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Abstract 

 

Nitric oxide (NO) is a crucial signalling molecule within almost all aspects of human 

physiology. In the cardiovascular system, NO reduces blood pressure and vascular 

tone, prevents thrombus formation via platelet activation/aggregation, prevents 

inflammation by impairing leukocyte adherence to the endothelium, and prevents 

blood vessel thickening and pulmonary hypertension by impairing vascular smooth 

muscle cell proliferation. Inorganic nitrate (NO3) and nitrite (NO2) were historically 

considered to be inert byproducts of NO metabolism (i.e. oxidation within the 

tissues). The recently characterised nitrate-nitrite-NO pathway however, has 

revealed an important NO storage pool within the body that, importantly, is highly 

active in hypoxic tissues where typical mechanisms for NO production (i.e. via L-

arginine) are impaired.  

 

In a series of studies we have sought to explore the effects of inorganic nitrate and 

nitrite on a less explored effect of NO in the cardiovascular system, cardiac 

metabolism. In a basic science study in mice supplemented with 7 days of oral 

inorganic nitrate or nitrite, we explore the effects of nitrite on the rate-limiting 

enzyme of glucose metabolism, pyruvate dehydrogenase (PDH), and on the 

formation of the oxidative dimer of protein kinase G-1α, a newly-characterised 

downstream transducer of reactive oxygen species and inflammation that may have 

beneficial effects acutely but detrimental effects if chronically activated. We also 

explore these effects in human cardiac biopsy samples obtained from patients 

undergoing coronary artery bypass surgery. Although nitrite increased PKG1α dimer 

content, this was not statistically significant, except for in patients with type 2 

diabetes, a pro-inflammatory state, in whom there was a robust reduction in dimer 

formation. This is in-keeping with the known anti-inflammatory effects of nitrite. 

Nitrite also dephosphorylated PDH but did not increase its activity in mouse or human 

heart tissue.  
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Given the potential for nitrite to affect metabolism, either via NO or via a direct effect 

of its own, we also investigated whether nitrite could affect the metabolic profile of 

786-0 renal cell carcinoma cells, which is unique to cancers and involves a switch 

away from oxidative phosphorylation towards aerobic glycolysis (termed the 

Warburg effect), and whether this might increase susceptibility to chemotherapy. 

Interestingly, nitrite slightly improved cancer cell survival at lower doses of 

chemotherapy, but did not have any effects on PDH or other metabolic proteins such 

as Akt or LDH, and may have also occurred via effects on redox signalling.  

 

We also designed a large, randomised controlled clinical trial to investigate the effect 

of oral inorganic (sodium) nitrate (to increase plasma nitrite levels) on exercise 

capacity in patients with heart failure with reduced ejection fraction. Inflammation, 

NO deficiency, and reduced cardiac metabolism are key features of heart failure, and 

correction of these features with nitrite have the potential to improve exercise 

tolerance, as well as potential effects on cardiac function, serum biomarkers, quality 

of life score, serum glucose and insulin levels, and inflammatory markers. 

Unfortunately, the study was halted prematurely by the study Sponsor, with only 19 

patients recruited from a target of 56. However, our results showed a fall in exercise 

tolerance in the group receiving the placebo medication, and a small increase in the 

nitrate arm, and the difference was statistically significant. The fall in the placebo 

group was likely due to disease progression and worsening heart failure given the 

better baseline function in this arm compared to the nitrate arm, and the change in 

echocardiographic data such as V100.  

 

Finally, by analysing data previously obtained by others in patients with symptomatic 

non-obstructive hypertrophic cardiomyopathy (often considered a unique 

subphenotype of heart failure with preserved ejection fraction), we assessed 

whether impaired resting cardiac energetic status (measured via resting 31P 

cardiovascular magnetic resonance spectroscopy and dynamic change in 

vasculoventricular coupling with exercise) was associated with the dynamic diastolic 
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dysfunction and impaired Frank-Starling mechanism that is largely responsible for the 

profound exercise intolerance in HCM. We demonstrate modest correlations 

between cardiac energetic impairment and exercise intolerance and 

vasculoventricular coupling in HCM, identifying energetic impairment as a key 

therapeutic target in HCM. Given the recent equivocal results of a definitive trial of 

nitrite in heart failure with preserved ejection fraction, and the results of our other 

studies, nitrite is unlikely to be a clinically useful treatment in these patients, however 

other metabolic modulators remain attractive.  
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Background
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1.1 Introduction 

 

Nitric oxide (NO) is a gaseous free-radical that acts as a signalling messenger in many 

critical cellular processes (1). NO is neutrally-charged and permeates across the 

phospholipid cell membrane, and was originally thought to have a half-life of 

milliseconds in the vasculature (due to rapid binding to oxyhaemoglobin) (2) but has 

since been shown to be transported across much greater distances within the 

circulation in vivo, in the form of NO metabolites or bound to proteins (RXNO), with 

release of NO at distal sites (3). Reactive oxygen species (ROS) levels within tissues 

are an important determinant of NO consumption and degradation, and the balance 

between synthesis and oxidation determines resting activity. NO is synthesised by 

the conversion of the non-essential amino acid l-arginine to l-citrulline in a reaction 

catalysed by nitric oxide synthase (NOS) in the presence of a number of enzymatic 

cofactors including oxygen (O2), calcium (Ca2+), tetrahydrobiopterin (BH4), and 

nicotinamide adenine dinucleotide phosphate (NADPH) (4). There are 3 known 

isoforms of the NOS enzyme, endothelial NOS (eNOS), inducible NOS (iNOS), and 

neuronal NOS (nNOS) (4). The membrane-bound eNOS isoform is constitutively 

expressed and was first derived from vascular endothelial cells (now known to be 

present in many tissues) (5), and NO derived from the NOS isoforms plays in integral 

role in a number of functions within the cardiovascular system including 

vasodilatation, platelet aggregation and leukocyte interaction, leukocyte adherence 

to the endothelium, and vascular smooth muscle cell proliferation (6) (Table 1-1). 

Constitutive expression of eNOS and nNOS is also a feature of the myocardium, 

however their subcellular positions are tightly regulated (7). These enzyme isoforms 

may undergo post-translational modulation/regulation (8), indicating the need to 

carefully balance the beneficial and detrimental effects of NO (and related reactive 

nitrogen/oxygen species) in the heart. A deficiency of bioavailable NO is a key feature 

of cardiovascular disease (9,10), the leading cause of mortality worldwide (11), and 

interventions to correct NO deficiency have been extensively studied, but with mixed 

results.  
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NO in tissues classically binds to the haem moiety of soluble guanylate cyclase (sGC) 

to activate the enzyme, which catalyses the conversion of guanosine triphosphate 

(GTP) to cyclic guanosine 3',5'-monophosphate (cGMP) (1). Cyclic GMP activates 

cGMP-dependent protein kinase (PKG), which is an effector protein in the cascade 

that activates many downstream targets (including calcium signalling proteins and 

transcription factors) via protein phosphorylation to cause the aforementioned 

cardiovascular effects. The intracellular levels of cGMP are also regulated by various 

classes of phosphodiesterase (PDE), the enzyme that degrades cGMP to the inactive 

guanosine 5'-monophosphate (GMP). Alternative mechanisms by which NO exerts its 

cardiovascular effects include post-translational S-nitrosylation of sulphur atoms 

(thiols) within cysteine residues of various proteins (either increasing or decreasing 

their activity) (12), and cGMP-independent activation of Ca2+-dependent potassium 

(K+) channels via membrane hyperpolarisation, to decrease cytosolic Ca2+ levels (13). 

Additionally, elevated levels of cGMP inhibit PDE3, leading to increased intracellular 

levels of cyclic adenosine monophosphate (cAMP), which in turn activates protein 

kinase A (PKA) (14).  

 

The oxidation of NO within the tissues produces nitrite (NO2
-) and nitrate (NO3

-), 

which were previously considered to be physiologically inactive (15,16). Nitrate and 

nitrite levels in the plasma are partly a result of the oxidation of NO within the blood, 

mainly via oxyhaemoglobin and ceruloplasmin (17,18), however they are also largely 

determined by the dietary intake of inorganic nitrate and nitrite. In this way, plasma 

nitrite levels following a nitrate-deplete diet for at least 4 days, have been proposed 

as a method of detecting basal NO production by vascular NOS isoenzymes, and 

plasma nitrate levels obtained following a similar nitrate-deplete period have been 

proposed as a measure of the body’s total NO turnover (15). Whereas higher-order 

organisms lack the ability to reduce nitrate to nitrite and NO, there are many nitrite 

reductases that have been identified in humans that can liberate NO from nitrite, 

usually under hypoxic conditions (16,19,20). Therefore interventions that increase 
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plasma nitrite levels have the potential to increase the bioavailable NO pool 

(independent of production via NOS), potentially correcting any NO deficit as seen in 

cardiovascular disease or inflammatory states, as described above.  
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Table 1-1: Cardiovascular Effects of Nitric Oxide at Physiological Levels 

Target Tissue/Cell Effect of NO at Physiologic Levels Reference(s) 
Vascular Smooth 
Muscle Cells 

↓ VSMC contraction/tone (i.e. vasodilatation) 
↓ VSMC proliferation 

(21,22) 

Platelets ↓ Platelet aggregation  
↓ Platelet activation  

(23-25) 
 

Leukocytes ↓ Leukocyte adherence 
↓ Monocyte chemotaxis 

(26,27) 
 

↓ ROS  
Endothelial Cells ↑ Angiogenesis (28-30) 

↓ ROS  
Fibroblasts ↓ Fibrosis (31,32) 
Myocardium/ 
Cardiomyocytes 

↑ Contractility (unstimulated healthy heart) 
↑ Contractility (stimulated healthy heart) 
↑ Lusitropy  
↑ Chronotropy  

(33,34) 
 
 
 

 ↑ Ischaemic preconditioning 
↑ Hypoxia sensing 
↑ Myocardial efficiency  
↑ FFA β-oxidation (healthy heart) 
↑ FFA β-oxidation (diseased heart) 
↑ Glucose oxidation (diseased heart)  
↓ Hypertrophy  

 
 
 
 
 
 
 

 ↓ Apoptosis 
↓ Myocardial oxygen consumption 
↓ Glucose oxidation (healthy heart) 

 
 
 

Cardiovascular effects of nitric oxide in different tissues/cells. FFA, free fatty acids; 
ROS, reactive oxygen species; VSMC, vascular smooth muscle cells.  
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1.2 Dysfunctional Nitric Oxide Signalling is a Key Feature of Heart Failure 

 

Cardiovascular diseases (CVD) are the leading cause of death worldwide, however, a 

dramatic reduction in age-specific rates of cardiovascular disease in affluent 

countries (that is only partly explained by advances in treatment/preventive 

strategies) have led to it being overtaken recently by cancer in many of these 

countries (35). Heart failure is a clinical syndrome defined as an inability of the heart 

to pump sufficient blood to meet the metabolic needs of the body, or to do so only 

by raising left ventricular end diastolic pressure (LVEDP) (36), and occurs commonly 

as a final result of various forms of CVD. The cardinal symptoms of heart failure are 

dyspnoea and exercise intolerance, and the 5-year prognosis is as poor as many 

cancers (37). It is estimated that more than 900,000 people in the United Kingdom 

are affected by heart failure, and this number is likely to rise as the population ages 

and treatments for acute heart diseases (such as coronary heart disease) improve 

(38). Heart failure also poses a large budgetary strain on the National Health Service 

(NHS), with heart failure related hospital admissions (some 5% of all emergency 

medical admissions) accounting for 2% of NHS inpatient bed-days each year (39). 

