of nitrite, autologous blood and oxygen condition on heart rate 
 
Heart rate (HR) was significantly affected by ‘blood condition’, p<0.001, but we observed 

no other significant effects, meaning that neither nitrite infusion, nor oxygen condition had 

a significant impact on participants’ HR, table 8. Administration of whole autologous blood 

transfusion led to an average increase of 3.3 bpm (SE: 0.85, 95% CI). 
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Table 8: Mixed effect linear regression model 6 (effect of nitrite, autologous blood and 

oxygen condition on heart rate) 

 

Source Estimated 

regression 

Coefficient 

Regression 

Confidence 

Intervals (CI)† 

p-value*  

 

Plasma nitrite levels 0.41 -0.46 – 1.28  0.353 

Blood condition 1.21 -1.65 – 4.06 <0.001 

Oxygen condition  -0.01 -2.85 – 2.83 0.055 

Nitrite infusion status -1.09 -3.98 – 1.80 0.858 

Oxygen condition*Nitrite infusion status 0.51 -2.80 – 3.82 0.763 

Oxygen condition*Blood condition 2.81 -0.50 – 6.13 0.097 

Blood condition* Nitrite infusion status 1.36 -1.94 – 4.65 0.422 

    

Marginal R2/ Conditional R2: 0.037/0.683    

† conditional effects, * averaged effects. 
 
 
 

In summary, the above study showed the following:  

1. NOx: Intra-brachial nitrite infusion led to a significant increase in plasma nitrite 

levels in all 4 conditions (N1: p = 0.041, N2: p = 0.045, H1: p = 0.014, H2: p = 

0.024), all p<0.05 

2. Unit cell-free haem: Storage of autologous whole blood for 30-35 days led to an 

increase in unit cell-free haem of ~410% in normoxia and ~470% in hypoxia 

3. Subject cell-free haem and NO consumption: Transfusion of 30-35-days stored 

autologous whole blood led to non-significant increases in subject cell-free 

haemoglobin and non-significant increases in subject NO consumption 

4. Model 1 showed that there was high inter-subject variability (~20%) and that 

FBFRs were significantly predicted by nitrite infusion status, p<0.001, but not by 

any other main effects or interaction effects 
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5. Models 2-4 confirmed the findings in Model 1: the observed effect was present to a 

similar degree in normoxia only, p < 0.001, hypoxia only p < 0.001, and after 

autologous whole blood transfusion only p < 0.001 

6. Model 5 showed that autologous whole blood transfusion led to a significant 

increase in MAP (mean + 2.20 mmHg), p=0.030, whilst nitrite infusion led to a 

significant reduction in MAP (mean - 2.67 mmHg), p=0.010, but there was no 

interaction between these two factors 

7. Model 6 showed that HR was significantly increased (mean + 3.3 bpm) following 

autologous whole blood transfusion, p<0.001. 

  

Discussion 

The main findings in this healthy volunteer cross-over study were that intra-brachial nitrite 

infusions (N1, N2, H1 and H2) led to significant increases in plasma nitrite (figure 36) which 

in-turn led to significant increases in FBFRs in all four study conditions (Model 1). Maher 

showed that intra-brachial nitrite dosed at 3.14 μmol/min over a 20-minute infusion period 

led to a significant increase in plasma nitrite in the infused arm vs the control arm (nitrite +4 

µmol, p=0.0001) which resulted in an increased FBFR of ~x1.8 in normoxia (237). We too 

showed that nitrite led to significant increases in plasma nitrite in all four studied conditions. 

As detailed in Chapter 2, the normoxia and hypoxia doses were based on 50% effective dose 

(ED50) values, taken from previous work, conducted by a previous clinical research fellow of 

the primary supervisor (237, 323). Using these doses allowed us to compare percentage 

change in each oxygen condition as for both doses were operating in the middle of the dose 

response relation. 

 

In the given study, we showed that the selected nitrite doses led to comparable and 

significant rises in plasma nitrite and FBFR in all four study conditions. However, on 
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reflection, the choice to have two different doses increased the complexity of the statistical 

analysis and also meant that we could only make indirect comparison between the normoxia 

and hypoxia groups. As will be discussed in the study limitations, unfortunately RXNO was 

not analysed in this study. This was a decision made by the supervising team (Appendix 10). 

As discussed in Chapter 1, we recognise that RSNOs can be generated from the 

haemoglobin/nitrite reaction, and that this may play an important role in nitrite-mediated NO 

activity export from intact red blood cells (213), however in the absence of RXNO levels, 

we are not able to comment on this further in the given study. 

 

The next main finding was that 30-35 day NHSBT-stored autologous whole blood led to a 

4-5-fold increase in unit cell-free haem (Figure 37C) and that once this was transfused, this 

led to a non-significant increase in subject circulating cell free haem of +35.5% in the 

normoxia group and +98.8% in the hypoxia group (at 90-minutes) (Figure 37 A and B) and 

a non-significant increase in NO consumption of +16.2% in normoxia and +61.4% in 

hypoxia (at 90-minutes) (Figure 38 A and B). As discussed throughout, we modelled our 

study on the work by Risbano in 2015. As shown in their study, 42-day storage of blood 

resulted in an approximate 4-fold increase in unit cell-free haem vs fresh blood and after 

transfusion, subject cell-free haem was increased from 7.9 uM to 10.8 uM (which represents 

a ~30% increase). They also showed that stored blood (with increased cell-free haem) was 

statistically correlated with an increase in NO consumption (260). In the given study, we too 

showed that storage of autologous whole blood for 30-35 days led to a numerical but non-

significant 4-5-fold increase in unit cell-free haem, a 35%+ increase in subject circulating 

cell-free haem and this was associated with an increase in NO consumption. Taken together, 

these consistent findings demonstrate that the methodological approach we adopted 

(NSHBT 30-35-day stored autologous whole blood via IV infusion) led to a similar NO-

blockade as previously shown by Risbano, Gladwin and colleagues in 2015, although our 

findings did not reach statistical significance.  
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There is substantial body of non-clinical evidence investigating the capability of 

haemoglobin to abrogate NO. In 2002, Joshi and colleagues compared bolus NO addition to 

NO generated homogeneously throughout solution by using NO donors. Using visible 

spectroscopy, they showed that multiple haemoglobin species are formed as well as both 

nitrite and nitrate. They concluded that the reaction of NO with haemoglobin during 

normoxia resulted in consumption, rather than conservation of NO, highlighting the efficient 

NO scavenging capability of oxyhaemoglobin (267). In the same year, Reiter and colleagues 

hypothesized that decompartmentalization of haemoglobin into plasma would divert NO 

from homeostatic vascular function. By studying patients with sickle-cell disease, they 

showed that plasma contained higher levels of cell-free haemoglobin and this 

stoichiometrically consumed micromolar quantities of NO, abrogating forearm blood 

flow responses to NO donor infusions (268). 

 

In 2011, Donadee, Gladwin and colleagues examined the rate at which stored blood 

haemolyses. They showed that the degree of haemolysis and haemoglobin release in blood 

stored in standard conditions increases significantly over time vs baseline; from baseline 4-

day plasma haemoglobin (11.6±2.5 μmol/L) to 39-day plasma haemoglobin (81.0±18.4 

μmol/L). In addition, they also showed that with haemolysis, cell-free haem accumulation is 

coupled with microparticle encapsulated haemoglobin accumulation, which despite 

prolonged storage largely remains in the ferrous oxyhaemoglobin state. They also showed 

that cell-free haem increases are directly proportional (with a linear relationship) to NO 

consumption, p<0.001, via the classic deoxygenation reaction (as discussed in Chapter 1). 

Our work showed the same relationship between increasing subject cell-free haem and NO 

consumption levels, figures 37 and 38, and we also showed that with prolonged storage (30-

35-days), donated blood haemolyses and releases cell-free haem, which is capable of binding 

to and consuming nitrite-derived (and to a lesser extent endothelium-derived) NO in vivo. 
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Whilst there was a notable increase in subject circulating cell-free haem and increase in NO 

consumption levels, these increases did not reach statistical significance.  

 

Next, using mixed effect linear regression modelling, we showed that following intra-

brachial nitrite infusion there was high inter-subject variability and that FBFRs were 

predicted by nitrite infusion status only (and not by any other main effect or interaction 

effect) (table 3, figure 39). There is a wealth of evidence stating that as nitrite increases, so 

too does flow-mediated dilation (346). Yet, despite this seemingly simple correlation, many 

clinical studies have reported inconsistent results when examining the vasoactive effects of 

nitrite on peripheral resistance vessels. Cosby and colleagues presented a detailed study in 

2003, which examined how nitrite reduction to NO by deoxyhaemoglobin can vasodilate the 

human circulation. They showed that even a very low dose nitrite infusion (400 

nmol/ml over 5 minutes) could lead to significant increases in  plasma nitrite levels (176 to 

2564 nmol after 5-minute infusion), which was also associated with significant increases in 

FBF (3.49 to 4.51ml/min per 100ml of tissue, p = 0.0006) (269). Yet by contrast, Lauer and 

colleagues reported that basal plasma nitrite levels were found to be 227-428 nmol/L), 

however following eNOS stimulation with ACh, plasma nitrite levels increased to 

550nmol/L and were associated with a 4-fold increase in FBF, yet when intra-brachial nitrite 

was administrated as doses up to 36 μmol/min, they showed no increase in FBFs (347).  

 

When considering these studies and our own, it is unclear why such variations exists in the 

reported vasoactive effect of nitrite in humans. These discrepancies may reflect differences 

in the subjects and experimental protocols, although such differences are not obvious from 

the study publications, with the preparation of nitrite and its infusion being similar in the 

studies described. It is possible that these differences may be subject to a biphasic response 

to nitrite (with effects being seen at very low and also high doses predominantly), although 

there is no literature at present that strongly supports this notion. It is more likely that these 
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differences reflect variations in inter-subject vascular physiology and/or vasoreactivity. As 

shown in the given study, the level of inter-subject variability was high (with a conditional 

R2 of 38.0%), therefore it is probable that inter-subject variability is associated with the 

differences observed across the presented studies. The reason for the high level of inter-

subject variability is not clear, however, as all of the presented studies examined young to 

middle-aged healthy subjects (in the absence of obesity, smoking, known vascular disease 

or diabetes), and it is therefore unlikely that the subjects differed significantly with respect 

to endothelial function (348) or sympathetic stimulation (349). A final consideration is that 

there may also be notable heterogeneity in the metabolic handling of nitrite between subjects 

and that this is still an area of need for future research as discussed in Chapter 1 (178, 189). 

 

In Model 2 and 3, we tested whether the observed effect in Model 1 was present to a similar 

degree in normoxia only and hypoxia only. Interestingly, we observed that the FBFR beta-

estimate was on average 0.52 in normoxia and 0.64 in hypoxia, indicating that despite the 

hypoxia nitrite dose being 1/3 of the normoxia dose, a greater degree of vasodilation took 

place in hypoxia.  