Conventionally, heart failure groups are classified on the basis of left ventricular (LV) 

ejection fraction (EF), i.e. the percentage of blood in the left ventricle at the end of 

diastole that is ejected with each beat during systole. A normal EF is considered to be 

55% or greater (or 60% or greater when calculated via cardiovascular magnetic 

resonance imaging from LV volumes derived from established reference values for 

age and sex) (36). Historically, research has focused on patients with heart failure 

with a reduced ejection fraction (HFrEF) of less than 40%, also known as ‘systolic 

heart failure’, and there is now an established evidence-base for treatments in HFrEF 

that can robustly reduce patient morbidity and mortality. However, the real-world 

initiation and optimisation of these medications is often complicated by intolerable 

side effects, resulting in many patients remaining symptomatic and well below the 

beneficial doses used in clinical trials (36). For patients with heart failure symptoms 

but an EF >50%, these treatment approaches have consistently failed to significantly 
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improve patient outcomes. In the past ~20 years, our understanding of the 

pathophysiology of heart failure in these patients has advanced greatly, and heart 

failure with a preserved ejection fraction of greater than 50% (HFpEF), previously 

known as ‘diastolic heart failure’, is now considered to be the most prevalent form of 

heart failure worldwide (40). However, despite carrying a similar morbidity and 

mortality burden to HFrEF, there are currently no proven treatments for patients with 

HFpEF.  

 

1.2.1 Pathophysiology of Heart Failure 

 

The established definition for heart failure focuses on impaired pump function of the 

LV, and reflects the conventional thinking of heart failure as a disease of altered 

haemodynamics. The term ‘systolic heart failure’ was used for HFrEF as patients 

presented with heart failure signs and symptoms and had a reduced LVEF on 

admission echocardiogram, whereas ‘diastolic heart failure’ was used for patients 

with HFpEF as they had a ‘normal’ LVEF (41). The signs and symptoms of acute 

decompensated heart failure can be attributed to acute rises in LVEDP (and 

subsequently in RVEDP) resulting in pulmonary and peripheral oedema and/or to an 

inadequate cardiac output (22). Whereas HFrEF may simply be considered as a 

’failure to squeeze’, HFpEF may be considered a ‘failure to fill’. The increase in LVEDP 

(and therefore pulmonary congestion) in ‘diastolic heart failure’ results from  a failure 

of LV active relaxation and an increase in LV passive stiffness from a stiff and non-

compliant LV, together with an increased afterload due to increased stiffness of the 

aorta and other large vessels  (42). However, whilst this dichotomy makes it clear that 

the underlying pathophysiology differs between these two forms of heart failure 

(explaining the differences in response to therapies), the taxonomy was called into 

question after multiple studies demonstrated impairments in LV systolic function, 

particularly in the long axis, in patients with diastolic heart failure (43). Although 

imperfect, the classification of heart failure syndromes by where they sit on an ‘EF 

spectrum’ is now standard practice, and in HFpEF ‘preserved EF’ is preferred over 
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‘normal EF’ to indicate that, whilst LVEF is normal, LV contractile function may 

nevertheless be impaired. This has prompted the characterisation of a further group 

of patients with heart failure who have a mid-range EF (HFmrEF) of 40-49%. HFmrEF 

is thought to share many similarities with HFpEF, importantly sharing with HFpEF the 

paucity of evidence for use of the interventions that have been established for 

patients with HFrEF (44).  

 

In the healthy heart, there is a substantial capacity for augmentation of cardiac 

output (e.g. on exercise) by increasing stroke volume (the volume of blood ejected 

with each beat) and heart rate. In heart failure, the ability to increase cardiac output 

(CO) is reduced as a result of one or both of these mechanisms being impaired. In 

haemodynamic terms, LV pump performance is determined by the intrinsic 

contractile state of the myocardium (inotropy), and the loading conditions under 

which it functions, known as preload and afterload (45). Stroke volume can be 

augmented by directly increasing inotropy, or by increasing preload (i.e. increasing 

LV diastolic volume, and thereby, through the Frank-Starling mechanism, the force of 

contraction), or by decreasing afterload. Whilst it is extremely difficult to assess the 

force generated by each shortening myofilament in vivo, there are many methods for 

assessing ‘chamber level’ LV contractility. The gold standard involves simultaneous 

measurement of pressure and volume via a conductance catheter placed inside the 

LV cavity to derive pressure-volume (PV) loops (45). A schematic of a PV loop is shown 

in Figure 1-1. Occlusion of the inferior vena cava (IVC) with a balloon can be used to 

alter RV (and by extension LV) preload, allowing the calculation of important 

measures of LV contractility and afterload (46). A straight line can then be drawn 

connecting the end systolic points from each PV loop obtained at varying preloads, 

to give the end systolic pressure volume relationship (ESPVR). The slope of the ESPVR 

is the end systolic elastance (Ees), which is a useful load-independent measure of 

contractility that is linear except at its very extremes (Figure 1-1) (47). The area of 

each PV loop is a measure of LV stroke work. A fall in contractility is demonstrated by 

a flatter gradient of the ESPVR and reduced PV loop area (stroke work) for a given 
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preload, representing a downwards and rightwards shift of the Frank-Starling 

relationship (48). Whilst the ESPVR is a useful measure of contractility it is, to some 

extent, afterload dependent, and non-linear at its extremes (47). A better measure, 

also derived from conductance catheter pressure-volume data, is the preload 

recruitable stroke work relationship (PRSW). PRSW describes the relationship 

between LV end diastolic volume (EDV) and stroke work (PV loop area), and is 

therefore a direct measure of the Frank-Starling mechanism of the LV (49). Similar to 

the ESPVR, the PRSW is characterised by a slope (Mw) and an x-axis (volume) 

intercept (Lw).  
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Figure 1-1: Schematic of a Pressure Volume (PV) Loop Obtained from a Conductance 
Catheter Positioned in the Left Ventricle.  
A pressure-volume loop is derived from pressure-time and volume-time 
measurements taken within the left ventricle via a conductance catheter (grey). 
Altering preload shifts the PV loop up and down the end systolic pressure volume 
relationship (ESPVR) line by altering EDV (blue). Changes in afterload are reflected by 
changes in the slope of Ea, moving the PV loop along the ESPVR (orange). Ea, arterial 
elastance; EDPVR, end diastolic pressure volume relationship; EDV, end diastolic 
volume; ESPVR, end systolic pressure volume relationship; ESV, end systolic volume; 
SV, stroke volume; V0, theoretical left ventricular volume when pressure is 0mmHg 
(i.e. x-axis intercept).  
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1.2.1.1  Heart Failure with Reduced Ejection Fraction 

 

1.2.1.1.1   Left Ventricular Contractile Function  

 

A reduction in LV contractility is considered the primary lesion in HFrEF and may 

result from a number of direct cardiac insults including ischaemia, deposition 

diseases, and toxins (50). Whatever the initial insult, a process of maladaptive 

remodelling typically takes place due to neurohumoral activation. Renal 

hypoperfusion results from the reduced CO, which activates the renin angiotensin 

aldosterone system (RAAS). The tissue RAAS system is also activated. A reduction in 

cardiac baroreflex sensitivity, together with increased activity of cardiac sympathetic 

efferent activity, result in increased sympathetic and reduced vagal neural efferent 

activity and increased release of catecholamines by the adrenal glands (51). This 

neurohormonal response is a ‘primitive’ response to a low CO, designed to acutely 

increase LV contractility via β-adrenergic stimulation of the myocardium, and LV 

preload via renal water and sodium retention (i.e. blood volume expansion), and to 

maintain blood pressure via systemic vasoconstriction (which increases afterload). 

Furthermore, thrombotic and platelet aggregation pathways are activated in an 

attempt to reduce bleeding and consequent hypovolaemia which would have been a 

common cause of low CO historically. However, chronic neurohumoral activation, as 

in heart failure, has severe adverse consequences. Chronically increased afterload 

results in a compensatory hypertrophic response in the left ventricle. RAAS and 

sympathetic activation result in interstitial and focal cardiac fibrosis (structural 

remodelling) and myocyte apoptosis and necrosis (52). These changes result in 

progressive dilation of the left ventricle and progressive worsening of left ventricular 

function. Therefore, even if the initial insult was insufficient to result in clinical heart 

failure, it may develop as a result of this remodelling process (51).  

 

The contractile apparatus is controlled by the β-adrenergic pathway, and stimulation 

of β-receptors (membrane-bound G-protein coupled receptors), stimulates calcium 
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(Ca2+) influx via L-type Ca2+ channels and increases intracellular cAMP to activate 

protein kinase A (PKA) (52). PKA activates the ryanodine receptor and inhibits 

phospholamban (the inhibitor of the sarcoplasmic reticulum (SR) Ca2+ ATPase 2a 

(SERCA2a) pump), leading to greater levels of Ca2+ entering the SR to increase the 

force generated by the next contraction. PKA also phosphorylates troponin I and 

myosin binding protein C to improve myofilament uncoupling (relaxation), enhancing 

cardiac lusitropy (53). Chronic elevation of catecholamines is deleterious for the 

myocardium however, due to toxic Ca2+ accumulation and myocyte apoptosis, further 

impairing LV contractility (54,55). Chronic sympathoexcitation also results in 

downregulation and uncoupling of β-receptors, and, whilst this may serve to 

ameliorate the toxicity, it also reduces the ability to increase CO when it needs it (e.g. 

on exercise). Finally, the pro-coagulant and platelet aggregatory effects of 

neurohumoral activation explain some of the increased risk of cerebrovascular 

accidents in heart failure (56).   

 

1.2.1.1.2   Pharmacotherapy in HFrEF 

 

Blockade of neurohumoral activation has been the cornerstone of treatment of heart 

failure for approximately 30 years. Beta-blockers are used to treat HFrEF to 

counteract the effects of chronic sympathoexcitation, and have been shown to 

reduce mortality by ~30% in clinical trials (57-60), however the treatment should 

‘start low and go slow’ because acute withdrawal of sympathetic tone may cause an 

acute decompensation due to their negatively inotropic effects. Similar mortality 

benefits have been demonstrated with angiotensin converting enzyme (ACE) 

inhibitors (61-64) or angiotensin receptor blockers (ARBs) (65-67), and the 

combination of beta-blockers and ACE-inhibitors is now the mainstay of therapy for 

chronic heart failure, with diuretics used to counteract symptomatic volume 

overload. As per the European Society of Cardiology (ESC) guidelines for the diagnosis 

and management of heart failure, maximally tolerated evidence based doses of these 

neurohormonal blockers is the first-line therapy for patients with HFrEF (36). For 
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patients with persistent symptoms of breathlessness (New York Heart Association 

(NYHA) Class III breathlessness) and an EF ≤35%, mineralocorticoid receptor 

antagonists (MRAs) are indicated as additive therapy (68,69). Should these symptoms 

persist, ACE-inhibitors should be replaced with the angiotensin receptor blocker-

neprilysin inhibitor combination drug sacubitril/valsartan to maximise 

neurohormonal blockade. The neprilysin enzyme degrades natriuretic peptides (i.e. 