 

According to the literature, deoxyhaemoglobin has been shown to augment hypoxic 

vasodilation (262). As shown by Maher in 2008, nitrite-mediated vasodilation of peripheral 

small resistance arterioles was augmented in the presence of mild hypoxia vs normoxia in 

vivo (237). However in the given study, the oxygen saturations of 83-88% (O2 = 62.5 – 72.5 

μmol), would not have been low enough to cause haemoglobin to act as a nitrite reductase 

(which is really only possible in lower end of normoxia (O2 ~30 μmol) (229) (253, 266). A 

more likely explanation for the observed hypoxic-augmentation of nitrite-mediated 

vasodilation is that during mild hypoxia, modest vasodilation takes place systemically either 

via direct effects (inadequate oxygen to sustain smooth muscle contraction) or indirect via 

effects (223, 229, 235, 240), including the production of vasodilator metabolites (350).  
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In 2001, Thomas and colleagues reported that hypoxia-induced vasodilatory responses may 

be due to lowered oxygen tension alone, independent of haemoglobin (as NO survives longer 

with decreased oxygen due to decreased cellular consumption leading to an increased NO 

concentration in the tissue) (351). In 2013, Umbrello and colleagues discussed the 

consequences of supply and demand mismatch and the physiological requirement for 

hypoxic vasodilation as a mechanism for restoration of oxygen supply. They also discussed 

the vital role that NO plays in this process as a major signalling and effector molecule by 

mediating the body's response to hypoxia, given its unique characteristics of vasodilation 

and modulation of energetic metabolism (reducing oxygen consumption and promoting 

utilization of alternative pathways) (352).  

 

A similar and very interesting concept was put forward by Jessica Dada in her PhD thesis 

(unpublished) under the supervision of Prof James, UK, which showed that pre-constricted 

hypoxic rabbit thoracic aortae rings and porcine LAD vasodilated in response to oxygenated 

Krebs buffer (in a similar manner to oxygenated Hb) suggesting that delivery of a small 

oxygen package itself, was able to vasodilate hypoxic vascular tissue. They showed that this 

process took place in the presence of NOS inhibition, and that the activity of sGC-cGMP 

pathway could be enhanced in the presence of haem, indicating a NO/endothelium-

independent mechanism, using sGC and haem capable of reversing vasoconstriction in 

hypoxia. This is thought-provoking, as it may be that such processes explain historical data 

suggesting NO-independent pathways in normoxia in ex-vivo and potentially in-vivo models. 

It is most likely that both reductase and NO-donor mechanisms co-exist to a certain degree 

in strict hypoxia. 

 

Model 4 addressed the vasodilatory effect of nitrite on FBFR in a ‘NO-reduced’ local 

environment. This model tested the main study hypothesis, that nitrite-mediated vasodilation 

is modulated by a NO-dependent mechanism in hypoxia and a NO-independent mechanism 
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in normoxia (as shown in murine models in Chapter 3). Model 4 showed that after 

autologous whole blood transfusion, FBFR was only predicted by nitrite infusion status and 

not by oxygen condition. 

 

As described in detail in Chapter 1, there is a large body of evidence that suggest that nitrite-

mediated PKG1α oxidative dimerization may lead to resistance vessel vasodilation (199, 

201). Additional intermediates, such as H2O2 (200), ROS (202, 203), persulfides (208), 

RSNOs (210-214), have also been proposed to play an important role in modulation of NO 

bioavailability and subsequent vasotone. In the work presented in Chapter 3, we showed that 

in normoxia, nitrite administration to mesenteric vessels led to the generation of H2O2, 

persulfide intermediates (CysSSH and GSSH), which oxidatively activated PKG1a (131). 

Whilst it is not possible to use pharmacological NO-inhibitors in humans in vivo, we 

attempted to block nitrite-derived NO using cell-free haem, with the aim to show 

vasodilation in normoxia in the absence of NO, thereby demonstrating one or more NO-

independent pathways. However, as already described throughout Chapter 4, whilst 30-35-

day stored blood transfusion did lead to a numerical increase in subject circulating free haem 

and NO consumption, these changes were not statistically significant. Consequently, we did 

not create a NO-reduced environment in our study subjects, and therefore we were not able 

to show a difference in NO-dependency in the two oxygen conditions, meaning that based 

on these results, we reject our study hypothesis. 

 

Further modelling was completed to analyse the safety considerations and the broader 

haemodynamic effects of the variables on HR and MAP. Model 5 showed that autologous 

whole blood transfusion led to a significant increase in MAP, whilst nitrite infusion led to a 

significant reduction in MAP, however there was no interaction between these two factors. 

The association of NOx and MAP remains an area of considerable research. Whilst Maher 

did not report MAP in his study, the dose he chose was the same as the dose used by Arif 
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and colleagues in 2005 (7.84 µmol/min) who showed that this dose resulted in a significant 

reduction in MAP of ~4 mmHg in normoxia. We too showed a similar result, with Model 5 

demonstrating that nitrite infusion across both oxygen conditions led to a significant 

reduction in MAP with a mean beta-estimate of - 2.67 mmHg. The observed reduction in 

MAP was likely due to the systemic vasoactive effect of nitrite on resistance vasculature, as 

already discussed in depth (146, 177, 190-192). Also, given that a total dose of 90 μmol was 

used in normoxia and 30 μmol was used in hypoxia, these results support the pre-existing 

observations of hypoxic-augmentation of nitrite-mediated vasodilation in systemic 

resistance arteries (174, 237). A further observation made during the clinical study sessions 

and also through modelling was that as the autologous whole blood transfusion was 

administered, the MAP increased. We showed that ~500 mls of blood led to a significant 

increase in MAP of + 2.20 mmHg. Therefore, we note that the nitrite dose may be considered 

as being high as it reduced MAP, but in combination, these two interventions resulted in a 

stable MAP throughout the study sessions. 

 

Lastly, we also assessed HR-response, given that a clinically meaningful decrease in MAP 

may have triggered a neurally-mediated compensatory chronotropic response leading to an 

increase in HR (353). Model 6 showed that HR was significantly increased (mean + 3.3 

bpm) following autologous whole blood transfusion, but not due to nitrite infusion status. 

This finding reflected that as circulating volume increases, HR needs to increase to meet the 

increased CO, and that the amount of nitrite used did not trigger a compensatory 

chronotropic response. 

 

When we consider the totality of the results from this study, we can summarise that whilst 

we showed nitrite-mediated vasodilation that was augmented in hypoxia, it is probable that 

we used doses that were too high, given the reduction in MAP (albeit not associated with a 

compensatory chronotropic response). In addition, we also showed that 30-35-day NHSBT-
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stored whole blood leads to non-significant increases in unit and subject cell-free haem, and 

that this is associated with non-significant increases in nitrite-derived (and to a lesser extent 

endothelium-derived) NO consumption levels. It is possible that the study design prevented 

us from adding sufficient cell-free haem (either by volume or route), to statistically uncover 

whether nitrite was using a NO-independent process to mediate vasodilation in resistance 

arteries in normoxia in vivo. However, the increase in cell free haem was very similar in 

magnitude to that observed in the study by the Gladwin group which showed attenuation of 

ACh-mediated forearm vasodilation, therefore from this work we are not able to answer the 

given hypotheses. It is also possible that (given the high study drug dose) the strong 

vasoactive effect of nitrite subjugated a modest NO-binding effect of autologous whole 

blood, and that the net observed effect was of no difference between normoxia and hypoxia. 

 

However, this work does carry significant value. This was the second ever study to use 

autologous whole blood in clinical research in the UK (via the NHSBT) (with the first being 

a very small oncology study using only a few units). Throughout this study, we set-up 

multiple new processes (donation, transportation, testing, storage, blood bank management, 

etc.) and integrated these processes into the complex NHS environment. Next, it should be 

noted that this is the first study to actually test all three of the independent variables together 

in humans in vivo, which is even more surprising given that it was completed by a sole 

researcher in the setting of a busy, service-driven NHS hospital (and not in a specialised 

research facility by a team). This work represents a proof of concept which provides rich 

insight to guide future similar work. 

 

Limitations 

The study recruited 60 subjects to meet the requirement of 41 ‘completers’ to achieve 

statistical power, however only 31 completed the study, representing a 48% attrition rate. 

This was driven by study duration, complexity and tolerance. As such, the study data need 
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to be interpreted with caution. We considered performing a post-hoc power calculation using 

the acquired data to assess if the study was sufficiently powered, however after careful 

review of the literature and detailed discussions with the study statistician, we recognised 

that such a calculation may be considered logically invalid and practically misleading (354, 

355). Instead, based on the data we do have, which includes wide confidence intervals, high 

inter- and intra-subject variability and no evidence of statistically significant differences in 

the main endpoints, we conclude that the study was underpowered to show the main effects 

and that this is a limitation of the study (356, 357). 

 

An additional point regarding the data that should be noted, was that we decided to include 

data from subjects whose oxygen saturations and ambient room temperature recordings 

deviated from the pre-set ‘optimum’ values during the study day. We did this because we 

did not want to exclude data that appeared acceptable and could still be analysed. Whilst 

these deviations were small and few, and the actual significance of these is not known, 

inclusion of these results may have reduced the quality of the presented data. 

 

Firstly, given that we planned to use 30-35-day NHSBT-stored autologous whole blood 

(rather than 42-day stored leukoreduced blood, as used by Risbano), in hindsight, we should 

modelled the increase in cell-free haem in the unit over time before we started the study. 

Whilst we did identify this as a prudent step at the time, we had not factored this into our 

study ethics submission and so we did not pursue this, as we did not want to delay the study 

initiation by submitting an amendment. Also, following detailed research on storage 

methods, we felt relatively confident that NHSBT and FDA blood storage processes should 

lead to a comparable degree of RBC haemolysis and cell-free haem accumulation.   

 

We also faced several limitations with respect to the study set-up from a regulatory 

perspective. For example, according to NHSBT guidelines, blood donors can donate a 
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maximum of 1 unit of blood every 12-weeks via the NHSBT, significantly limiting the rate 

of the study and the amount of blood we could transfuse. Also, leukoreduction of autologous 

blood was not permissible as it was considered creation of a new ‘blood product’, therefore 

we needed to use whole blood, as opposed to packed red cells (which would undergo greater 

levels of haemolysis and more cell-free haem leakage). Also, according to the NHS REC 

and also the NNUH NHS clinical guidelines, blood transfusions were not permitted intra-

arterially, and could only be administered at a maximum rate of 2-hourly, intravenously, 

with a maximum volume of 1 unit (in the setting of our study), therefore, we could not 

replicate the methodology used by Risbano and colleagues. However, given the design of 

the Risbano study (9-13-minute intra-arterial blood infusion, 30 second rest, 4-minute 

baseline, followed by 9-minute ACh dose-response curve) they in fact created a systemic 

dosing model, whereby the stored blood was systemic at the point of ACh administration.  

Thus, as discussed, their NO-blockade model was almost identical to ours.  

 

Also, the study design was also restricted by several factors. When we designed the study, 

we acknowledged that 4 separate clinical sessions (i.e. nitrite in normoxia, nitrite in 

normoxia with blood, nitrite in hypoxia, nitrite in hypoxia with blood) would not have been 

possible, with respect to very limited NHSBT/NNUH NHS resources and also participant 

recruitment and tolerance. Therefore, we decided to split this into 2 sessions (a normoxia 

session and a hypoxia session), as shown in figure 14. However, this design was limited by 

pre-/post- design, leading to a lower level of evidence vs a randomized element (358). In 

addition, we also decided to adopt 2 x 30-minute infusions (vs a steady-state infusion, for 

several reasons as described in Chapter 2), however given the half-life of nitrite and the 

carry-over effect, this meant that we no longer compared true-NOx baselines, but instead 

compared two different baselines, albeit statistically accounted for using mixed effect linear 

regression modelling. A further limitation in this study was that RXNO was not analysed in 

this study. This decision was taken by the supervisors due to limited resources in the 
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laboratory, further exacerbated by the Covid-19 pandemic. For further details please see 

Appendix 10. 