atrial natriuretic peptide, brain natriuretic peptide, and C-type natriuretic peptide) 

and vasoactive substances such as bradykinin that are released as a compensatory 

mechanism during neurohormonal activation (70). Inhibitors of neprilysin therefore 

increase circulating levels of these substances. Sacubitril/valsartan therapy was 

recently associated with a further 16% reduction in mortality in symptomatic patients 

with HFrEF on optimised medical therapy (OMT) (71). Symptomatic patients with a 

wide QRS complex duration on electrocardiogram (ECG) of ≥130ms should be 

considered for cardiac resynchronisation therapy (CRT) using a biventricular 

pacemaker to reduce intraventricular dyssynchrony. CRT improves mortality by a 

further 30% in eligible symptomatic patients on OMT (72-74). If the EF is persistently 

≤35% despite OMT or if there is a history of symptomatic ventricular 

tachycardia/ventricular fibrillation, an implantable cardiac defibrillator should be 

implanted (i.e. CRT-D). Beyond this, treatments for HFrEF may be limited especially 

for patients with symptoms but an EF >35%, or those unable to tolerate optimisation 

(to evidence based doses) of medical therapy. There is some evidence that patients 

with a resting heart rate ≥70 bpm and sinus rhythm on ECG may benefit from heart 

rate reduction using Ivabradine, a blocker of the ‘funny current’ (If) of the sinoatrial 

node (75,76). Similarly, the sodium/potassium (Na+/K+) ATPase pump inhibitor 

digoxin may reduce hospitalisation in patients with HFrEF possibly by reducing 

arrhythmic events (77). In HFrEF patients with atrial fibrillation (AF), rate control is 

therefore preferentially achieved with digoxin, for the added benefit of reduced heart 

failure hospitalisations. In patients with resistant symptoms despite these therapies, 

or in whom these therapies cannot be initiated or uptitrated due to intolerable side 

effects, there are very few options left for symptom management. Left ventricular 
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assist device (LVAD) therapy or heart transplantation are reserved only for those 

patients with persistent significant LV impairment.  

 

Most recently, inhibitors of the renal sodium-glucose cotransporter 2 (SGLT2) have 

shown promise in heart failure for reducing the risk of cardiovascular death or heart 

failure hospitalisation, independent of the presence of type 2 diabetes mellitus (78). 

SGLT2 inhibitors reduce renal glucose reabsorption at the proximal convoluted tubule 

inducing glycosuria, which has a potent diuretic effect. Diuretics improve left 

ventricular performance in patients with heart failure by reducing ventricular preload 

(discussed in section 1.2.1.1.3). Interestingly, SGLT2 inhibitors also reduce afterload 

in a mechanism not yet fully elucidated, which corresponds to a fall in arterial 

elastance with reduced serum glucose levels, decreasing the vasculoventricular 

coupling ratio and improving myocardial efficiency (see section 1.2.1.1.4) (79). This is 

of particular importance in heart failure with preserved ejection fraction (HFpEF). 

Another important mechanism behind the effect of SGLT2 inhibitors includes its 

inhibition of the sodium-hydrogen exchanger (NHE), a mechanism that is shared with 

many other heart failure medications (80). The benefits of NHE blockade (NHE3 in 

the kidney and NHE1 in the heart and vasculature) include antihypertensive and 

natriuretic effects, and reduced cardiac hypertrophy and fibrosis (80). However, 

importantly, natriuresis does not appear to be a significant effect of SGLT2 inhibition. 

Indeed, the diuretic effect of the SGLT2 inhibitor Empagliflozin appeared to occur 

without a significant natriuretic effect when co-administered with a loop diuretic in 

patients with HFrEF and type 2 diabetes (i.e. electrolyte-free water rather than 

urinary sodium excretion was increased) (81); this is a beneficial effect profile 

considering the risk of hyponatraemia with high-dose loop diuretics or in combination 

with thiazide diuretics. Another risk with loop diuretics, hyperuricaemia (with its 

associated negative cardiovascular effects), is also reduced with SGLT2 inhibition via 

promotion of uricosuria, likely via blocked of NH3 (82). Finally, SGLT2 inhibitors may 

also activate sensors of nutrient deprivation such as sirtuin-1 (SIRT1) and AMP-

activated protein kinase (AMPK) as a consequence of the ‘fasting state’ induced by 
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sustained hypoglycaemia, which increase autophagy, reduce oxidative stress, and 

more (discussed in more detail in section 1.2.2.2) (83).  

 

1.2.1.1.3   Left Ventricular Preload  

 

Increases in LV preload lead to improvements in the force of contraction via the 

Frank-Starling mechanism. Contractility/inotropy itself is unchanged, but the 

ventricle moves up along the slope of the PRSW relation to generate a more forceful 

contraction. True LV preload (i.e. the load on the LV prior to systole) is given by the 

effective distending pressure called the transmural LVEDP (TLVEDP), which is 

estimated clinically by LVEDP and is directly related to myocardial stretch (84). The 

Frank-Starling mechanism couples LV stroke work to LV end diastolic volume in the 

healthy heart, such that a larger LV end diastolic volume/pressure results in a 

stronger contraction due to greater stretch (i.e. shifting along the PRSW relation) 

(85). This preload-dependent contractile function of the LV is particularly important 

on exercise, when RV preload increases due to increased venous return and heart 

rate increases due to sympathetic activation and parasympathetic inactivation, 

reducing the diastolic filling period (86,87). Impairment of the Frank-Starling 

mechanism is a hallmark feature of heart failure, and a major contributor to reduced 

cardiovascular reserve and exercise intolerance (88). In HFrEF, systolic dysfunction 

raises LVEDP which recruits the Frank-Starling mechanism in an attempt to maintain 

contractility. Recruitment of preload is limited at the onset of pulmonary and 

peripheral oedema, however LV cavity dilatation may compensate for this by allowing 

for increases in LVEDV, minimising increases in LVEDP.  

 

However, external factors have also been shown to increase LVEDP in situations 

associated with right ventricular pressure and volume overload, including heart 

failure. In these situations, the LVEDP is no longer a reliable marker of transmural 

LVEDP. The LV and RV are contained within the pericardium, which exhibits a ‘J-

shaped’ stress-strain relationship, such that changes in pressure are small when the 
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pericardium is only mildly stretched, but pericardial pressure increases exponentially 

when the pericardium is progressive stretched as in patients with heart failure 

associated with right ventricular enlargement and substantially increased RVEDP 

(89). LV filling can therefore be constrained by the pericardium (pericardial 

constraint) and by the RV through the interventricular septum (diastolic ventricular 

interaction, DVI), which becomes shifted to the left resulting in a flattened or D-

shaped septum. Right atrial pressure (RAP) and pericardial pressure are almost 

identical in humans, and therefore the following formula can be used to calculate 

true LV preload: TLVEDP = LVEDP – RAP (90). This demonstrates that large acute 

changes in right ventricular volume (i.e. RAP) could affect LVEDP without affecting 

TLVEDP, and explains the paradoxical increase in LV stroke volume seen in some 

patients with chronic heart failure following acute preload reduction (91,92). 

Frenneaux et al. demonstrated significant DVI (diagnosed by a paradoxical increase 

in LV stroke volume when lower body negative pressure was applied to unload the 

RV) in as many as 40% of patients with systolic heart failure, and this was predicted 

by a LVEDP ≥15mmHg (93). The same group also demonstrated that DVI is 

responsible for “the apparent descending limb of the Frank-Starling curve in heart 

failure”, whereby early measures of the Frank-Starling mechanism using LVEDP vs. 

SW showed a fall in SW (i.e. reduced contractility) with volume loading past a certain 

point in patients with heart failure, and a sudden paradoxical increase in SW with 

volume unloading back to this point (i.e. increased contractility) (92). They showed 

that DVI accounted for this sudden change slope of the LVEDP-SW relationship 

(Frank-Starling curve), and that plotting TLVEDP-SW instead maintained a positive 

slope, demonstrating that contractility was, in fact, not depressed.  

 

1.2.1.1.4   Left Ventricular Afterload  

 

Finally, LV afterload is increased in HFrEF and contributes to disease progression. 

Afterload reflects ventricular ‘wall stress’ and denotes the load against which the 

myocardium must eject its stroke volume (94). A reduction in afterload for a given 
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EDV results in an increase in stroke volume, as demonstrated by a widening of the PV 

loop (Figure 1-1), and underlies the beneficial effects attributed to vasodilator 

therapies. The acute/semi-acute myocardial response to increased afterload is to 

increase contractility in an attempt to maintain stroke volume, known as the Anrep 

effect or ‘stress-stimulated contractility’/’homeometric autoregulation’, and occurs 

via stretch-activated-receptor mediated increases in intracellular Ca2+ currents (95). 

Such mechano-sensitive channels may include the angiotensin type 1 (AT1) receptor 

and channels from the transient receptor potential (TRP) superfamily (96,97). 

Neurohormonal activation and volume overload contribute to ventricular 

remodelling. In chronic pressure overload states, the left ventricle remodels to 

reduce wall stress, typically in the form of concentric hypertrophy. According to 

LaPlace’s law, wall stress is proportional to LV pressure and cavity radius, but 

inversely proportional to wall thickness (98). In volume overload states such as 

longstanding HFrEF, eccentric hypertrophy (LV dilatation) occurs as described above, 

which maintains stroke volume via preload but increases wall stress by LaPlace’s law. 

Afterload is acutely and critically elevated in acute decompensated HFrEF in 

association with severe endothelial dysfunction, and this has led some experts to 

reclassify the condition an ‘acute endothelitis’ (99).  

 

A measure of LV afterload known as arterial elastance (Ea) can be obtained from PV 

loops in a manner similar to Ees, and is given by the slope of a straight line drawn 

from the end systolic point to the end diastolic volume (EDV) on the volume axis 

(Figure 1-1) (100). Ea encompasses both pulsatile and static afterload, but is primarily 

determined by systemic vascular resistance (SVR) and heart rate. The ratio of Ea to 

Ees is known as the vasculoventricular coupling (VVC) ratio, which describes the 

efficiency with which blood is ejected from the LV is transmitted to the vasculature 

(101). A normal resting VVC ratio in man is between 0.7-1.0, and this range reflects a 

state in which LV output and energetic efficiency are optimised (102). During 

exercise, Ea increases slightly (with heart rate) in association with a much greater 

increase in Ees, causing the VVC ratio to fall (103). This maximises LV stroke work to 
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achieve the increase in CO required with exercise but sacrifices energetic efficiency 

such that myocardial energy consumption increases. When the VVC ratio departs 

substantially from normal values efficiency is markedly reduced, and, as active 

relaxation of the LV is a highly energy dependent process (104), this compounds the 

energetic impairment that is typically present in the failing heart. In HFrEF, Ees is 

reduced at rest due to depressed LV contractility, yet neurohumoral activation (in the 

absence of adequate neurohumoral blockade) results in an increase in vascular tone, 

resulting in an increase in Ea and consequently vasculoventricular mismatch (101). 

Indeed in acute HFrEF, afterload excess (endothelitis) greatly elevates the VVC ratio 

leading to decompensation. This can be successfully managed with vasodilator 

therapies.  

 

1.2.1.2  Heart Failure with Preserved Ejection Fraction 

 

1.2.1.2.1   Left Ventricular Afterload and Contractility 

 

The pathophysiology of HFpEF is complex. Excessive LV afterload is considered by 

many to be a cardinal cause of the  haemodynamic impairment, and this is supported 

by a near-ubiquitous history of systolic hypertension in patients who develop the 

disease (105). Similarly, the other common risk factors for HFpEF such as old age, 

female sex, diabetes, renal dysfunction, and obesity, are known to contribute to an 

increase in afterload. An EF within the ‘normal’ range is frequently assumed to 

indicate ‘normal’ contractile function, however most of these patients exhibit 

impairment of long axis contractile function (43). There is currently no way to predict 

those patients who will progress to HFpEF from hypertensive heart disease (106). 