 

A final consideration, and just a point of clarification, was that we intentionally did not use 

the same dose in the two clinical studies shown in Chapters 4 and 5. The two studies 

presented in this thesis were not intended to be directly compared as they used two different 

doses and administration regimens, and addressed two different sets of scientific questions. 

 

Conclusion 

In summary, this study did not show a difference in FBFRs between normoxia and hypoxia 

before or after autologous whole blood transfusion, therefore we are not able to demonstrate 

whether nitrite uses a NO-independent pathway (or potentially activates PKG1α in human 

resistance arteries) in normoxia, and consequently we reject our hypotheses. The lack of 

effect observed was likely due to the high inter- and intra-subject variability recorded during 

FBF measurements, the limited statistical power due to very high levels of attrition and the 

high nitrite dose which may have subjugated the modest NO-binding effect of cell-free 

haem, and that the net observed effect was of no difference between normoxia and hypoxia. 

 

However, within this study we did show that consistent with the literature, blood storage 

within NHSBT storage limits is subject to increased haemolysis and leakage of cell-free 

haem and when transfused can lead to numerically increased levels of circulating subject 

cell-free haem. We showed that this is also associated with an increase in NO consumption 

(albeit not statistically significant in our study). This work should provide insight into the 

potential difficulties and also specific opportunities for examining the NO-independent 

effects of nitrite in vivo and we hope that future work will build on this, to further uncover 

the underlying mechanisms of nitrite-mediated resistance artery vasodilation in normoxia in 

humans.  
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CHAPTER 5:  EXAMINING THE VASOACTIVE PROPERTIES OF SYSTEMIC 

NITRITE INFUSION ON THE EPICARDIAL CORONARY ARTERIES DURING 

NORMOXIA AND HYPOXIA in vivo 

 
 
To examine the vasoactive properties of systemic inorganic nitrite infusion on the epicardial 

coronary arteries during normoxia and hypoxia, the clinical study shown in this chapter was 

conducted in the RBHT, London. Senior clinical support was provided by Prof Sanjay 

Prasad (Cardiology Consultant). Study day support was provided by Dr Brodie Loudon and 

Mr Kevin Kirby. CMR scanning was completed by Mr Ricardo Wage. CMR interpretation 

and CMR statistics were completed by Prof Jennifer Keegan (Principal Physicist, RBHT). 

Plasma sample analysis was completed by Dr Magda Minnion, Dr Bernie Fernandez and 

Prof Martin Feelisch. All remaining aspects of this study were completed by myself.  

 

Introduction 

It is generally accepted that the epicardial coronary arteries are physiologically similar to the 

peripheral arteries with respect to vasomotor activity (112, 279), and (except when there is 

obstructive coronary disease)  exert very little resistance to flow (281, 282). The effect of 

inorganic nitrite on the epicardial coronary arteries, and on the coronary resistance vessels, 

is not well described. Historically, it has been reported that the organic nitrite amyl nitrite, 

could increase CSA of saphenous vein grafts in humans and simultaneously increase the 

coronary artery blood flow (285). Amyl nitrite has also been used as a treatment of angina 

(224). More recently, O’Gallagher and colleagues showed that intra-coronary inorganic 

nitrite selectively dilated epicardial coronary arteries under normoxic conditions without any 

significant changes in SBP, DBP or MAP (287).  

 

Whilst O’Gallagher published their paper prior to the completion of this work, their findings 

did inform our work and validated the scientific need to characterise whether nitrite had 
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vasoactive properties in the coronary arteries analogous to that seen in the systemic conduit 

arteries. Of particular interest, we also took the opportunity to test the hypothesis that 

hypoxic augmentation of nitrite-mediated vasodilation, as previously shown in the systemic 

circulation (174, 237) was also present in the epicardial coronary arteries.  

 

Finally, as a proof of concept, we attempted to answer our scientific question using radiation-

free, non-invasive CMR technology (namely temporal spiral phase velocity mapping) to 

show that the vasoactive properties of the coronary arteries can be examined in normoxia 

and hypoxia safely in vivo. 

 

Hypotheses  

i. In normoxia, inorganic nitrite will increase epicardial (conduit) coronary artery CSA and 

assuming flow is constant, this will lead to a reduction in velocity (according to the 

Hagen–Poiseuille equation). 

ii. In hypoxia, hypoxic-augmentation of inorganic nitrite-mediated vasodilation in the 

epicardial coronary arteries will lead to increased effects on CSA.  

 

Aim 

To investigate the effects of nitrite on the epicardial coronary artery CSA, velocity and flow 

in normoxia and hypoxia via cardiovascular MRI. 

 

Results 

Recruitment  
 
Recruitment for the Nitrite and Coronary Artery Study followed the processes outlined in 

Chapter 2. We identified 50 suitable subjects who had previously agreed to participate in 
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clinical research from the Haem and Nitrite Study (Chapter 4). Of the 50, 3 subjects had 

exclusion criteria present (one with prohibitive claustrophobia, one with metal fragments in 

soft tissue in the face and one with a recent medical diagnosis no-longer considered to be 

‘healthy’ in the opinion of the research team). Following discussion and review of the PIS, 

a further 33 subjects declined to participate (23 declined due to lack of availability and 10 

declined due to difficulties with travelling from Norwich to London), figure 42. The 

recruitment target for this ‘proof of concept’ study was 10-15 subjects. As a proof of concept 

only, this study was not subject to a power calculation. A total of 14 subjects were recruited 

and we were able to analyse 13 full sets of images (with one set excluded due to inadequate 

quality for analysis).  

 

 

Figure 42: The Nitrite and Coronary Artery Study CONSORT diagram 

 
Population 
 
The study cohort was mostly male (92%) and generally young (mean 37.4 years), table 9. 

Subjects had no history of active smoking, hypertension, diabetes mellitus, 
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hypercholesterolaemia and no family history of premature ischaemic heart disease. All 

subjects had a normal cardiovascular examination and normal bedside clinical observations. 

The study was approved by the East of England – Cambridge East REC. Investigations took 

place at the RBHT in the CMR suite with subjects having had a light breakfast and having 

abstained from caffeine-containing drinks for at least 6-hours.  

 
Baseline characteristics  
 
This was a healthy volunteer study. As detailed in Chapter 2, clear inclusion and exclusion 

criteria were pre-defined and subjects who did not satisfy the criteria were not selected to 

participate. Baseline characteristics and haemodynamic measurements were recorded, table 

9. 

 

Table 9: Baseline characteristics for the Nitrite and Coronary Artery Study 

Characteristic Subject (n=13) 

Sex 
  Male (%) 
  Female (%) 

 
                            12 (92%) 

1 (8%) 
Age  
  Mean (range) 

 
37.4 (22-71) 

Systolic blood pressure (mmHg)  
  Mean (±SD) 

 
119.92 (±11) 

Diastolic blood pressure (mmHg) 
  Mean (±SD) 

 
68.92 (±7.5) 

Heart rate (bpm)  
  Mean (±SD)  

 
61.4 (±11.6) 

 

Safety reporting: adverse events and serious adverse events 
 
In the present study we administered 50 µg/kg/min-1 of sodium nitrite IV over a 5-minute 

period (254 µmol). As discussed in Chapter 2, the concentration infused was taken from the 

study published in 2015 by Dr Julian Ormerod in our group (345). This work showed that 

50 µg/kg/min-1 (equal to sodium nitrite 17.5 mg in a 70 kg subject) was safe and well-

tolerated in severe chronic heart failure patients. Discussion of the study drug dose and 
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administration regimen is discussed in more detail later. Of note, this study did not report 

any AEs or SAEs.  

 

Arteries imaged and pulse oximetry 
 
During the study we imaged the RCA using oblique views in 8/13 subjects (62%) and the 

LAD using transverse views in 5/13 subjects (38%). Oblique views were used for the RCAs 

and transverse views for the LADs as these provided the best images possible. During 

imaging in normoxia, the mean (±SD) oxygen saturation recorded by pulse oximetry for all 

subjects was 97.4% ± 1.9%. During the hypoxia acquisitions, the mean (±SD) oxygen 

saturation for all subjects was 87.2% ± 3.1% representing high variability in intra-subject 

hypoxic ventilatory responses (235). 

 
Blood analysis 
 
Plasma nitrite, nitrate and RXNO levels 
 
Blood was collected for analysis before the nitrite infusion and ~5-10 minutes after the study 

imaging protocol was completed. These blood samples were analysed for nitrite, nitrate and 

RXNO levels. Descriptive statistics revealed that these levels increased after the nitrite 

infusion, as follows, baseline (sample collection timepoint 1, Figure 20) nitrite 0.34 µmol (± 

0.08 µmol) to 231.07 µmol (± 79.15 µmol) after completion of the imaging protocol  (sample 

collection timepoint 2, Figure 20), baseline nitrate 41.79 µmol (± 5.41 µmol) to 169.69 µmol 

(± 44.49 µmol) following completion of imaging and baseline RXNO 30.89 nmol (± 5.02 

nmol) to  226.90 nmol (± 57.66 nmol) following completion of the imaging.  

 

A one-way repeated measures ANOVA was conducted to compare blood levels before and 

after the nitrite infusion, as measured by HPLC and RXNO determination assays. There was 

a statistically significant main effect of the nitrite infusion on plasma nitrite levels F (1, 12) 

= 8.496, p = 0.012, partial eta squared = 0.395. There was also a statistically significant main 
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effect of the nitrite infusion on plasma nitrate and RXNO levels; plasma nitrate levels F (1, 

12) = 7.680, p = 0.016, partial eta squared = 0.371, and plasma RXNO levels F (1, 12) = 

11.118, p = 0.001, partial eta squared = 0.481. These findings indicate that the nitrite infusion 

led to an increase in plasma nitrite, nitrate and RXNO. 
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Figure 43: Plasma NOx and RXNO levels. All n = 13. Panel A: Nitrite. Panel B: Nitrate. 

Panel C: RXNO. Data are presented as mean (±SEM). Statistical analysis carried out using 

one-way ANOVA followed by Bonferroni post-hoc test, * p<0.05. 
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CMR results 
 
1: Effect of intravenous nitrite infusion and oxygen condition on MAP and HR 

 
As discussed in detail in the methods section (and also the study limitations section), the 

effect of nitrite on MAP or HR in hypoxia could not be calculated. We did, however measure 

this in normoxia alone, normoxia and nitrite, and hypoxia and nitrite. Descriptive statistics 

revealed that these groups had the following MAP means (±SEMs) respectively, 85.92 

mmHg (± 2.13 mmHg), 83.31 mmHg (± 2.10 mmHg), and 83.18 mmHg (± 2.59 mmHg), 

and the following HR means (±SEMs) respectively, 61.38 BPM (± 3.22 BPM), 59.15 BPM 

(± 3.36 BPM), and 64.15 BPM (± 2.79 BPM).  

 

A one-way repeated measures ANOVA was conducted to compare the impact of intravenous 

nitrite infusion and normoxia on MAP and HR, as measured by bedside haemodynamic 

monitoring. There was a statistically significant effect for nitrite on MAP in normoxia, F (1, 

12) = 10.143, p = 0.008, partial eta squared = 0.458, but no statistically significant effect for 

nitrite on HR in normoxia, F (1, 12) = 1.724, p = 0.214, partial eta squared = 0.126. These 

findings indicate that the addition of nitrite in normoxia significantly reduced MAP, but not 

HR, figure 44. 
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Figure 44: Mean MAP (mmHg) and mean HR (BPM) in each of the 3 conditions recorded, 

n=13. Data are mean (±SEM). One-way repeated ANOVA followed by Bonferroni post-hoc 

test, *p<0.05. †As described in the methods and in the study limitations, we did not record 

MAP or HR in hypoxia alone. 