Recent studies in these populations however, have demonstrated important 

reductions in ‘myocyte level’ LV contractility that do not translate to impairments in 

Ees or EF, but the mechanism was not defined (107).  
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Both pulsatile and static afterload are raised in HFpEF. Progressive vascular 

calcification and increased basal tone increase SVR, and stiffening of the aorta and 

other great vessels leads to increased afterload through the ‘Windkessel’ effect and 

an associated increase in pulse wave velocity (108). When blood is ejected from the 

LV, a large forward wave is propagated into the elastic aorta which acts like a 

‘Windkessel’ (an air chamber used in old fire hoses to produce a steady flow of water 

transmitted from a pump) to dampen pulsatility and transmit steady flow to the 

muscular distal arteries (109). At areas of impedance mismatch, such as branch points 

of the aorta, blood is reflected back towards the LV. Normally, this backwards wave 

arrives at the beginning of diastole when the aortic valve is closed, and enters the 

coronary ostia, perfusing the coronary arteries (110). When pulse wave velocity is 

increased (e.g. due to aortic calcification), the backwards propagating wave arrives 

earlier in the cardiac cycle when the aortic valve is open, causing this wave to be 

transmitted to the LV and augmenting LV late systolic load (111). Shorter stature also 

results in earlier return of the reflecting waves due to shorter distances to arterial 

branch points (112), perhaps partly explaining the greater prevalence of HFpEF in 

women. To maintain VVC, Ees rises in response to increased Ea (103). Whilst acute 

increases in Ees reflect improved contractility (the Anrep effect), the chronic increase 

seen in HFpEF also reflects increased diastolic passive stiffness. Together with 

impaired active relaxation, this limits increases in LVEDV on exercise, and thereby 

stroke volume and cardiac output, and greatly increases exercise LVEDP (107).  

 

Diastolic dysfunction on PV loops is demonstrated by an increased slope of the end 

diastolic pressure volume relationship (EDPVR) (Figure 1-1), the shape of which is 

predominantly determined by the phosphorylation status of the giant cytoskeletal 

protein titin (phosphorylation reduces passive stiffness) (113). Indeed, genetic 

variants of titin that produce a truncated protein (TTNtv), result in dilated 

cardiomyopathy and HFrEF (114). These variants have a relatively low penetrance, 

but also appear to amplify the risk of other causes of DCM including peripartum 

cardiomyopathy. The two isoforms of titin, N2BA (larger and more compliant) and 
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N2B, are present in roughly equal amounts in human myocardium. An increased 

N2BA:N2B ratio has been shown in ischaemic and non-ischaemic DCM, as well as in 

LV pressure overload due to aortic stenosis (115) but an isoform switch was not 

demonstrated in HFpEF (116). However, titin PKA/PKG phosphorylation status is 

greatly reduced in HFpEF compared to normal myocardium, and contributes to 

diastolic dysfunction. Impairment of the Frank-Starling mechanism in HFpEF 

contributes to the reduced cardiovascular reserve, the hallmark feature of the 

disease, and for this reason, patients may be asymptomatic at rest when LVEDP is not 

elevated but become severely symptomatic on exertion (36). The increased slopes of 

Ees and Ea also contribute to blood pressure lability, such that acute reductions in 

afterload result in significant falls in systolic blood pressure, putting patients at risk 

of symptomatic hypotension with the use of diuretic and vasodilator therapies (117).  

 

1.2.1.2.2   Sub-phenotypes in HFpEF 

 

An important reason for the failure of therapies to improve patient outcomes in 

HFpEF is the notable differences between patient cohorts included in clinical trials 

(118). To minimise this and better select patients for whom these therapies may be 

of benefit, HFpEF should be considered a disease of multiple sub-phenotypes, each 

with a unique clinical profile, set of risk factors, and priority list of therapeutic targets. 

It is hoped that improved patient phenotyping will ensure that the correct patient 

group is matched to the correct intervention and, for research, match patients to 

therapies that are most like to succeed and improve outcomes. Whilst the key 

medications in HFrEF (beta-blockers, ACE-inhibitors, and MRAs) have proven 

unsuccessful in the management of HFpEF (119-123), there is hope that newer 

studies utilising enhanced patient phenotyping may yet yield success. Currently 

however, management is targeted at symptom control with cautious use of diuretics 

and minimisation of cardiovascular risk factors, including statins for 

hypercholesterolaemia, targeted weight loss for obesity, and antihypertensives (with 

ACE-inhibitors, beta-blockers, and MRAs preferred) and anti-diabetic medications as 
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indicated (124). There is clear evidence that primary prevention of CVD risk factors 

reduces the risk of patients developing heart failure (although the evidence for HFpEF 

specifically is limited), however such approaches to management are insufficient in 

patients with established disease, and novel therapies are sorely needed.  

 

1.2.1.2.3   Left Ventricular Preload  

 

An example of a novel therapy for HFpEF involves delineating the contribution of 

external constraint to LVEDP at rest and with exercise. The raised preload that 

characterises this disease is considered by many to be solely related to LV stiffening, 

and whilst this is certainly the predominant mechanism, others are likely to be 

important, especially with exercise. Exercise-induced pulmonary hypertension is very 

common in HFpEF, and the origin may be multifactorial, including reduced LV 

compliance, energetic impairment (i.e. impaired LV active relaxation), and pulmonary 

arterial dysfunction (125). These mechanisms result in acute increases in LVEDP that 

are then transmitted back into the pulmonary vasculature raising RVEDP and thus 

pericardial pressure. We recently showed that this leads to significant DVI and 

pericardial constraint on exercise in ~50% of a sub-phenotype of patients with HFpEF 

and normal LVEDP at rest, and that this impaired augmentation of exercise stroke 

volume via the Frank-Starling mechanism (126). This is important, as although the 

contribution of LV stiffness to this increase in preload is a difficult therapeutic target, 

pericardial constraint may be targeted with surgical or transcatheter pericardiotomy 

(127). Similarly, biventricular pacemaker therapy may also present a viable option. In 

HFrEF, triggering LV filling ahead of RV filling prevented the RV from constraining LV 

filling, relieving DVI (128).  

 

1.2.1.3  The Pro-Inflammatory Paradigm of Heart Failure and NO 

 

Although this haemodynamic paradigm accurately describes and predicts changes in 

clinical parameters of patients with heart failure, it does not easily lend itself to 
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determining underlying cellular mechanisms. Recently, Paulus and Tschöpe proposed 

a novel paradigm that unifies the pathophysiologies of HFpEF and HFrEF under the 

umbrella of cardiac inflammation (129). The authors propose that HFpEF results from 

systemic inflammation which is secondary to a slew of cardiovascular risk factors. 

Interstitial fibrosis and myocyte NO consumption results from coronary endothelial 

ROS. NO consumption reduces PKG signalling, which increases pro-hypertrophic 

signalling and resting myocyte tension via hypophosphorylation of titin (116). HFrEF 

on the other hand, results in this paradigm from various insults to myocytes leading 

to toxic intracellular ROS, causing myocyte loss and replacement fibrosis. However, 

the proposition that heart failure is a pro-inflammatory state is not new. Indeed RAAS 

activation, central to the neurohormonal hypothesis, has been associated with high 

intracellular ROS via activation of NADH oxidase by angiotensin II and aldosterone 

(130). The level of shear-stress induced activation of the ROS-quenching superoxide 

dismutase (SOD) has also been shown to be related to exercise capacity in patients 

with HFrEF, and may underlie the beneficial effects of physical training (131). 

Inflammatory markers such as interleukin 6 (IL-6) and high sensitivity C-reactive 

protein (hsCRP) have been shown to predict death and correlate with exercise 

capacity in HFrEF (132). Although blockade of tumour necrosis factor α (TNFα) has 

proved unsuccessful in HFrEF trials (133), a recent exploratory analysis of the 

Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) 

demonstrated reduced hospitalisations for heart failure in the active arm in patients 

with a history of myocardial infarction and elevated hsCRP (134) and has rekindled 

interest in inflammation as a therapeutic target. This new paradigm by Paulus and 

Tschöpe (129) importantly centralises perturbed canonical NO signalling due to 

inflammation in the pathogenesis of HFrEF and HFpEF, and suggests that therapies 

that restore myocardial PKG content may hold the key to successfully improving 

patient outcomes where others have failed.  

 

1.2.2 Alterations in Cardiac Metabolism 
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The heart cycles vast amounts of energy each day to power its continued pumping to 

meet the incessant oxygen demands of the body. This translates to as much as 6kg of 

adenosine triphosphate (ATP, the chemical energy molecule used to fuel cellular 

processes) cycling per day (135). Therefore, impairments in energy metabolism can 

have profound effects on all aspects of LV performance. The healthy heart is 

omnivorous, allowing it to utilise multiple alternative energy substrates to minimise 

energetic deficiency when certain substrates are scarce or insufficient (136). 

Oxidation of free fatty acids (FFAs), and glucose and lactate, normally provide roughly 

60-90% and 10-40% of the energy needed to meet the adult heart’s metabolic 

requirements, respectively in the fasting state (137). More than 98% of the energy 

produced in the heart comes from oxidative phosphorylation, with <2% being derived 

from glycolysis.  

 

1.2.2.1  Cardiac Metabolism in Health 

 

Cellular metabolism involves the interplay of many complex pathways (Figure 1-2). 

We have reviewed the basics of cardiac metabolism and touched on the alterations 

observed in heart failure previously (138,139). Briefly, long chain FFAs enter 

myocytes via fatty acid translocase (FAT/CD36), and are esterified by acyl-CoA 

synthetase to form long-chain fatty acyl-CoA. The enzyme carnitine 

palmitoyltransferase 1 (CPT1) is the rate-limiting enzyme for the transport of FFAs 

into mitochondria via the ‘carnitine shuttle’ (140). CPT1 adds a carnitine group so that 

fatty acyl-CoA can be transferred across the mitochondrial membrane, where the 

carnitine is removed by the enzyme CPT2. Cytoplasmic long chain fatty acyl-CoA that 

is not transported into the mitochondria enters the triacylglyceride (TAG) storage 

pool (141). Fatty acyl-CoA in the mitochondrion undergoes β-oxidation to generate 

acetyl-CoA, and high energy nicotinamide adenine dinucleotide (NADH) and flavin 

adenine dinucleotide (FADH2). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle to 

produce NADH and FADH2 (from succinate dehydrogenase), which donate electrons 

that are transferred between the complexes of the electron transport chain (ETC) 
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located on the inner mitochondrial membrane (142). This powers extrusion of 

hydrogen ions (H+) across the membrane via these complexes and generates an 

electrochemical gradient, which is used to power the synthesis of ATP via 

phosphorylation of ADP by ATP synthase (oxidative phosphorylation). Although 

necessary for the formation of ATP, superoxide and other ROS production is a 

consequence of the actions of the ETC. While these usually react with H+ ions to form 

H2O, uncoupling proteins (UCP) and adenine nucleotide translocases (ANT) may 

dissipate the electrochemical gradient in a controlled fashion to prevent 

overwhelming ROS-related damage (143). UCPs also importantly mediate 

thermogenesis by brown fat and can export free fatty acids outside of mitochondria 

when present in excess. Uncontrolled ROS-related damage includes the oxidation of 

NO to form peroxynitrite (ONOO-), which leads to lipid peroxidation and DNA 

damage, culminating in the opening of the mitochondrial permeability transition pore 

(mPTP), release of cytochrome c, and ultimately, cellular apoptosis (144).  

 

Glucose is transported into the myocyte via the glucose transporter (predominantly 

GLUT4) where it is phosphorylated by hexokinase to glucose-6-phosphate (G6P) 

(145). G6P then enters the glycolytic pathway to produce pyruvate. G6P may also 

enter the pentose phosphate pathway (PPP) via oxidation by the glucose-6-

phosphate dehydrogenase (G6PD) enzyme, culminating in the production of 

ribonucleotides and reduced nicotinamide adenine dinucleotide phosphate (NADPH). 

NADPH is critical for quenching cellular ROS and is also required for fatty acid 

synthesis (146). Excess G6P may also be stored as glycogen (glycogenesis). The 

phosphofructokinase (PFK) enzyme catalyses the next, ‘committed’ step of glycolysis 

(the irreversible conversion of fructose-6-phosphate to fructose-1,6-bisphosphate), 

and is therefore the most important regulator of glycolysis (147). The substrate of 

PFK, fructose-6-phosphate, may also be funnelled away from glycolysis into the 

hexamine biosynthesis pathway (HBP). The HBP consumes glutamine, acetyl-CoA and 

ATP, and ultimately, transfers N-acetylglucosamine to many cellular proteins (O-

GlcNAcylation), an important form of post-translational modification (148). Indeed, 
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O-GlcNAcylation of PFK-1 occurs in response hypoxia and shunts glucose towards the 

PPP, increasing NADPH to quench cellular ROS (147).  

 

 
Figure 1-2: A Simplified Illustration of Cardiac Metabolism and the Effects of 
Metabolic Modulator Drugs in Heart Failure.  
The healthy heart derives almost all of its energy (ATP) from oxidative 
phosphorylation, predominantly of free fatty acids (smaller pathways, such as ketone 
metabolism, not included). Heart failure is associated with a number of pathological 
changes in cardiac metabolism (red arrows) and an increase in ROS. Many metabolic 
modulator drugs inhibit fatty acid oxidation or transport of FFAs into the 
mitochondrion, which increases glucose metabolism via the Randle Cycle (green 
arrows). Other mechanisms include directly increasing glucose metabolism, or 
stabilising the mitochondrial electron transport chain (ETC). ACS, acyl-CoA 
synthetase; ATP, adenosine triphosphate; CD36, fatty acid translocase; CoQ10, co-
enzyme Q10; CPT, carnitine palmitoyltransferase; ETC, electron transport chain; FFA, 
free fatty acid; GIK, glucose, insulin, potassium; GLUT, glucose transporter; PDH, 
pyruvate dehydrogenase; PT, pyruvate translocase; TCA cycle, tricarboxylic acid cycle.  
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Pyruvate is actively transported into the mitochondrion by pyruvate translocase, 

where the pyruvate dehydrogenase (PDH) complex catalyses its decarboxylation into 

acetyl-CoA, which enters the TCA cycle with the acetyl-CoA produced by the β-

oxidation of fatty acyl-CoA. PDH controls the rate-limiting step in glucose oxidation, 

and is allosterically inhibited by its products, acetyl-CoA and NADH, and activation of 

pyruvate dehydrogenase kinases (PDK) (149). In this way, fatty acid oxidation inhibits 

glucose oxidation, termed the Randle cycle (150). Conversely, activating 

phosphatases (PDP) are upregulated by insulin and Ca2+, increasing the activity of 

PDH leading to a net increase in glucose oxidation (151). The myocardium also 

extracts plasma lactate (produced elsewhere in the body) and can oxidise this to 

pyruvate, with lactate and glycolysis representing roughly equal contributions to 

myocardial pyruvate in health (152). The inhibitory kinases (predominantly PDK1), as 

well as PFK and GLUT4 are upregulated in hypoxia by hypoxia inducible factor 1α 

(HIF1α) (153). This prevents oxidation of pyruvate in low O2 conditions, which would 

uncouple oxidative phosphorylation causing toxic cellular ROS, but increases glucose 

uptake for energy production via anaerobic glycolysis.  

 

Even during acute myocardial ishaemia, the heart derives most of its energy from 

fatty acid oxidation, the products of which further inhibit pyruvate oxidation via the 

Randle cycle. Indeed, the partial restoration of pyruvate oxidation underpins the 

success of fatty acid oxidation inhibitors in the treatment of angina pectoris (154). 

Hypoxia shunts pyruvate to the final pathway of anaerobic glycolysis catalysed by 

lactate dehydrogenase (LDH) to generate ATP and lactate (i.e. a switch to lactate 

production), and increases the precursors of the HBP and PPP (to modify proteins and 

detoxify hypoxia-generated ROS). Pyruvate may also be consumed to replenish TCA 

cycle intermediates, termed ‘anaplerosis’ (155).  
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1.2.2.2  Heart Failure  

 

Failing (and indeed hypertrophic) hearts have reduced cardiac energetic status 

compared to healthy hearts as demonstrated by reduced phosphocreatine (PCr) to 

adenosine triphosphate (ATP) ratio on 31-phosphorus cardiovascular magnetic 

resonance spectroscopy (31P CMRS), and this is related to disease severity (135). PCr 

represents a pool of ATP that can be drawn upon during short bursts of intense work 

in muscle (e.g. first minutes of exercise) and later replenished, and a reduced PCr/ATP 

ratio indicates a chronic deficit requiring consumption of energy reserves. Reduced 

ATP production in heart failure is multifactorial and affects all levels (Figure 1-2). 

Catecholamine release results in lipolysis and release of FFAs into the bloodstream 

from peripheral adipocytes, resulting in increased long chain FFAs entering myocytes 

(156). Despite the increased supply of FFAs, their oxidation is impaired in heart failure 

due to both downregulated expression and reduced activity of peroxisome 

proliferator-activated receptor α (PPARα), a ligand-activated transcriptional factor 

that regulates the expression of β-oxidation enzymes and CPT1 (157). Expression of 

PPARα and its transcriptional co-factor, PPARγ co-activator 1α (PGC-1α), are directly 

upregulated by NO-sGC-cGMP signalling in skeletal muscle, and modulated by ROS 

and HIF1α during hypoxia (158).  

 

Reduced oxidation of FFAs in heart failure leads to cytosolic accumulation of long-

chain fatty acid intermediates, including toxic/arrhythmogenic acyl-carnitines and 

ceramide (159), and a substrate switch towards the neonatal metabolic phenotype, 

characterised by increased glucose uptake rather than reliance on FFAs. Glucose 

metabolism carries a lower oxygen cost than fatty acid oxidation, however the 

amount of ATP generated per mole of substrate is also less (160). However, glucose 

oxidation in heart failure is either unchanged or reduced at the level of PDH due to 

PDK (potentially from ROS or chronic subtle hypoxia), and this low ATP state further 

stimulates glucose uptake, glycolysis, and glycogenolysis, uncoupling glucose 

oxidation from glucose uptake (152). Cardiac insulin resistance is also a common 
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feature of heart failure (with or without peripheral insulin resistance), and is closely 

related to activation of mammalian target of rapamycin complex 1 (mTORC1) and its 

substrate, ribosomal S6 kinase by ROS (161). Indeed, there is an increased incidence 

of type 2 diabetes mellitus in heart failure, and this is known to be associated with 

poorer long-term prognosis (162).  

 

Low ATP production from reduced substrate oxidation causes the cellular ATP/AMP 

ratio to decline and activates 5' AMP-activated protein kinase (AMPK). AMPK is the 

negative regulator of mTOR and an insulin-independent mediator of GLUT4 

expression (163), but signalling via this pathway is impaired by high ROS, shifting the 

balance in favour of mTORC1/S6 kinase signalling. NO is an activator AMPK (with 

AMPK then increasing NO production via eNOS phosphorylation, particularly in 

response to vascular shear stress (164)), and may normalise AMPK signalling in the 

setting of high ROS, given its anti-inflammatory effects. Nutrient deficiency, by 

activating AMPK and inhibiting mTOR, is also an important mechanism for activation 

of autophagy in healthy cells (161). A basal level of autophagy allows cells to 

continuously ‘recycle’ and replace damaged components, including mitochondria 

(mitophagy) (165). This is critically important in terminally differentiated cells, 

including cardiac myocytes. Autophagy may be upregulated via multiple mechanisms 

in cardiovascular disease. In heart failure, high redox and haemodynamic stress 

increase mTORC1 signalling, activating maladaptive autophagy and contributing to 

pathological ventricular remodelling and dilatation (166). Similarly, basal autophagy 

may be affected, such that defective mitochondria and other important structures 

are no longer recycled and replaced. The low-energy state of heart failure, via an 

increased cellular NAD+/NADH ratio, also activates sirtuins, a group of critical NAD+-

dependent deacetylases with a range of positive effects on energy metabolism, 

oxidative stress, and cellular ‘aging’ (167). SIRT1 increases expression of catalase and 

manganese superoxide dismutase (Mn-SOD), important mechanisms for quenching 

cellular ROS (168), SIRT1 also deacetylates and activates PPARα, eNOS, and PGC-1α 

(the master regulator of mitochondrial biogenesis), among others, whereas SIRT3 
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deacetylates and activates the fatty acid oxidation enzyme long chain acyl-CoA 

dehydrogenase (LCAD) (169). SIRT1 and SIRT6 also importantly activate nuclear factor 

erythroid 2-related factor 2 (Nrf2) and inhibit nuclear factor-kappa B (NF-κB), 

protecting the endothelium (169). Therefore, given the complex positive regulatory 

interplay between NO and sirtuins, interventions that increase NO and/or activate 

sirtuins (such as resveratrol) are likely to be beneficial in heart failure.  

 

Finally, mitochondrial dysfunction is a key feature of heart failure, contributing 

significantly to energetic impairment and excessive ROS generation. Downregulation 

and hypophosphorylation of PGC-1α leads to decreased mitochondrial biogenesis, 

and mitochondrial quality is also affected as a result of reduced basal autophagy and 

increased catecholamine toxicity (170). Most importantly however, the mitochondria 

in heart failure produce excess levels of ROS (produced at complexes I and III) 

compared to those from healthy hearts, and produce less ATP (171). These toxic 

levels of ROS are responsible for damage to mitochondrial DNA via peroxynitrite as 

well as important morphological changes. The mitochondrial respiratory complexes 

are organised together in supercomplexes at the inner mitochondrial membrane 

called ‘respirasomes’ (142). These respirasomes are stabilised by cardiolipin, which 

also functions to retain cytochrome c (a key cellular apoptotic signal) at the inner 

mitochondrial membrane. Peroxidation of cardiolipin may also cause cellular 

apoptosis (172). Drugs that stabilise cardiolipin, such as Elamipretide, could therefore 

hold great promise in the treatment of mitochondrial dysfunction in heart failure. 