 
 
2: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial CSA 

 
As described in Chapter 2, mean epicardial CSA was calculated by applying the mean 

FWHM (mm) as diameter to πr2, in mm2. Participants underwent 4 conditions: normoxia 

alone, normoxia and nitrite, hypoxia alone, and hypoxia and nitrite. Descriptive statistics 

revealed that these groups had the following means (±SEMs) respectively, 11.14 mm2 (± 

1.16 mm2), 13.54 mm2 (± 1.32 mm2), 11.00 mm2 (± 1.13 mm2) and 14.66 mm2 (± 1.53 mm2).  

 

A two-way repeated measures ANOVA was conducted to explore the effect of intravenous 

nitrite infusion and oxygen condition (normoxia or hypoxia) on mean epicardial CSA, as 

measured by an interleaved spiral phase velocity CMR sequence, developed on a 3 Tesla 

Magnetom Skyra MR scanner (Siemens, Germany). The interaction effect between nitrite 
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and oxygen condition was not statistically significant, F (1, 12) = 4.028, p = 0.068. There 

was however a statistically significant main effect for nitrite, F (1, 12) = 38.971, p <0.0001, 

with a very large effect size (partial eta squared = 0.765). The main effect for oxygen 

condition, F (1, 12) = 1.985, p = 0.184, did not reach statistical significance. These findings 

indicate that the addition of nitrite in normoxia and hypoxia caused a significant increase in 

CSA, figure 45. Post-hoc pairwise comparisons using a Bonferroni adjusted alpha level of 

0.0125 were completed and statistically significant differences were observed between 

normoxia alone vs normoxia and nitrite, p = 0.004, and hypoxia alone vs hypoxia and nitrite, 

p < 0.0001. 

 

 

 

Figure 45: Mean CSA (mm2) in each of the 4 conditions, n=13. Data are mean (±SEM). 

Two-way repeated ANOVA followed by Bonferroni post-hoc test, *p<0.05, **p<0.0001. 
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3: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial blood 

velocity 

 
As described in Chapter 2, the mean epicardial blood velocity was calculated as being the 

mean blood velocity in the coronary artery ROI averaged over the cardiac cycle (50-time 

frames), in mm/s. Participants underwent 4 conditions: normoxia alone, normoxia and 

nitrite, hypoxia alone, and hypoxia and nitrite. Descriptive statistics revealed that these 

groups had the following means (±SEMs) respectively, 54.83 mm/s (± 6.84 mm/s), 43.19 

mm/s (± 5.71 mm/s), 62.83 mm/s (± 7.61 mm/s) and 43.15 mm/s (± 6.87 mm/s).  

 

A two-way repeated measures ANOVA was conducted to explore the effect of intravenous 

nitrite infusion and oxygen condition (normoxia or hypoxia) on mean epicardial blood 

velocity, as measured by an interleaved spiral phase velocity CMR sequence, developed on 

a 3 Tesla Magnetom Skyra MR scanner (Siemens, Germany). The interaction effect between 

nitrite and oxygen condition was statistically significant, F (1, 11) = 5.180, p = 0.044. There 

was also a statistically significant main effect for nitrite, F (1, 11) = 64.281, p <0.0001, with 

a very large effect size (partial eta squared = 0.854). The main effect for oxygen condition, 

F (1, 11) = 1.657, p = 0.224, did not reach statistical significance.  

 

These findings indicate that the combination of nitrite and oxygen condition, and the addition 

of nitrite alone, caused a significant decrease in mean blood velocity, figure 46. Post-hoc 

pairwise comparisons using a Bonferroni adjusted alpha level of 0.0125 were completed and 

statistically significant differences were observed between normoxia alone vs normoxia and 

nitrite, p = 0.007, and hypoxia alone vs hypoxia and nitrite, p < 0.0001. 
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Figure 46: Mean velocity (mm/s) of coronary artery blood in each of the 4 conditions, n=13. 

Data are mean (±SEM). Two-way repeated ANOVA followed by Bonferroni post-hoc test, 

*p<0.05, **p<0.0001. 

 

4: Effect of intravenous nitrite infusion and oxygen condition on mean epicardial blood 

flow 

 
As described in Chapter 2, the mean epicardial blood flow was calculated as the mean blood 

velocity multiplied by the CSA, in ml/min. Participants underwent 4 conditions: normoxia 

alone, normoxia and nitrite, hypoxia alone, and hypoxia and nitrite. Descriptive statistics 

revealed that these groups had the following means (±SEMs) respectively, 31.58 ml/min (± 

3.25 ml/min), 30.02 ml/min (± 2.86 ml/min), 35.72 ml/min (± 3.28 ml/min) and 29.94 

ml/min (± 2.95 ml/min).  

 

A two-way repeated measures ANOVA was conducted to explore the effect of intravenous 

nitrite infusion and oxygen condition (normoxia or hypoxia) on mean epicardial blood flow, 

as measured by an interleaved spiral phase velocity CMR sequence, developed on a 3 Tesla 
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Magnetom Skyra MR scanner (Siemens, Germany). The interaction effect between nitrite 

and oxygen condition was statistically significant, F (1, 11) = 7.391, p = 0.020. There was 

also a statistically significant main effect for nitrite, F (1, 11) = 24.822, p <0.0001, with a 

large effect size (partial eta squared = 0.693). The main effect for oxygen condition, F (1, 

11) = 1.246, p = 0.288, did not reach statistical significance.  

 

These findings indicate that the combination of nitrite and oxygen condition, and the addition 

of nitrite alone, caused a significant decrease in mean blood flow. Figure 47. Post-hoc 

pairwise comparisons using a Bonferroni adjusted alpha level of 0.0125 were completed and 

whilst no difference was observed between normoxia alone vs normoxia and nitrite, p = 

0.786, a statistically significant difference was shown in hypoxia alone vs hypoxia and 

nitrite, p = 0.003.  

 

 

 

Figure 47: Mean epicardial blood flow (ml/min) in each of the 4 conditions, n=12. Data are 

mean (±SEM). Two-way repeated ANOVA followed by Bonferroni post-hoc test, *p<0.05. 
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In summary, the above study showed the following: 

1. NOx/RXNO: Intravenous inorganic nitrite infusion led to a significant increase in 

plasma nitrite levels, p = 0.012, plasma nitrate levels, p = 0.016 and plasma RXNO 

levels, p = 0.001 

2. MAP and HR: Intravenous inorganic nitrite infusion led to a significant decrease in 

MAP in normoxia, p = 0.008, but did not affect HR in normoxia, p = 0.214. As noted, 

BP could not be recorded during hypoxia 

3. CSA: There was a significant main effect for nitrite, p <0.0001, but not for oxygen 

condition, p = 0.184, and no significant interaction effect, p = 0.068. Post-hoc 

Bonferroni showed significant effects for nitrite in normoxia, p = 0.004 and hypoxia, 

p < 0.0001 

4. Velocity: There was a significant main effect for nitrite, p <0.0001, no main effect 

for oxygen condition, p = 0.224, with a significant interaction effect, p = 0.044. Post-

hoc Bonferroni showed significant effects for nitrite in normoxia, p = 0.007 and 

hypoxia, p < 0.0001 

5. Flow: There was a statistically significant main effect for nitrite, p <0.0001, no main 

effect for oxygen condition, p = 0.288, with a significant interaction effect, p = 0.020. 

Post-hoc Bonferroni showed a non-significant effect for nitrite in normoxia, p = 

0.786 but a statistically significant effect in hypoxia, p = 0.003. 

 

Discussion 

The main findings were that a 5-minute IV nitrite bolus of 50 µg/kg/min-1 (254 µmol) led to 

significant rises in plasma NOx and RXNO (figure 41), associated with significant increases 

in epicardial conduit CSA (figure 43) and significant reductions in velocity in both oxygen 

conditions (figure 44) and a significant reduction in flow in hypoxia but not normoxia (figure 

45). This was associated with a significant reduction in MAP (but not HR) in normoxia 
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(figure 42), however as noted in Chapter 2 (and will be discussed in the limitations), we were 

not able to record BP in hypoxia and therefore unable to calculate MAP in hypoxia.  

 

In this study, we wanted to create a 5-minute bolus delivery, to enable rapid administration 

and visualisation of the effects, given the limited time available on the CMR scanner. With 

this in mind, we decided to select a dose that we had previously tested and had proven to be 

safe and systemically efficacious in humans (345). Consistent with Ormerod, who showed 

that 50 µg/kg/min-1 (254 µmol) led to significant increases to all measured NO metabolites 

vs baseline (nitrite +14.3 µmol, p=0.0001, nitrate +15.6 µmol, p=0.0001, RXNO +27.9 

µmol, p=0.0001), we also showed that this dose led to significant increases in plasma nitrite, 

nitrate and RXNO levels. Also consistent with Ormerod, who showed that the same dose led 

to a significant reduction in MAP vs baseline (-3mmHg, p=0.004) but no effect on HR vs 

baseline (-0.8 bpm, p=0.12), we also showed that MAP in normoxia was significantly 

reduced from 85.92 to 83.31 (-2.61 mmHg) and HR was non-significantly affected, 61.38 to 

59.15 (-2.2 bpm).   

 

With the publication of the O’Gallagher study during our study delivery, we learned from 

their data that our selected dose was comparatively high, given that O’Gallagher showed 

that significant epicardial coronary artery vasodilation (with a change of +8.9% vs baseline, 

p = 0.01) could be achieved with a nitrite concentration of just 26 μmol/min over the 5-

minute infusion period (total infusion 130 µmol) and without any significant adverse effects 

on MAP, p>0.05. However, we also observed that at their selected lower dose of 2.6 

μmol/min over the 5-minute infusion period (total infusion 13 µmol), O’Gallagher failed to 

show significant epicardial coronary artery vasodilation (+3.9% vs baseline, p = 0.30). By 

comparison, in the given study, we used a 5-minute systemic administration of nitrite at 50 

µg/kg/min-1 (254 µmol) which, even when treated with a Bonferroni adjusted alpha of 0.0125 

caused a significant increase in CSA in normoxia vs baseline (11.14 to 13.54, relative 
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+22%), which was subject to hypoxia-augmentation (11.00 to 14.66, relative +33%). When 

taken together with O’Gallagher’s CSA data, we can confirm that epicardial coronary 

vasodilation is a dose-dependent response. As mentioned, we also showed a significant 

reduction in MAP (-2.61mmHg), consistent with Ormerod (345), but in excess of 

O’Gallagher (287). The clinical relevance of this small reduction in MAP is unknown. We 

did not observe any associated adverse events in this study and no subject reported being 

aware of a change in BP during the study. As we reflect on our findings, in the context of 

O’Gallaghers work, we recommend that future studies undertake a detailed dose-finding 

study to identify the optimal therapeutic dose of nitrite in the epicardial coronary arteries. 

Also, if we consider nitrite in a therapeutic setting in the future, preserving MAP will be an 

important feature as coronary stenosis +/- ischaemia may be associated with haemodynamic 

instability (72, 89). 