However, whilst in the phase 1 clinical trial in patients with HFrEF, Elamipretide was 

shown to be well-tolerated (173), the phase 2 randomised controlled trial from the 

same group, powered to detect changes in end diastolic and end systolic volumes on 

cardiovascular MRI, failed to demonstrate a significant improvement in left 

ventricular end systolic volume (LVESV) following 28 days of either 4mg or 40mg of 

Elamipretide compared to placebo (174). Similarly, drugs that directly or indirectly 

target ROS production are likely to be hugely beneficial in heart failure. An important 

action of NO is to bind to complex I of the ETC, preventing cellular respiration and 
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ROS production, particularly in hypoxia (175). In keeping with the inflammatory 

paradigm (129), this once again centralises restoration of NO-signalling in the 

treatment of heart failure. NO from plasma nitrite, thought previously to be an inert 

chemical formed by oxidation/consumption of NO within the body, is unique to other 

methods of NO administration in that it is liberated in hypoxic tissues, representing a 

method for blockade of mitochondrial ROS that is targeted, and occurs at 

physiological levels (16). Nitrite may also directly inhibit complex I via S-nitrosylation 

of cysteine residues, and this is thought to be an important mechanism behind its 

cytoprotective effects against ischaemia/reperfusion injury (176). Furthermore, 

energy transport through the creatine kinase (CK) system from the mitochondria to 

sites of utilisation in the cytosol is reduced in heart failure; mitochondrial creatine 

levels are reduced due to downregulation of the transporter and oxidative stress 

reduces cytosolic CK activity (177). Xanthine oxidase derived ROS appears particularly 

important, since Allopurinol acutely increased CK flux in patients with DCM (178). 
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1.3 The Nitrate-Nitrite-NO Pathway 

 

NO derived from the recently characterised Nitrate-Nitrite-NO pathway provides an 

alternative (and supplementary) supply of NO to the action of the eNOS isoenzyme 

(16,179). Importantly, the liberation of NO from nitrite occurs under conditions of 

low oxygen tension (180), whereas the metabolism of l-arginine is reliant on oxygen 

(1). Inorganic nitrate from the diet, particularly found in green leafy vegetables, is 

almost completely absorbed in the proximal gastrointestinal tract. Nitrate within the 

blood reaches the salivary glands, where it is concentrated 10-fold and secreted onto 

the dorsum of the tongue (181). Commensal bacteria within the oral cavity possess 

nitrate reductase activity not found in humans (182), and reduce nitrate to nitrite 

which is then swallowed. Around 5% of the ingested nitrate from the diet is reduced 

to nitrite via this ‘enterosalivary circulation’ (16). A small proportion of the nitrite 

within the stomach is also reduced by the acidic environment to NO, and is important 

for gastric mucosal vasodilatation/integrity, as well as the antibacterial properties of 

gastric secretions (183). The remaining nitrite is absorbed into the bloodstream and 

delivered to the tissues. The importance of the enterosalivary circulation was 

elegantly demonstrated in a recent randomised controlled trial investigating the 

antihypertensive benefits of inorganic nitrate (as beetroot juice) (184). The beneficial 

effects of inorganic nitrate on blood pressure were lost when patients were asked to 

spit out all saliva following ingestion of beetroot juice rather than swallowing. 

Interestingly the use of mouthwash also abrogated the vasodilator effects of 

inorganic nitrate (185), reinforcing the important role of healthy commensal oral 

bacteria, which may also partly explain the increased cardiovascular risk associated 

with poor dentition, where bacterial overgrowth causes the natural oral microbiota 

to be replaced.  
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1.3.1 Nitrite Reductases 

 

Highly acidic environments, as in the stomach, may reduce nitrite to NO 

spontaneously in a process termed ‘acid disproportionation’ (186). This reduction is 

enhanced in the presence of dietary ascorbic acid and polyphenols (187,188). Within 

other tissues, where such extreme environments do not exist, a number of ‘nitrite 

reductases’ necessary for NO release have been identified with maximal rates during 

hypoxia (i.e. nitrite reduction is inhibited by oxygen) (189). These include xanthine 

oxidoreductase (XOR) (190), mitochondrial aldehyde dehydrogenase (ALDH2) (191), 

eNOS (192), deoxymyoglobin and deoxyhaemoglobin (193-195), and cytochrome C 

oxidase of the mitochondrial electron transport chain (ETC) (196,197). The ubiquitous 

carbonic anhydrase enzyme has been shown to release NO from nitrite via nitrite-

anhydrase activity (198). Neuroglobin and cytoglobin may also play a role in the 

reduction of nitrite to bioactive NO (199,200). The proposition that the haem-

containing globins may function as nitrite reductases is regarded as controversial by 

some however, as NO avidly binds oxyhaemoglobin, which would prevent release of 

any NO produced from nitrite in erythrocytes (189,201). This has been countered by 

proponents of this theory however, who have postulated that nitrite binds with 

deoxyhaemoglobin to produce methaemoglobin and NO (via the intermediate 

formation of iron-nitrosyl-Hb) (20). The methaemoglobin would then further bind 

with nitrite to produce an intermediate NO2
• (with radical properties). NO produced 

by the reaction is displaced via haem oxidation (termed ‘oxidative denitrosylation’), 

and reacts with the NO2
• radical in a fast ‘radical-radical’ reaction to form N2O3 before 

the NO can bind nearby oxyhaemoglobin and be oxidised to nitrate. The N2O3 then 

diffuses out of the erythrocyte into other tissues, where it breaks down into NO or 

directly S-nitrosylates thiols (20). This dual activity of haemoglobin, based on oxygen 

binding state, may in this way contribute to the selectivity of nitrite for the venous 

circulation and metabolically active tissues.  
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Importantly, the liberation of NO from nitrite may also occur independently of 

ambient tissue O2 tension and is not subject to the development of tolerance, a 

recognised barrier to chronic organic nitrate therapy (202). In addition, while nitrite 

may function as a reservoir of NO and therefore act via the aforementioned 

mechanisms, it may also directly S-nitrosylate cysteine residues in proteins in a 

manner similar to NO, increasing or decreasing their activity (203). During hypoxia, 

nitrite reduction to NO in the presence of nitrite reductases is rapid, however in 

normoxia the release of NO from nitrite is much slower, and there is mounting 

evidence that the normoxic action of nitrite may in fact be independent of NO. Nitrite 

(as intravenous sodium nitrite) has been shown to dilate conduit arteries in healthy 

volunteers in a manner which was independent of NO but dependent on cGMP, 

however the mechanism was not identified (204). A potential explanation may be 

nitrite oxidation to dinitrogen trioxide (N2O3), however this has not been adequately 

explored (20).  

 

1.3.2 Historical Uses of Inorganic Nitrate and Nitrite  

 

Inorganic nitrate from the diet may present a method for nitrite supplementation 

that is acceptable to many patients, and has been shown to underlie much of the 

beneficial effects observed from diets associated with lower cardiovascular risk, such 

as the Mediterranean diet (205,206). The Dietary Approaches to Stop Hypertension 

(DASH) diet has been shown to reduce blood pressure in patients both with and 

without hypertension (207). In a clinical trial investigating the effects of eight weeks 

of the DASH diet (following three weeks of a control diet) on blood pressure in 459 

adults with resting blood pressures of <160/80-95mmHg, systolic blood pressure was 

reduced by ~11.5mmHg in the hypertensive-group in the intervention arm (207). 

Further analysis of the DASH diet suggests that inorganic nitrate and nitrite levels are 

likely responsible for the antihypertensive effects (206), with the high vegetable 

content resulting in a nitrate intake of up to 1222mg per day, which exceeds the WHO 

recommendations for a 60kg adult almost 5-fold (208). In light of these findings, there 
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has been ongoing interest in dietary supplementation with inorganic nitrate, which 

can achieve similar antihypertensive effects via dietary supplementation, for example 

with beetroot juice, which contains around 40mg (or ~6.4mmol) of nitrate in a single 

250 mL dose (209).  

 

Various chemical compounds containing the nitrate ion have in fact been used in 

medicine since ancient times and may increase plasma nitrite levels. A particular 

example of this is the mineral potassium nitrate (KNO3), which occurs naturally 

(known as nitre or saltpetre) and was prescribed by Chinese physicians, who advised 

placing the powder under the tongue and swallowing the saliva produced (210). 

Nitrate compounds have also been used commercially in the synthesis of gun powder 

and in the agricultural sector as fertiliser (211). Potassium nitrate, as a potassium salt, 

is also a well-known diuretic that was used before the advent of modern, more 

effective diuretics (212). Other nitrate containing drugs, such as sodium nitrate, have 

been proposed as alternative drug candidates that lack diuretic properties, which 

may be unattractive in many cardiovascular disease states, whilst still increasing 

plasma nitrite levels. In contrast, nitrite-containing compounds are used 

commercially as food preservatives due to potent antibacterial effects (213), and 

were once used in medicine in the form of inhaled amyl nitrite for the treatment of 

heart failure and angina pectoris (214), however the effects were often short-lived 

causing this to go out of favour.  

 

1.3.3 Safety of Inorganic Nitrate and Nitrite 

 

1.3.3.1  Reported Risk of Gastrointestinal Cancers 

 

The health effects of nitrate and nitrite have fallen in and out of favour over their 

long history of use, as there have been concerns regarding the use of nitrite as a 

preservative for meats, linked to a potential increased risk of methaemoglobinaemia 

and some gastrointestinal cancers (215,216). The putative mechanism for the latter 
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was nitrosation of consumed amines (such as diphenhydramine, chlorpheniramine, 

or N,N-dimethyldodecylamine-N-oxide) to form N-nitrosamines, and this was 

demonstrated in animal models (217). Difficulties in heterogeneities between studies 

in humans assessing risk of cancer from nitrite/nitrate consumption led to 

inconclusive results with the dispute remaining largely unresolved. The World Health 

Organisation (WHO) recommendation states “ingested nitrate or nitrite under 

conditions that result in endogenous nitrosation is probably carcinogenic to humans 

(Group 2A)” (218). More recently however, this has been called into question 

considering that the primary source of dietary inorganic nitrate is vegetables, and 

large prospective studies have demonstrated an inverse association between fruit, 

vegetable, and fibre intake and gastrointestinal/hepatic cancer risk, with no 

association for other cancers (219).  

 

Shedding further light on this, the large EPIC (European Prospective Investigation into 

Cancer and nutrition) Study of 477,312 men and women across 23 centres in Europe 

showed no association between vegetable intake and gastric adenocarcinoma, but 

did show a protective effect from citrus fruits (likely linked to high levels of 

ascorbate/vitamin C, a potent antioxidant) (220). In fact, a meta-analysis into the risk 

of nitrosamines and gastric cancer demonstrated a reduced risk of gastric cancer with 

high nitrate intake, but a mild increase with high nitrite and N-nitrosodimethylamine 

(NDMA) levels (221). Similarly, a study of 120,852 men from the Netherlands over 

16.3 years demonstrated an association between oesophageal squamous cell 

carcinoma (SCC) and high dietary NDMA (222). A further study from the Shanghai 

Women’s Health Study investigated the association between dietary nitrate/nitrite 

intake and the risk of colorectal cancer. In this cohort of 73,118 women from 

Shanghai, there was found to be no association between nitrate intake and cancer, 

but there was a trend towards increasing prevalence with increasing nitrate intake in 

those women with low ascorbate intake (<83.9mg/day) (223). Concerns from oral 

sodium nitrite persist however, as single doses of sodium nitrite in mice (at 20, 40, 

60, and 75mg per kg bodyweight) were associated with significant intestinal 
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inflammation (216). Taken together, these data imply a localised effect of 

nitrosamines, and a potential risk from ingested nitrite and NDMA, but insufficient 

evidence for risk from dietary inorganic nitrate in the presence of normal ascorbate 

ingestion.  

 

1.3.3.2  Methaemoglobinaemia 

 

The major side effect from the ingestion of inorganic nitrate in the diet or in drinking 

water (mainly from agricultural ‘run-off’) is methaemoglobinaemia, which is related 

to its conversion to nitrite (224). Nitrite oxidises the iron component of haemoglobin 

from the ferrous to ferric state (Fe2+ to Fe3+), which causes a conformational change 

to methaemoglobin (MetHb), preventing binding with oxygen (20). This low oxygen 

state may cause cyanosis and hypoxia, which may be fatal. Methemoglobinaemia 

may manifest as cyanosis at levels of around 10% in the plasma in healthy adults, but 

is present at levels from 0-2% in the physiological state (225). Significant 

methaemoglobinaemia has mainly been reported in children from communities with 

high levels of inorganic nitrate in the drinking water due to fertiliser run-off from 

nearby agricultural areas. This is more likely to occur in infants under the age of 3 

months (termed ‘blue baby syndrome’ due to cyanosis), in whom conversion of 

nitrate to nitrite occurs at an increased rate (up to 80%) (226). This is thought to be 

due to differences in gut microbiota, lower acidity of stomach acid, higher foetal 

haemoglobin levels, and lower levels of methaemoglobin reductases (226), and this 

may be potentiated in infants with gastroenteritis. In addition to this, salivary nitrate 

reductase activity is absent in infants during the first 2 weeks of life, despite the 

presence of nitrate-reducing oral bacteria, resulting in almost no nitrite reaching the 

infant gut (227). In a recent study of 188 infants, salivary nitrate reductase capacity 

measured at 4 months of age was still significantly lower than adult levels, but 

increased dramatically by 12 months (228). There were no differences between the 

sexes, whereas formula-fed infants had higher nitrite levels than breastfed infants at 

4 months, but this difference disappeared at 12 months (228).  
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In adults, the conversion of oral nitrate to nitrite is around 5% (i.e. 25% of the 

ingested nitrate reaches the salivary glands, and 20% of this is reduced to nitrite by 

oral flora) (16). Although blood pressure lowering effects with inorganic nitrate have 

been shown in predominantly Caucasian cohorts, South East Asian patients were 

resistant to these effects, highlighting potential differences based on ethnicity (229). 

Similarly, females have been shown to have higher basal plasma nitrite levels than 

males, in association with higher nitrate-reducing activity of oral bacteria (230). The 

WHO Acceptable Daily Intake (ADI) is set at 3.7mg nitrate/kg body weight/day 

(4.2mmol/day for a 70kg adult) (231). Interestingly, the DASH diet reaches levels of 

nitrate over 1200 mg/day (nearly 20mmol), and has been used safely and effectively 

without methaemoglobinaemia in non-‘at-risk’ groups (207). However, human 

intoxications from sodium nitrite have been reported as a result of its presence in 

food, mainly as a preservative in cured meats (232). It is possible that there is a 

difference in risk profile between dietary sources of nitrate and nitrate from drinking 

water, but this may be more related to contamination of some sources of drinking 

water, such as wells, with anaerobic bacteria that possess nitrate reductase activity 

(233). 

 

1.3.3.2.1   Congenital MetHb and G6PD Deficiency 

 

Some patient groups may be at greater risk than others of developing 

methaemoglobinaemia following exposure to inorganic nitrate or nitrite. Rare 

hereditary forms of autosomal recessive congenital methaemoglobinaemia have 

been identified, which result in cyanosis in the milder form, and life-limiting 

neurological impairment in the severe form (234). Genetic mutations in the NADH-

cytochrome b5 reductase gene have been identified as the causative mechanism 

(235). The NADH-cytochrome b5 reductase enzyme is critically responsible for 

reducing methaemoglobin to haemoglobin in erythrocytes via important reductive 

and oxidative reactions between the glycolytic and pentose phosphate pathways 
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(235), and is thus also known as ‘methaemoglobin reductase’. These patients have 

elevated baseline levels of methaemoglobin, and even slight elevations may cause 

clinically relevant cyanosis. Similarly, lesions of the glycolytic pathway may also result 

in raised methaemoglobin levels following exposure to nitrite. Glucose-6-phosphate 

dehydrogenase (G6PD) deficiency, caused by an X-linked chromosomal mutation, is 

common to many areas of the Mediterranean, Asia, and Africa, and is thought to 

affect some 400 million people worldwide (236). The G6PD enzyme catalyses the first 

step of the pentose phosphate pathway (PPP), which produces the nucleotide 

precursor ribose-5-phosphate and, critically, the reduced form of nicotinamide 

adenine dinucleotide phosphate (NADPH) (237). NADPH produced from the PPP is 

used by the glutathione pathway to remove cellular ROS. In erythrocytes (red blood 

cells) this is the only source of reducing equivalents. In an unstressed state, patients 

with G6PD deficiency are generally asymptomatic. Exposure to some substances 

however, classically antimalarials and fava beans (238,239), results in a haemolytic 

crisis caused by extensive erythrocyte destruction from toxic levels of intracellular 

ROS. Interestingly, this is thought to offer a key evolutionary advantage for people 

living in malaria endemic areas, as the uncontrolled surge in hydrogen peroxide 

(H2O2) and resultant apoptosis of the infected erythrocyte may critically interrupt the 

parasite lifecycle and prevent reproduction/spread (240). Sodium nitrite is currently 

licenced for clinical use as an antidote for cyanide poisoning, at a considerable 

intravenous dose of 300mg (4.35mol) (241). Cyanide avidly binds the Ferric (Fe3+) iron 

within cytochrome C oxidase (complex IV of the mitochondrial ETC), disrupting critical 

mitochondrial respiration (241). High dose sodium nitrite converts large amounts of 

haemoglobin to methaemoglobin, which increases available Ferric (Fe3+) iron to 

compete with that of cytochrome C oxidase as a substrate for cyanide binding. This 

is co-administered with sodium thiosulfate to convert cyanide to thiocyanate which 

can be eliminated by the kidneys (241). At the high dose used in this scenario, sodium 

nitrite increases intracellular ROS and may precipitate haemolytic crisis and increase 

methaemoglobin in patients with G6PD deficiency.  
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1.4 Alternative Methods for NO supplementation 

 

1.4.1 Inhaled Nitric Oxide 

 

Despite the known salubrious effects of saltpetre centuries ago, increasing plasma 

nitrite has remained a relatively unexplored method for increasing bioactive NO since 

it’s characterisation as the endothelium dependent relaxing factor in the 1980s (242). 

However, direct methods of NO supplementation have been investigated extensively 

in the literature, as have interventions that act at varying levels of the NO cascade 

(Figure 1-3). As a gaseous molecule, it seems intuitive that NO may be directly 

delivered via administration of purified NO gas, which would act locally in the 

pulmonary circulation and also improve respiratory function. Indeed this method of 

NO supplementation has been used for many years (243). Acting locally, inhaled NO 

acts via NO-sGC-cGMP signalling and RSNO (S-nitrosothiol) to cause pulmonary 

vasodilatation and bronchodilation, and has important anti-inflammatory and anti-

proliferative effects.  

 

Following administration, NO reacts with oxyhaemoglobin in the blood and is 

oxidised to nitrate, with 70% excreted as nitrate in the urine by 48hours (244). 

Inhaled NO is therefore an effective therapy for pulmonary hypertension and acute 

respiratory distress syndrome (ARDS), enhancing ventilation-perfusion matching 

(and therefore oxygenation) by preferentially acting in well-ventilated airways (245). 

Although pulmonary hypertension is common in many diseases of the cardiovascular 

system, much of the inhaled NO is quickly oxidised following administration to 

nitrate, which cannot be reduced as previously described, leaving only a proportion 

of bioavailable NO following an inhaled dose. The production of nitrite following 

administration of inhaled NO is relatively low. Larger doses may therefore be 

required for systemic effects, which may be problematic due to the potent 

vasodilatory effects of NO with high doses (246). There may be a role for the 

administration of inhaled sodium nitrite (Figure 1-3) as an alternative therapy for 
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cardiovascular diseases, particularly those of which pulmonary hypertension is a 

feature, due to the dual benefits of the localised action of nitrite and the increase in 

systemic plasma nitrite levels, and this is under investigation (247,248). Interestingly, 

ultra-violet A illumination of the skin also results in non-enzymatic NO formation, and 

can even induce a drop in systolic and diastolic blood pressure of around 11% at 30 

minutes (249). However, the time course of NO formation with prolonged exposure 

is unknown, and the significant ethical concerns surrounding sun exposure as a 

medical intervention require further examination.  
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Figure 1-3: Augmentation of the Nitric Oxide Pathway in the Vascular Endothelium. 
In normoxia (A), such as in the arterial circulation, nitric oxide (NO) production occurs 
via the conversion of l-arginine to l-citrulline by eNOS in the presence of co-factors. 
Vascular shear stress also mediates the phosphorylation status of eNOS to increase 
NO production, and this is increased during exercise. Under hypoxic conditions (B), 
low oxygen tension reduces NO production by eNOS. However, plasma nitrite can be 
reduced to NO in hypoxia, supplementing NO production. Plasma nitrite levels are 
primarily determined by conversion of ingested inorganic nitrate by the 
enterosalivary circulation, but also a small part by the oxidation of NO in normoxic 
tissues. ACh, acetylcholine; BH4, tetrahydrobiopterin; BRJ, beetroot juice; Ca2+, 
calcium; cGMP, cyclic guanosine monophosphate; eNOS, endothelial nitric oxide 
synthase; KNO3, potassium nitrate; LNAME, L-NG-Nitro arginine methyl ester; M, 
muscarinic receptor; NaNO3, sodium nitrate; NO, nitric oxide; NO2, nitrite; PDE5, 
phosphodiesterase 5; PKG1a, protein kinase G 1 alpha; sGC, soluble guanylyl cyclase; 
VSMC, vascular smooth muscle cell.  
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1.4.2 Organic Nitrates and Sodium Nitroprusside 

 

NO-donor drugs that could act in the circulation, close to their therapeutic targets, 

provide an attractive intervention for diseases of the cardiovascular system. Indeed, 

GTN (glyceryl trinitrate) has been used in medicine for ~140 years and is known to be 

an effective relief for angina pectoris and heart failure (210). GTN is an organic 

nitrate, a group of drugs with complex structures that donate NO following 

bioactivation in metabolically active tissues (Figure 1-3) (250). The exact mechanisms 

for NO release from organic nitrates have not yet been fully elucidated, however it 

appears that mitochondrial ALDH2 plays an important role in the enzymatic 

bioactivation of high potency nitrates (such as GTN) (251). Lower potency nitrates 

(such as isosorbide mononitrate and isosorbide dinitrate) are predominantly 

bioactivated by CYP450 enzymes in the endoplasmic reticulum (252). An important 

issue following organic nitrate administration however, is the development of 

tolerance when the drug is continuously used for 24hours of more, whereby tissues 

become progressively desensitised to the drug’s effects (202). The mechanisms 

underlying tolerance to organic nitrates involve the formation of ROS and reactive 

nitrogen species (RNS) and a hypersensitivity to vasoconstrictive substances 

(202,253). Increased response to vasoconstrictors is also due to ROS as well as 

upregulation of protein kinase C (PKC), likely due to increased expression of 

Endothelin-1 receptors (254,255). In the case of the high potency nitrates such as 

GTN, an inhibition of ALDH2 activity has also been demonstrated, and is secondary 

to ROS/RNS produced in the cytosol and mitochondria, which oxidise thiols within 

the enzyme and alter its activity (251). Given the integral role of ROS in nitrate 

tolerance, concomitant use of drugs that reduce the effects of ROS may therefore 

effectively reduce the incidence of organic nitrate tolerance. This was attempted with 

the concurrent use of N-acetylcysteine (NAC) with GTN administration in the hope of 

replacing depleted sulfhydryl (thiol) bonds within ALDH2 and reducing tolerance. This 

approach markedly enhanced the vasodilatory and antiplatelet effects of GTN in 

patients undergoing cardiac catheterisation for investigation of chest pain (256). In a 
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larger randomised control trial of 112 patients undergoing primary percutaneous 

coronary intervention, low dose GTN was administered with high dose NAC or 

placebo, with a reduction in infarct size seen on CMR in the NAC arm (257). A similar 

positive step towards preventing tolerance was fortuitously discovered for lower 

potency nitrates, with the use of hydralazine coupled with isosorbide dinitrate 

therapy in patients with heart failure. Hydralazine was originally used as a selective 

arteriolar vasodilator to complement the large arteriolar and venodilator effects of 

isosorbide dinitrate, yet the ancillary effects of hydralazine as an antagonist of 

NADPH oxidase resulted in increased intracellular levels of NADPH (a scavenger of 

ROS) and ameliorated nitrate tolerance (258). 