 

As the given work was a proof of concept study, we cannot comment on the underlying 

mechanisms mediating epicardial conduit vasodilation (in normoxia or hypoxia). We (and 

others) assume that the coronary arteries are physiologically similar to the peripheral arteries 

with respect to vasomotor activity (112, 279), yet whether this process is predominated by 

NO activity, as it is in the systemic conduits (119, 126), remains to be fully determined. 

What we can ascertain from our work is that the underlying mechanism is subject to hypoxic-

augmentation, and given that we were not able to test ‘strict hypoxia’ (as discussed in detail 

in Chapter 1), we can assume that these effects were not mediated by reductase activity 

(237). This observation may hint at the fact that additional intermediates (alongside the 

traditional sGC-NO pathway) are active and have a role in augmenting vasodilation in the 

epicardial coronaries arteries in hypoxia. As discussed in Chapter 3, we cannot exclude the 

possibility that intermediates such as H2O2 (and persulfides), RSNOs, N2O3, and PKG1α 

oxidation (131, 174, 212-214) may have a role to play. Future work should attempt to 
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examine these intermediates in the context of nitrite-mediated epicardial conduit artery 

vasodilation. 

 

Historical work by Benchimol and others sowed the seed for this study. Understanding how 

nitrite-based compounds can affect coronary blood flow has been a topic of enquiry for many 

years. In the 1960s, the effects of IV nitroglycerin on coronary blood flow in anaesthetized 

dogs using an open chest model, showed a reduction in MAP and increase in coronary blood 

flow (359). In an animal (rabbit and dog) study by Grayson and colleagues in 1967, the 

effects of (inexact quantities) of amyl nitrite inhalation on myocardial blood flow were 

examined. In rabbits, they showed inhalation for 3-5 minutes led to a mean reduction in BP 

of 59% and a reduction in coronary blood flow of -17% (associated with a reduction in 

vascular resistance -46%), whilst in dogs, a mean reduction in BP of 29% and an increase in 

coronary blood flow of +34% (associated with a reduction in vascular resistance -41%), 

showing differing coronary blood flow responses to amyl nitrite inhalation in different 

mammals (360). It is reasonable to speculate that these differences may be driven by multiple 

factors, including species of animal studied, the relatively limited n-values, the different 

nitrite-based compounds, and the routes of administration studied/amount of bioavailable 

drug. The historical mixed results (in animals and man) compelled our group to study 

whether nitrite could significantly increase CSA, whilst avoiding deleterious effects on 

velocity and flow in man, and whether this effect would be subject to hypoxic-augmentation, 

as it is systemically (237). 

 

As outlined in Chapter 2, next to CSA, calculated as FWHM as diameter to πr2 (in mm2), 

we also measured both epicardial conduit artery blood ‘velocity’ and ‘flow’. Blood velocity 

was calculated as the sum of velocity recordings at 50 time points divided by 50 (in mm/sec). 

Flow was calculated as the CSA x (sum of velocity recordings at 50 time points) x HR (in 

mls/min). As discussed in detail in Chapter 2, measures of CSA, velocity and flow had all 
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been validated by our lead Physicist in a series of peer-reviewed CMR papers, which showed 

that this method of CMR coronary image acquisition and analysis provided accurate 

assessment of CSA and temporal patterns of coronary blood velocity and flow when 

compared to peak Doppler values, with excellent test-retest reproducibility (283, 286). Also, 

as discussed in Chapter 2, our study was carefully designed to reduce observer bias, increase 

inter-observer reproducibility and repeatability (336), thus we consider our findings to be 

accurate and robust. 

 

The study by O’Gallagher indirectly calculated blood flow as CSA x (velocity/2) and 

coronary resistance (as MAP/flow). They showed that at both studied doses (2.6 μmol/min 

and 26 μmol/min) there was no appreciable change in coronary blood flow (+12%, p>0.99 

and +16.9%, p >0.99, respectively), despite relatively high intra-coronary nitrite 

concentrations of 73.7 μmol and 705 μmol respectively (287). Yet, in the given study, we 

showed that in normoxia, an increase in CSA in normoxia (+22%) was coupled with 

significantly decreased velocity vs baseline (55.27 mm/s to 43.19 mm/s, relative -22%) and 

a non-significant numerical reduction in flow vs baseline (32.59 to 30.02 ml/min, relative -

8%). These effects were augmented and all reached statistical significance in hypoxia vs 

baseline (62.18 to 43.14 mm/s, relative -31%, and 36.04 to 29.94 ml/min, relative -17%), 

respectively. Again, these post-hoc pairwise comparisons were conservatively treated with 

a Bonferroni adjusted alpha of 0.0125.  

 

The combination of findings in this study were rather unexpected in that whilst we expected 

to observe an increase in epicardial CSA associated with a decrease velocity (consistent with 

the Hagen–Poiseuille equation) (54, 55), we did not expect to observe a reduction in 

epicardial coronary flow. In fact, it is widely-accepted that healthy coronary arteries do not 

exert significant resistance to flow (281, 282), therefore we would have expected the 

epicardial coronary flow to remain constant in the given study.  
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From the data collected and the non-mechanistic study design, we cannot provide an exact 

explanation for the statistical reduction in flow in hypoxia in our study. The reduction in 

velocity is a function of the increase in CSA, however, given that healthy coronary arteries 

do not exert significant resistance to flow (281, 282), we expected that flow would remain 

constant. Whilst the cause of the reduction in flow is not clear from our results, it is possible 

that the nitrite infusion led to a decrease in aortic BP and this in-turn led to a reduction in 

intra-coronary pressure.  It is also possible that the reduction in MAP activated a baroreflex-

mediated sympathetic constriction of the coronary resistance vessels and this too led to a 

reduction in flow, however as discussed as a limitation of this study, we were not able to 

record BP in hypoxia and therefore we were not able to calculate MAP or coronary vascular 

resistance in hypoxia. Whilst we recognise subject-specific differences in our study vs 

O’Gallagher’s, specifically with age (37.4 years vs 56 years) and presence of hypertension 

(0% vs 78%) may account for differences in endothelial dysfunction and reduced vessel 

elastance, these variations do not explain the differences in flow observed in the two studies.  

 

We could speculate that the observed combination of effects (increased CSA and reduced 

MAP) may provide a novel therapeutic option for people with atherosclerosis and 

hypertension, who cannot tolerate or have resistance to, nitrate-based compounds (131, 173, 

309, 310). However, the reduction in flow (albeit it in hypoxia only)) may present problems 

in the context of flow-limiting lesions, as may be present in angina, for example (72), so the 

therapeutic scope of nitrite in this setting still requires careful consideration in future work, 

which should be explored in more depth via a detailed dose-finding study.  

 

Lastly, this study was unique on two fronts. Firstly, these are the first data to show that 

hypoxic-augmentation of nitrite-mediated vasodilation exists in the epicardial conduits vs 

normoxia (with increased CSA and reduced velocity). Also, this is the first study to use 
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coronary CMR to examine the vasoactive properties of nitrite on the epicardial coronary 

arteries in both normoxia and hypoxia in vivo. We anticipate this non-invasive, radiation-

free methodology will be adopted in future work, to further uncover the therapeutic potential 

of nitrite in coronary artery disease. 

Limitations  

The present study was a proof of concept, healthy volunteer study. The cohort was not 

‘matched’ to any specific cardiovascular disease cohort demographic. As discussed in 

Chapter 2, we took blood samples before and after the imaging protocol (sample collection 

1 and 2, figure 20) and used a 5-minute bolus administration of nitrite whilst the subject was 

in the CMR scanner, so as a result, we did not know the exact plasma nitrite/nitrite/RXNO 

levels at the exact point of each image acquisition. Therefore, it is possible that the plasma 

levels were slightly higher in normoxia and slightly lower in hypoxia (given the half-life of 

nitrite and the order of oxygen conditions). However, the methodology we chose was 

selected to ensure the subject was kept still once positioned in the CMR scanner and this 

point does not affect our interpretation of the results. As already identified, future work may 

adopt a continuous nitrite infusion approach to achieve steady-state NOx/RXNO plasma 

levels to enable more exact correlations between plasma levels and CMR images.  

 

A further limitation of this study was that we were not able to record BP in hypoxia. This 

was also due to the technical complexity of imaging the coronaries. Any delays in the 

protocol or small movements of the subject during the study significantly increased the risk 

of losing the imaging views (as we unfortunately discovered in the first subject when 

attempting to measure BP during hypoxia, rendering these results unusable). Therefore, we 

were not able to calculate MAP or coronary vascular resistance in hypoxia. The addition of 

this data may have helped us to describe the underlying mechanism contributing to the 

observed reduction in flow in hypoxia. Future work could consider the use of a finapres 
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(FMS, Netherlands) or similar to overcome this issue, in order to measure BP throughout, 

enabling post-hoc vascular resistance calculations. 

 

The final limitation of this study was that, on reflection, the selected dose was comparatively 

high, especially when compared to the O’Gallagher paper. Future work should complete a 

dose-finding study to help understand the optimal therapeutic dose of nitrite in the epicardial 

coronary arteries to allow vasodilation without causing a significant reduction in MAP or 

flow. As before, a final consideration, and just a point of clarification, was that we 

intentionally did not use the same dose in the two clinical studies. The two studies presented 

in this thesis were not intended to be directly compared as they used two different doses and 

administration regimens, and addressed two different sets of scientific questions. 

Conclusion  

In summary, these are the first data to show that hypoxic-augmentation of nitrite-mediated 

vasodilation exists in the epicardial conduit arteries vs normoxia (with increased CSA and 

reduced velocity). Whilst we identify that the reduction in velocity was due to the increased 

CSA, we do not have an exact explanation for the reduction in flow in hypoxia. Possible 

explanations for the reduction in flow in hypoxia may be that the nitrite infusion led to a 

decrease in aortic BP, or even that the reduction in MAP activated a baroreflex-mediated 

sympathetic constriction of the coronary resistance vessels, however from the design of this 

study, we cannot provide an exact answer to the underlying mechanisms of reduced flow in 

hypoxia. The findings of this study have important implications for our understanding of the 

therapeutic potential of nitrite in a wide range of cardiovascular diseases, specifically that 

the epicardial coronary arteries are also subject to the underlying mechanisms mediated by 

hypoxic-augmentation observed in the systemic vessels. Also, this is the first study to use 

coronary CMR to examine the vasoactive properties of nitrite on the epicardial coronary 

arteries in both normoxia and hypoxia in vivo. We hope that this radiation-free, non-invasive 
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methodology will be adopted in future work, to further uncover the therapeutic potential of 

nitrite in coronary artery physiology and disease.  
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CHAPTER 6: SUMMARY DISCUSSION, CONCLUSIONSAND FUTURE 

DIRECTIONS 

 

This MRC-funded PhD thesis presents three quite separate pieces of research, from basic 

science through to complex clinical and imaging studies. Whilst each area of work addresses 

a unique set of scientific questions, this work comes together to provide valuable insight into 

the vasoactive properties of nitrite in normoxia and hypoxia. Below, I will briefly discuss 

each study in the context of the respective literature, review the main findings, reflect on the 

limitations and offer suggestions for future work. 

 

Chapter 3: Nitrite can circumvent the NO-sGC pathway via persulfide intermediates 

to induce tissue-specific vasodilation via PKGIα oxidation in normoxia 

Over the past 20 years, the vasoactive properties of nitrite in hypoxia have been well 

described (161, 258, 269, 361). Nitrite is recognised as a potent vasodilator in humans in 

hypoxia with a wide range of additional pleiotropic properties (147). Whilst nitrite-mediated 

vasodilation in strict hypoxic (20-2 μmol) via reductase systems is relatively well understood 

(229, 269) and hypoxic-augmentation of nitrite-mediated vasodilation has been described 

(174, 237), the process underlying nitrite-mediated vasodilation in normoxia is subject to 

opposing views (237, 280, 362). During normoxia, the rate of bioconversion of nitrite to NO 

is slow, yet several groups have reported that in normoxia, in specific physiological 

conditions, such as sepsis, heart failure and hypertension, nitrite is capable of mediating 

significant vasodilation and systemic BP changes (200, 202-204). 

 

Since the development of the ‘redox-dead’ (KI) mouse model incapable of PKGIα 

dimerization, by Prysyazhna, Rudyk, and Eaton in 2012, a great deal of work has followed 

investigating the physiological role of PKGIα dimerization (199). Since, it has been shown 
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that PKGIα-oxidation-mediated dimerization preferentially effects resistance vasculature 

(341) and several oxidants are capable of dimerizing PKGIα, including H2O2 (200), high 

ROS (202), and persulfides (208). This work provides an excellent basis to examine potential 

mechanisms in more detail and this led to our first presented study.  

 

In Chapter 3, using the described transgenic knock-in (KI) mouse model (199), our group 

examined the mechanisms underlying nitrite-mediated vasodilation in normoxia. Using sGC 

and NO blockade, we showed that nitrite-mediated vasodilation was NO-dependent in 

thoracic aortae conduit vessels and was NO-independent in mesenteric resistance vessels. 

The wider team went on to show that nitrite-mediated BP-lowering was observed in WT 

mice ~4 hours after IP nitrite injection and this persisted for 24-hours, but this was not seen 

in redox-dead mice, consistent with the notion that nitrite can elicit persistent hypotension 

by oxidatively dimerizing PKG1a. Next, the group demonstrated that nitrite significantly 

increased steady-state concentrations of H2O2 in mesenteric resistance vessels at 1-hour and 

this persisted for 24-hours, whilst in aortae, the rise at 1-hour had returned to normal at 24-

hours, revealing a difference in H2O2 handling between the two vessel types. We had surmised 

that the intermediate link driving nitrite-mediated PKG1a oxidative dimerization was via 

the generation of polysulfur species. This was tested in vivo, and we showed dose-dependent 

increases in CysSSH and GSSH in the resistance vessels, whilst there were no changes in 

CysSSH and GSSH in conduit vessels. Finally, we showed that H2O2 is capable of inducing 

polysulfidation when inorganic sulfide and cysteine are present.  

 

Nitrite has previously been shown to inhibit catalase (343). Our group therefore proposed 

that wheras nitrite usually acts as a reducing agent, by inhibiting catalase and thereby 

increasing H2O2, it may also indirectly act as an oxidant and be capable of dimerizing PKGIα 

through a NO-independent mechanism. Our study confirmed this hypothesis and also 
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demonstrated that the increase in H2O2 leads to an increase in persulfides, which oxidize 

PKGIα (131).  

 

These findings had not been previously shown and describe a novel redox mechanism which 

helps to explain how nitrite mediates significant vasodilation in normoxia. These findings 

warrant further investigation to address the significance of this redox pathway in 

hypertensive and other cardiovascular disease murine models. Beyond animal work, it would 

be important to examine whether the same redox mechanisms and polysulfur intermediates 

play a role in human vascular tone. This knowledge could potentially uncover multiple new 

therapeutic targets and pathways, and lead to the generation of new pharmacological agents. 

The therapeutic impact of this discovery may include improved clinical outcomes for 

patients presenting with acute and chronic vascular disorders including ischaemic crises and 

hypertensive disease states.  

 

Chapter 4: Systemic autologous whole blood transfusion does not affect nitrite-

mediated FBF in normoxia or hypoxia 

The effect of haemoglobin on vasoactivity is a topic of great interest. Deoxyhaemoglobin is 

a well-characterised nitrite reductase functioning via an electron transport reaction at the 

haem iron (262) and oxyhaemoglobin is known to be an effective NO scavenger (260, 274), 

yet the physiological implications of these properties are not clear. One set of clinical data 

suggests that packed red cell transfusions which have been stored for prolonged periods are 

associated with increased mortality in critically ill patients (276-278), whilst another set 

reports no ill-effects of stored blood transfusion in surgical and ICU patients (363, 364). One 

observation that advanced this field was that harmful NO scavenging (and subsequent 

vasoconstriction) appears to be closely linked with blood unit storage duration. As shown 

by Donadee, then Risbano (both within the Gladwin group), blood stored for beyond 30-
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days contained increased levels of cell-free haem, which despite storage, remained in the 

ferrous oxyhaemoglobin state (260, 274). These findings provided a possible explanation for 

why stored blood used for clinical transfusion may result in increased NO scavenging and 

less favourable clinical outcomes. 

 

The work by Risbano, specifically tested the effect of 42-day stored blood (FDA regulations) 

on forearm resistance artery endothelial function and showed that it led to reduced FBFRs, 

indicating attenuation of bioavailable endothelial NO. Having gathered momentum in our 

basic science work as shown in Chapter 3, we were very interested in this, as Risbano had 

uncovered a method which enabled our group to attenuate NO in humans in vivo. We wanted 

to test whether stored blood could attenuate nitrite-derived NO (as opposed to endothelial-

derived NO) and if so, if nitrite was able to mediate resistance artery vasodilation in 

normoxia via NO-independent processes. In order to do this, we identified that we would 

need to run the study as a cross-over design (also in hypoxia, to give a NO-dependent 

comparison) and in the absence and presence of autologous blood (to observe NO-

attenuation).  

 

In Chapter 4, we examined the main and interaction effects of nitrite, stored whole 

autologous blood (NHSBT 30-35-days stored), and oxygen condition on FBFRs in 31 

healthy subjects. Study recruitment was a success with 473 people screened and 60 recruited, 

with a 41 to complete to achieve (80% power, 5% alpha [as we were only interested in one 

direction of effect]). However, as discussed at length, only 31 completed (48% attrition) 

highlighting the complexity of the study protocol. The main findings were that nitrite 

infusions in all conditions (N1, N2, H1 and H2) led to significant rises in plasma NOx (figure 

36). Also, after 30-35-day storage, unit cell-free haem levels increased between 4- and 5-

fold (figure 37), which led to a non-significant numerical increase in subject circulating cell-

free haem (figure 37) and a non-significant numerical increase in nitrite-derived (and to a 
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lesser extent endothelium-derived) NO consumption (figure 38). Using mixed effect linear 

regression modelling, we showed that there was high inter-subject variability and that in all 

conditions, FBFRs were significantly predicted by nitrite infusion status alone (figures 39 

and 40, and tables 3 – 5). There was no interaction effect between nitrite and hypoxia before 

or after blood (figure 41, table 6). We also showed that the dose of nitrite led to a reduction 

in MAP (table 7) but did not create a compensatory tachycardia (table 8). 

 

As we were not able to show a difference in FBFRs between normoxia and hypoxia before 

or after autologous whole blood transfusion, we are not able to demonstrate a difference in 

mechanism for nitrite in the two studied oxygen conditions. As a result, we were unable to 

conclude whether nitrite uses a NO-independent pathway (or potentially activates PKG1α 

in human resistance arteries) in normoxia in vivo. The lack of effect observed was likely due 

to the high inter- and intra-subject variability recorded during FBF measurements, the 

limited statistical power due to very high levels of attrition and the high nitrite doses which 

may have subjugated the modest NO-binding effect of cell-free haem, such that the net 

observed effect was of no difference between normoxia and hypoxia. 

 

This study has established multiple new processes in a complex regulatory environment to 

enable donation and transfusion of autologous whole blood, and for the first time, used it to 

attenuate NO in vivo to examine the vasoactive effects of nitrite in normoxia and hypoxia.  

Future work should more closely examine if there are any meaningful differences in 

administering stored blood intravenously vs intra-arterially in the presence of nitrite. For 

example, is it possible that the intra-arterial route creates a greater degree of localised 

endothelium-derived NO blockade vs the intravenous route? 

 

In addition, future work should also re-evaluate the study design, given that two nitrite 

infusions led to degree of study drug carry-over, which meant that ‘true’ NOx baselines 
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could not be compared, albeit statistically accounted for. Developing a protocol using a 

continuous infusion to achieve steady state NOx levels may have negated this issue. As 

already described, the pre- and post-design of the autologous blood transfusion was 

unavoidable (as 4 separate clinical sessions was not possible), however this did reduce the 

level of evidence vs a randomized element (358). In addition, future study protocol 

development would need to attempt to reduce the very high attrition associated to the 

protocol being arduous, invasive, and prolonged. An alternative approach would be to use a 

randomized parallel groups design with propensity matching. This would remove the 

minimum 12-week wait between blood donations (which was, in fact, often closer to 6 

months due to limited NHSBT donation slot availability) and reduce the time/effort burden 

on each subject, but this would come at the cost of increased confounding covariates.  

 

Future clinical objectives should include examining the interaction effect of nitrite, cell-free 

haem and oxygen concentration in haemodynamically stable patients who are receiving 

clinical allogenic blood transfusion. This work may show that systemic nitrite co-infusion is 

capable of mitigating the detrimental vasoconstrictive effect of cell-free haem present in 

stored allogenic blood via NO-independent pathways. This hypothesis would need to be 

tested via a randomized, double-blinded, placebo-controlled study. 

 

Chapter 5: Systemic nitrite significantly increases epicardial artery CSA and reduces 

blood velocity in normoxia and hypoxia and reduces flow in hypoxia  

Until recently, it has not been possible to non-invasively measure epicardial coronary artery 

CSA, velocity or flow. Whilst it is generally accepted that the coronary arteries are 

physiologically similar to the peripheral arteries with respect to vasomotor activity (112, 

279) the vasoactive properties of nitrite on the coronary arteries in both normoxia and 

hypoxia is largely undefined. Historically, it was reported that amyl nitrite increased CSA 
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of saphenous vein graft in humans and simultaneously increased the coronary artery blood 

flow (285), but due to limited studies, these findings have remained largely unvalidated for 

decades.  

 

As a result of advancing CMR imaging capabilities, in 2015 Prof Jennifer Keegan and 

colleagues presented work to show that using an interleaved spiral phase velocity sequence 

on a 3 Tesla Magnetom Skyra (Siemens, Germany) MR scanner and unique post-hoc 

MATLAB processing steps, they could accurately record the change in epicardial coronary 

CSA, velocity and flow in the human heart in vivo (286). Whilst completing our study, 

O’Gallagher and colleagues published a paper that showed (using coronary Doppler wires) 

that 5-minute infusions of inorganic nitrite 26 μmol/min selectively dilates epicardial 

coronary arteries in a dose-dependent fashion in normoxia. Their observations aligned with 

the large body of pre-existing literature that states that nitrite is capable of vasodilating 

systemic arteries, however, O’Gallagher and colleagues also identified that nitrite appeared 

to selectively vasodilate large conduit epicardial arteries (instead of resistance vessels) in the 

metabolically active myocardium (287). These findings were of specific interest as they 

suggested that the vasoactive properties of nitrite in the coronary arteries may be subject to 

oxygen tension (as the conduit vessels would be expected to contain blood with a higher 

oxygen concentration than the resistance arteries) (365). In view of the above study, we 

aimed to examine the effects of nitrite-mediated epicardial coronary artery vasodilation in 

normoxia using advanced CMR techniques, and uniquely, extend on this work by 

investigating these effects in hypoxia for the first time in humans.  

 

In Chapter 5, we examined the main and interaction effects of nitrite and oxygen condition 

on epicardial conduit artery CSA, velocity and flow in 14 healthy subjects. Study recruitment 

was successful with 50 people screened, 14 recruited and 13 with a full set of interpretable 

images. This study was a proof of concept, so no formal power calculation was performed. 
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The main findings were that a 5-minute IV nitrite bolus of 50 µg/kg/min-1 (254 µmol) led to 

significant rises in plasma NOx and RXNO (figure 41), associated with significant increases 

in epicardial conduit CSA (figure 43) and significant reductions in velocity in both oxygen 

conditions (figure 44) and a significant reduction in flow in hypoxia but not normoxia (figure 

45). This was associated with a significant reduction in MAP (but not HR) in normoxia 

(figure 42).  

 

Taken together, our study results differed to an extent from our hypotheses. The combination 

of findings in this study were rather unexpected in that whilst we expected to observe an 

increase in epicardial CSA associated with a decrease velocity (per the Hagen–Poiseuille 

equation) (54, 55), we did not expect to observe a reduction in epicardial coronary flow in 

hypoxia. Indeed, as it is generally accepted that healthy coronary arteries do not exert 

significant resistance to flow (281, 282), we expected that epicardial coronary flow would 

remain constant in the study.  

 

As this study was not mechanistic in nature, we cannot provide the exact mechanism 

underlying the reductions in flow in hypoxia. However, it is possible that nitrite infusion led 

to a decrease in aortic BP and this in-turn led to a reduction in intra-coronary pressure.  It is 

also possible that the reduction in MAP activated a baroreflex-mediated sympathetic 

constriction of the coronary resistance vessels and this too led to a reduction in flow, 

however as discussed as a limitation of this study, we were not able to record BP in hypoxia 

and therefore we were not able to calculate MAP or coronary vascular resistance in hypoxia. 

 

These results provide important new knowledge to the field. Firstly, these are the first data 

to show that hypoxic-augmentation of nitrite-mediated vasodilation exists in the epicardial 

conduits. Also, this is the first study to use coronary CMR to examine the vasoactive 



 202 

properties of nitrite on the epicardial coronary arteries in both normoxia and hypoxia in vivo, 

providing a non-invasive radiation-free methodology for future studies. 

 
Similar to the work in Chapter 4, this study design also had a pre- and post-design element, 

which meant that the plasma concentration of NOx/RXNO would have been lower in 

hypoxia vs normoxia. Again, future work may look to establish a protocol using a continuous 

infusion to achieve steady state nitrite levels and this approach may negate this pre- and post-

design issue. We noted throughout our results and discussion that the dose of nitrite we used 

was associated with a reduction in MAP in normoxia. We also recognised that O’Gallagher 

achieved significant vasodilation using 26 μmol /min over 5-minutes, which was ~1/2 of our 

dose, indicating that in the given study we used a dose that was potentially too high. Future 

work should complete a dose-finding study to help understand the optimal therapeutic dose 

of nitrite in the epicardial coronary arteries. Lastly, as detailed in the methods, we were 

unable to study BP in hypoxia only due to movement artefacts. Future work should use a 

finapres or similar to overcome this, as understanding MAP in hypoxia (at lower doses of 

nitrite) would provide greater understanding into the tissue-specific selectivity of nitrite in 

the heart and also help explain why a reduction in flow was observed in hypoxia.  

 

Future scientific objectives should include examining whether the epicardial conduit arteries 

have analogous NO-dependency to systemic conduit arteries, or given that they appear to 

vasodilate in synchrony with systemic resistance vessels, whether they too are subject to 

NO-independent processes (as discussed in Chapter 3). Clinically, future work could focus 

on the safety, efficacy and tolerability of sustained-release nitrite as a daily therapeutic agent 

in the context of chronic stable angina. Work could also focus on the fast-acting effects of 

bolus nitrite and could be studied in the acute setting of angioplasty (either via systemic 

dosing or even via intra-coronary administration) to examine whether a nitrite bolus can 

improve outcomes or reduce complications following PCI (131, 308-310). Again, future 
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clinical studies should be conducted as randomized, double-blinded, placebo-controlled 

trials.  

 

In combination, the work presented in this PhD thesis has shown that in a murine model ex 

vivo, nitrite is capable of circumventing the NO-sGC pathway via persulfide intermediates 

to induce tissue-specific vasodilation via PKGIα oxidation in normoxia. In human resistance 

arteries in vivo, we showed that 30-35-day NHSBT stored systemic autologous whole blood 

transfusion did not modify nitrite-mediated FBF in normoxia or hypoxia, therefore we were 

unable to conclude whether nitrite uses a NO-independent pathway in resistance arteries in 

normoxia. In the epicardial coronary arteries in vivo, we showed that systemic nitrite 

infusion significantly increased CSA and reduced blood velocity in normoxia and hypoxia, 

and reduced flow in hypoxia. These observations highlighted that nitrite-mediated 

vasodilation in the epicardial coronary arteries is subject to hypoxic-augmentation. Taken 

together, this work provides important new knowledge to the field of nitrite-mediated 

vasodilation and generates a number of potential hypotheses for future work.  
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Appendix 2: Chapter 3 Publication (131) 
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Appendix 3: NHSBT Donation Process – Selected documents  

 
i. Donor health check for new and returning donors form (FRM form 421/6) 
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ii. Autologous blood pre-donation assessment form (FRM 1560/4 – cross referenced in 

primary document MPD 757) 
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iii. Pre-deposit autologous blood donation memorandum (FRM 1563/1.4 – cross 

referenced in primary document SOP 3968) 
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iv. SOP3968 (Change Control [6422] Process Flow) 
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Appendix 4: The Haem and Nitrite Study – Selected documents  

 
i. The Haem and Nitrite Study – Study specific prescription/drug chart   
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ii. Autologous whole blood: pre-transfusion safety checklist  
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Appendix 5: NOx sample processing methodology  

The determination of nitrite and nitrate 

Apparatus 
 

 

Reagents 
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Method 
 
Standard  
 
Preparation of stock solution 
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Calibration curve standards 
 

 

Sample preparation 
 
Blood (serum or plasma) sample 
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Instrument preparation prior to analysis 
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Replacing the carrier and reactor solutions (Figure 1) 
 

 

Preparation of the pre-column 
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Preparation of the autosampler 
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Running samples 
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Integration of peaks  
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Calculation of final peaks  
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Determination  
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Appendix 6: RXNO sample processing methodology  

The determination of S-, N-, and heme-nitros(yl)ated species 

Apparatus:  
 
• Analytical balance weighing to four or five decimal places 
• Volumetric flask, 2000 mL 
• Microcentrifuge tubes of varies volumes 
• Adjustable volume pipettes  
• Gas-tight Hamilton syringes of varies volumes 
• TissuLyser LT or equivalent 
• Vortex-Geni touch mixer or equivalent 
• Eppendorf Centrifuge 5415D or equivalent of high-speed centrifuge 
• Timer/stopwatch 
• Fisher Scientific FS30 sonicating bath or equivalent 
• Chemiluminescence detector CLD88 Eco Medics or equivalent 
• Water bath able to heat water to 370C 
• Water bath able to heat water to 600C 
• Cooling water bath 
• Glass reaction chambers 
• Reflux condensers 
• Scrubbing bottle 
 
Reagents 
 
• MQ water, ultra-pure, in house 
• Sodium nitrite, 99.99% ex Sigma or equivalent 
• Sodium nitrate, 99.99% ex Sigma or equivalent 
• Sodium hydroxide, ACS reagent, ≥97% pellets ex Sigma or equivalent 
• 1M Sodium hydroxide. Pour approximately 500mL of MQ water into the beaker and put 

the magnetic stirring bar inside. Place the beaker onto the magnetic stirrer and slowly 
add 40g of sodium hydroxide pellets. Once everything is dissolved, transfer the content 
of the beaker into the 1L measuring cylinder and make up to volume with MQ water. 
Solution stable for 6 months when stored in air tight container at room temperature. 

• Hydrochloric acid, 37%, AR (ACS) reagent grade ex Sigma or equivalent 
• 1M hydrochloric acid. Pour approximately 50ml of MQ water into a 100ml volumetric 

flask and add 830µL of 37% hydrochloric acid. Make up to volume with MQ water and 
mix. Solution stable for 6 months when stored in air tight container at room temperature. 

• Sodium phosphate dibasic, Na2HPO4, AR (ACS) reagent grade ex Sigma or equivalent 
• Sodium phosphate monobasic, NaH2PO4, AR (ACS) reagent grade ex Sigma or equivalent 
• PBS buffer. Weigh out approximately 1.14 g of Sodium phosphate dibasic (Na2HPO4) 

and 0.24 g of Sodium phosphate monobasic (NaH2PO4), and 8.7 g of sodium chloride 
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(NaCl) into the 1L Duran bottle or equivalent. Add approximately 950ml of MQ water 
and stirring bar and place the bottle on the magnetic stirrer until everything is dissolved. 
Check pH of the solution and if required adjust it to pH 7.4. Transfer the content into the 
1L volumetric flask and make up to volume with MQ water. Solution stable for 4 weeks 
when stored in air tight container at room temperature. 

• N-ethylmaleimide (NEM), ≥98% HPLC ex Sigma or equivalent 
• EDTA, 0.5M, pH 8.0, Ultra Pure, Gibco or equivalent 
• PBS buffer with NEM/EDTA (homogenisation buffer). Weigh out approximately 1.14g 

of Sodium phosphate dibasic, 0.24g of Sodium phosphate monobasic, 8.7 g of sodium 
chloride, 1.25g of NEM and add 5mL of 0.5M EDTA into the 1L Duran bottle or 
equivalent. Add approximately 950ml of MQ water and stirring bar and place the bottle 
on the magnetic stirrer until everything is dissolved. Check pH of the solution and if 
required adjust it to pH 7.4. Transfer the contents into the 1L volumetric flask and make 
up to volume with MQ water. Solution stable for 4 weeks when stored in air tight 
container at room temperature. 

• Glacial Acetic Acid, Analytical Reagent Grade ex Fisher or equivalent 
• Potassium Iodide, ≥99.5% ex Sigma or equivalent 
• Iodine, ≥99.8% ex Sigma or equivalent 
• Iodine/Iodide solution. Dissolve 1.08g of potassium iodide into 10mL of MQ water. Add 

0.38g iodine to the solution and place the container on the rocker until dissolve. After 
adding iodine, the container should be covered in kitchen foil. Prepare solution fresh 
daily. 

• Potassium ferricyanide (III), <10µm 99% ex Sigma or equivalent 
• 0.05M Potassium Ferricyanide in PBS at pH 7.5. Dissolve 1.646g of potassium 

ferricyanide (III) in PBS buffer and adjust pH to 7.5 with 1M sodium hydroxide. Prepare 
solution fresh daily.  

• Mercury (II) chloride, ≥99.5% ex Sigma or equivalent 
• 2% Mercury(II) chloride. Dissolve 0.2g of mercury (II) chloride in MQ water. Solution 

stable for 12 months if stored at 40C.   
• Sulfanilamide, ≥99% ex Sigma or equivalent 
• 5% Sulfanilamide in 1M HCl. Dissolve 0.5g of sulphanilamide in 10mL of 1M HCl. 

Solution stable for 1 week if stored at 40C.   
• Nitrogen or argon gas, ex BOC or equivalent 
• Antifoam SE-15, ex Sigma 

 
 
Method 
 
Standard  
 
Preparation of stock solution 
 
Dissolve an accurately weighed 0.008 ± 0.0001 g of sodium nitrite in a 2L volumetric flask 
with water to obtain a solution of known concentration of approximately 58µM.  
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                           Weight standard (g) x 1000 x 1000 
Concentration of nitrite (µM) =  
                                     69 (g/mol) x 2 (dm3) 
 
69 g/mol is the approximate molecular weight of sodium nitrite.  
 
Note: If the samples are to be analysed for nitrite/nitrate using HPLC method too, prepare 
the standards as described in SOP ‘THE DETERMINATION OF NITRITE AND 
NITRATE’ (Appendix 5). 
 
Standard solution 
 
Solution of approximately 1 µM nitrite is used as a standard solution.  
Prepare the standard solution as described in the Table 1.  
 
Table 1. Standard solution preparation 

Std 
code 

Volume 
taken 
(mL) 

Solution 
used 

Volume of PBS 
buffer added 

(mL) 
  

10µM 0.17 58µM 0.83 

1µM 0.10 10µM 0.90 

 
 
Sample preparation 
 
All samples should be treated with 100mM NEM solution (1:10 v/v to the sample) at the 
point of sample collection. If the above had not been done, the sample has to be treated with 
NEM straight after the sample is thawed.  
 
Blood (serum or plasma) sample 
 
Total nitroso species (RXNO) 
Add 10% (v/v) of 5% sulphanilamide in 1M HCl solution to the sample (for example: add 
15µL of sulphanilamide to 150µL of sample) and incubate for 15 min in room temperature 
(RT). 
After incubation, inject the sample using a gas-tight Hamilton syringe into the reaction 
chamber containing Iodine/Iodide solution (see section 5.3.1.1) 
 
Instrument preparation prior to analysis 
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Figure 1. Chemilminescene Detection System Schemat 
 
Reaction chamber set up 
 
Total nitroso species (RXNO)  
Add 13.5mL of glacial acetic acid into a rubber septum-sealed, water jacked reaction 
chamber and add 1mL of Iodine/Iodide solution. The reaction mixture is kept at the constant 
temperature of 600C and continuously bubbled with nitrogen. The temperature of the reaction 
chamber is controlled by the heating water bath. 
 
Reflux condenser 
The reaction chambers are connected to efficient reflux condensers that are kept below 00C. 
The antifreeze coolant is added to the cooling bath to enable the cooling temperature to be 
below freezing point. 
 
Scrubbing bottle 
Add sufficient volume of 1M sodium hydroxide into the scrubbing bottle, connect it with the 
reaction chamber through reflux condenser and place it in the plastic beaker filled up with 
ice. The outlet of the gas from the reaction chamber is passed through the scrubbing bottle in 
order to trap traces of acetic acid and iodine before transfer into the detector (NO-Analyser). 
 
Pressure gauge 
A pressure gauge is placed between the outlet of the scrubbing bottle and the detector inlet 
for continues pressure monitoring and adjustment of purging gas (nitrogen or argon) flow.  
Note: To keep baseline noise at a minimum and achieve consistent results, nitrogen flow 
must be kept constant throughout the entire measurement cycle. 
Note: Do not connect the detector inlet with scrubbing bottle before the cooling bath shows 
the temperature below 00C. 
 



 279 

Sample gas tube 
The sample tube is connected to the inlet fitting on the rear panel of the analyser. The sample 
tube that is routinely used is sample tube number 1, which gives a flow rate of 100 ml/min. 
Check if the flow rate is OK before the analysis. Disconnect the sample gas tube from the 
pressure gauge and press Test on the CLD’s display and choose Flow. The instrument will 
carry on the test and give the result on the display. If the test result is OK, carry on using the 
tube, however change to new one if the test came out negative. 
 
Measurement range 
The measurement range can be change depending on the levels of analytes in the sample. 
The range can be selected by pressing the Range key when the analyser is in normal 
measuring mode. The available ranges are as follow: 

•  10ppb – D1 
•  100ppb – D2 
•  1000ppb – D3 

 
Note: For most of the routinely run samples Range D2 is appropriate. 
 
Cleaning reaction chamber and replacing the reaction mixture 
The reaction mixture should be replaced after approximately 3 or 8 to 10 injections of lysed 
red blood cell (RBC) or other sample matrix respectively. To clean the reaction chamber and 
replace the reaction mixture follow the following steps: 

•  Drained off the old mixture. 
•  Rinse the chamber three times with MQ water. 
•  Add a small amount of soapy water and scrape the inside of the chamber with a 

brush 
•  Rinse out all the soapy water with MQ water 
•  Condition the chamber with 10mL of either acetic acid or 0.05M Potassium 

Ferricyanide in PBS at pH 7.5 (depending on the analysis). 
•  Replace the conditioning solution with the appropriate mixtures as described in 

section 5.3.1. and let it equilibrate and monitor the baseline. 
•  Once baseline is flat and stable, the standard or sample can be injected. 

Note: After cleaning of the chamber and replacement of the reaction mixture new injection 
of the standard should be performed. 
 
Determination 
 
5% sulphanilamide in 1M HCl solution check 
Add 10% (v/v) of 5% sulphanilamide in 1M HCl solution to the 1µM standard (for example: 
add 5µL of sulphanilamide to 50µL of standarsd) and incubate for 15 min in room 
temperature (RT). 
After incubation, inject the standard using a gas-tight Hamilton syringe into the reaction 
chamber containing Iodine/Iodide solution (see section 5.3.1.1).  
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Note: There should be no peak present on the chromatogram. If the detector gives response 
(peak appears) the preparation of 5% sulphanilamide in 1M HCl solution should be repeated. 
 
Running samples 
 
Injection volume 
Note: The injection volume and the range set up on the instrument depends on the levels of 
analytes of interest in the samples. It is impossible to give the exact injection volumes; the 
suggestions below are just for the guidance: 

•  The usual injection volume of standard is 50µL for the range D2. 
•  The usual injection volume for human blood (plasma, serum or red blood cell) is 

300µL. 
•  The usual injection volume for mice blood (plasma, serum or red blood cell) is 

between 10 and 100µL. 
•  The usual injection volume for urine samples is 100µL. 

Note: After injection of the sample always wipe the syringe needle clean with a tissue and 
rinse the syringe at least three time with MQ water to avoid contamination. 
 
Analysis time 
Note: Shape of the peak depends on the content of the analytes in the sample (see Figures 2-
6). It is important to keep the timing consistent for all the samples from the same project to 
ensure that the comparison of results obtained is possible. 
 
Switch on the timer on the count up setting straight after injection of the sample into the 
reaction chamber. After the required time has passed, detach the detector inlet from the 
pressure gauge. This will cause the detector signal to go down to the baseline level and allow 
the consistent integration of the samples. 
 
Running instrumentation 
 
NO-Analyser (Chemiluminescence detector CLD88 Eco Medics) 

•  Switch on the CLD pump and leave it equilibration for approximately 20 minutes 
•  After 20 minutes, switch on the power button on the CLD. The display on the 

detector will show ‘power up’. 
•  Once the ‘power up’ is replaced by ‘single’ and the temperature of cooling bath is 

below 00C the detector is ready to be used. 
•  Connect the detector inlet tube with the scrubbing bottle outlet and monitor the 

pressure gauge, adjust the gas flow accordingly. 
 
PowerChrom software 

•  Open Powerchrom. 
•  Click on ‘manual run’ and choose the length of time of the analysis (usually kept at 

120 min). 
•  Save the file with the name of the project and date. 
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•  Click ‘inject’ when everything is ready for the first standard to be injected.  
•  After injection of the standard/samples with little delay the signal of the detector will 

change. The change of the signal and the shape of the peak depend on the nature of 
the sample (the levels of the analytes and the sample matrix). 

•  Once you inject all your samples click ‘stop’ the run and save it. 
 
Integration of peaks 

•  Open the file 
•  Click on the Add icon 
•  Position the mouse at the start of the peak and hold onto left button of the mouse to 

signify the start of the peak for integration, drag the mouse to the end of the peak and 
release the left button of the mouse. 
Note: Ensure all the samples are integrated over the same time duration (see section 
5.4.1.2)  

•  Repeat the steps above for all the samples in the same run 
•  Type integration values (peak areas) into Excel (or equivalent) file to facilitate final 

calculations  
 

 
 
Figure 2. Narrow, sharp and symmetrical peaks (1- 1uM nitrite standard, 2- mice plasma 
sample) 
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Figure 3. Wide, sharp and asymmetrical peaks (22 and 23- mice plasma sample) 

 
Calculation of final results 
 
Calculation of mean value, standard deviation (SD) and relative standard deviation %RSD of 
the peak area of standard  
Type peak area values for 1uM nitrite standard from the whole run into the Excel 
spreadsheet. Calculate the peak area mean value, standard deviation (SD) and relative 
standard deviation %RSD of the peak area. 

 A1 + A2 +…+ AN 
Mean (M) =  
          N 
 
 A1, A2, … AN – Peak areas of the injected standard 
 N – number of injected standards 
 

  
 SD 
%RSD =                   x 100% 
                 Mean (M) 
 

Note: %RSD should be below 10%. 
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Calculation of response factor (RF) 
 
Calculate the response factor (RF) for the run for standard using the below equation: 

 
                                  Standard Concentration [µM] 
Response factor (RF) =   

                                    Mean Peak Area (M)  
 

5.4.4.3 Serum, plasma and urine samples 
Calculate the concentration of analyte in the sample using the equations below: 
 
                       Peak Area in sample x RF x Injection volume of standard 
Con. [µM] =                                                                                                          x DF1 

              Injection volume of sample 
 
 DF1 – Dilution Factor 
 
           Volume of sample with added NEM/sulphanilamide/HgCL2 
DF1 =   
                       Volume of sample taken for analysis 
 
Note: Concentration results should be reported in [nM], therefore multiply obtained 
concentration in [µM] by 1000. 
 

5.4.4.4 Red Blood Cell (RBC) and tissue homogenate samples 
Calculate the concentration of analyte in the sample using the equations below: 
 
                 Peak Area in lysed or homogenate sample x RF x Injection volume 
                 of standard 
Con. [µM] =                                                                                                     x DF1 x DF2 

  Injection volume of lysed or homogenate sample 
 
 DF1 and DF2– Dilution Factors 
 
             Volume of in lysed or homogenate sample with added NEM/  
             sulphanilamide/HgCL2 
DF1 =   
              Volume of lysed or homogenate sample taken for analysis 
 
 
           Volume of lysed or homogenate sample with added lysing mixture 
DF2 =   
                       Volume of RBC sample taken for analysis 
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Note: Concentration results should be reported in [nM], therefore multiply obtained 
concentration in [µM] by 1000. 
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Appendix 7: The Nitrite and Coronary Artery Study – MRI safety checklist  
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Appendix 8: Root cause analysis for blood transfusion incident and corrective actions 

 
 



 287 

 

 
 
 
 
 



 288 

 

Appendix 9: The Nitrite and Coronary Artery Study prescription/drug chart  
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Appendix 10: Letter from supervisor regarding RXNO samples in The Haem and 

Nitrite Study  

 
 

 