 

The intravenous NO-donor drug sodium nitroprusside has also been used extensively 

in medicine, but differs significantly from organic nitrates, in that it donates NO upon 

mixing with oxyhaemoglobin (to also produce cyanide and methaemoglobin) without 

the requirement for bioactivation (Figure 1-3) (259). Sodium nitroprusside causes 

profound dilatation of both resistance and capacitance vessels, making it an 

attractive therapy for patients in hypertensive crisis or to induce hypotension to 

stabilise haemodynamics as in acute aortic dissection (260). This profile however, 

may predispose to adverse events such as vascular steal syndromes and must 

therefore be used with caution. An example of this is coronary steal in patients with 

coronary artery disease (CAD), where dilatation of collateral arteries downstream 

from the atheromatous plaque causes an increase in blood flow to both the ischaemic 

and normal regions of the myocardium, interrupting the ability of the circulation to 

couple flow with O2 demand (260). For this reason, nitrates that are bioactivated such 

as GTN, are preferred in patients with atheromatous disease. Additionally, the 

molecular structure of sodium nitroprusside is comprised of 5 cyanide molecules, and 

their liberation and subsequent accumulation is a further risk with sodium 

nitroprusside administration (259).  

 



44 
 

1.4.3 L-Arginine Supplementation 

 

It may be that dietary supplementation is more acceptable to both patients and 

clinicians, and inorganic nitrate has gained increasing interest as a candidate 

therapeutic agent in cardiovascular disease. This may be particularly so in light of the 

mixed results from randomised controlled trials (RCTs) of supplementation with l-

arginine (to increase eNOS-derived NO, Figure 1-3) and l-citrulline (which is recycled 

by the endothelium into l-arginine) in the field. In a small crossover study of fifteen 

patients with heart failure, l-arginine therapy at a dose of 5.6-12.6g/day and 

matching placebo were administered for 6 weeks in random order. Forearm blood 

flow during exercise significantly improved, from 5.1±2.8mL/min/dL to 

6.6±3.4mL/min/dL (p<0.05), and functional status also significantly improved (261). 

A single intravenous infusion of l-arginine (30g over 60 minutes) has also been shown 

to be beneficial in 10 male patients with peripheral vascular disease, with a significant 

increase in femoral blood flow (increase of 42.3±7.9%, p<0.05) compared to no 

increase with placebo (increase of 4.3±13.0%, p=NS) (262). However, when added to 

standard therapies for the treatment of acute ST-elevation myocardial infarction 

(STEMI) in a RCT involving 153 patients, l-arginine therapy at a dose of 3g three times 

per day (TDS) resulted in six deaths in the treatment arm vs. no deaths in the placebo 

arm triggering early termination of the study (263). There were no improvements in 

left ventricular ejection fraction or measures of arterial stiffness at the close of the 

study. 
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1.5 Augmentation of the Canonical NO-sGC-cGMP Cascade  

 

1.5.1 Soluble and particulate GC, PDE, and cGMP 

 

NO canonically binds to the haem-containing form of the α/β heterodimer sGC to 

stimulate production of cGMP (242). This form of sGC can also be ‘stimulated’ to 

produce cGMP in a manner independent of NO by drugs such as Riociguat, a class 

known as sGC stimulators (Figure 1-3) (264). Stimulators of sGC also stabilise NO-sGC 

signalling by sensitising sGC to NO. Under oxidative stress however, the haem moiety 

may be oxidised and subsequently lost from sGC, and this is a key mechanism by 

which ROS may impair NO-sGC-cGMP signalling (265). In this haem-free form, sGC is 

unresponsive to NO and sGC stimulators, but can be ‘activated’ by sGC activators 

(such as Cinaciguat), which mimic NO-bound haem, resulting in increased cGMP 

production (264). These drugs are fairly new, having been engineered only some 10 

years ago by Bayer Pharmaceuticals, but have already been tested rather extensively 

as potential therapies for cardiovascular disease. Riociguat has found a place as a 

treatment for patients with inoperable chronic thromboembolic pulmonary 

hypertension (CTEPH) (266). Whilst dyspnoea and exercise intolerance from CTEPH is 

troubling for patients, the most feared complication is progression to right ventricular 

failure and death. Riociguat has been shown to improve 6 minute walking distance, 

N-terminal pro hormone of brain natriuretic peptide (NT-proBNP, released in 

ventricular failure), measures of pulmonary vascular resistance, and WHO functional 

class (267). Cinaciguat however, an activator of sGC, was tested as a therapy for acute 

heart failure, but was found to be limited by significant hypotension at doses that 

reduced pulmonary capillary wedge pressure (PCWP) but failed to improve cardiac 

output (268). Newer drugs in these classes are being developed and studies 

investigating this intriguing and effective method of targeting the NO pathway in 

cardiovascular disease continue.  
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The phosphodiesterase (PDE) isoenzymes convert intracellular cGMP to 5’-GMP 

and/or cAMP to 5’-AMP, reducing activation of Protein Kinase G (PKG) and/or Protein 

Kinase A (PKA) (Figure 1-3). There are many isoforms of the enzyme throughout the 

cardiovascular system, each classified based on their inhibition or activation in the 

presence of cGMP and cAMP (269). PDE5 co-localises with the soluble cGMP pool, 

whereas PDE2 controls the particulate pool, which resides close to the plasma 

membrane (270). The NO-sGC-cGMP pathway contributes to the soluble cGMP pool, 

whereas natriuretic peptides activate particulate GC to supply the particulate pool 

(270). In this way, despite their common action of raising intracellular cGMP, the 

separation of cGMP into discrete pools plays a role in the different myocardial 

response to NO vs. natriuretic peptides. Drugs that inhibit PDE5 raise intracellular 

cGMP, whereas PDE3 inhibitors raise intracellular cAMP (269). PDE5 inhibitors have 

been extensively studied in the context of cardiovascular disease, and famously, 

successfully marketed in the form of Sildenafil by Pfizer for the treatment of erectile 

dysfunction and pulmonary hypertension (271). PDE3 inhibitors, such as Milrinone 

and Inamrinone, have positive inotropic, lusitropic, and vasodilator effects, making 

them attractive drugs for the management of acute heart failure (272). They are 

contraindicated in chronic heart failure however, as long-term use of PDE3 inhibitors 

was associated with increased morbidity and mortality in a large RCT (273), related 

to the increased energetic cost of altered calcium signalling with inotropes in CHF 

(274). These effects are not seen with PDE5 inhibitors however, which have been 

shown to improve exercise tolerance in patients with chronic heart failure and 

secondary pulmonary hypertension, mainly due to effects on the pulmonary 

vasculature (275). Sildenafil also has anti-fibrotic and anti-hypertrophic effects in the 

myocardium, but these have been shown to be related to myocardial redox status, 

with a loss in cardioprotective effects demonstrated in the absence of oxidative 

dimerization of PKG1α (276).  
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1.5.2 Protein Kinase G1α Activation and Oxidative Dimer Formation 

 

1.5.2.1  The PKG1α Dimer in the Vasculature 

 

Protein Kinase G1α is the predominant PKG isoform in the cardiovascular system 

(277). PKG1α is activated by cGMP and transduces signals from the upstream NO-

sGC-cGMP pathway. In addition to being activated by intracellular cGMP, intracellular 

ROS can oxidise a cysteine residue (C42) within PKG1α, causing homodimer formation 

via disulfide bonds between two PKG1α molecules (278). This homodimer has a 

diffuse cytosolic distribution compared to the monomer, which remains close to the 

phospholipid membrane (278). The PKG1α dimer and cGMP-activated monomer 

appear to directly antagonise the effects of one another, as pre-treatment with cGMP 

attenuates, whereas depletion sensitises, PKG1α oxidation (279). In addition, 

although the dimer is an active form of PKG1α and has many similar effects to the 

monomer, other dimer-mediated effects are unique.  

 

The vascular sequelae of raised PKG1α dimer content have received great attention, 

as they appear to be important in ameliorating arterial hypertension, an important 

modifiable risk factor for cardiovascular disease. The aorta distributes blood to the 

arterial tree after receiving the stroke volume ejected by the LV with each heartbeat. 

The elastic properties of the aorta absorb and dampen the pulse pressure of the 

ejected blood, and contribute to diastolic blood pressure (280). The small arteries 

and arterioles are primarily responsible for regulation of vascular resistance and 

thereby regulate systolic blood pressure and organ perfusion (280). In cardiovascular 

disease, stiffening of the aorta impairs dampening of systolic pressure and increases 

pulse wave velocity augmenting late systolic afterload. Changes within resistance 

vessels also result in increased baseline vascular tone. Whilst aortic compliance is a 

difficult pharmacological target, resistance vessels, as the primary regulators of blood 

pressure, respond to a range of pharmacological agents including NO. Following 

blockade of endogenous NO and prostacyclin, vasodilatation in the intact 
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endothelium in response to acetylcholine persists, termed endothelium derived 

hyperpolarising factor (EDHF), and this is shown to be largely due to hydrogen 

peroxide (H2O2) (281). The mechanism underlying this was found to be formation of 

the PKG1α dimer as a result of H2O2 (278). This prompted the creation of a C42S 

knock-in mouse model (in which C42 is altered to a serine residue via single atom 

substitution of oxygen in place of sulphur) to characterise the importance of this 

mechanism in vivo (282).  

 

Using this model, the Eaton group showed that the PKG1α dimer is responsible for 

much of the action of GTN as a vasodilator, and interestingly, that tolerance to GTN 

was associated with a loss of oxidative dimer formation, as the onset of critical ALDH2 

oxidation prevented further bioactivation of GTN associated with an abrupt fall in 

H2O2/ROS (283). The same group have demonstrated that the PKG1α dimer is 

involved in the vasodilator responses to the reducing agent hydrogen sulfide (H2S), 

via intermediate polysulfides (284), and the antioxidant resveratrol (285). The dimer 

has also been shown to be important in reducing resting small artery tone in response 

to browning of perivascular adipose tissue (286), an adaptation which is thought to 

be beneficial in a range of cardiovascular diseases due to the net increase in energy 

expenditure (287). These beneficial effects have sparked the development of a novel 

class of antihypertensive drugs that activate PKG1α via oxidative dimerization (280). 

Redox signalling is therefore critically important at physiological levels, but this must 

be closely regulated in order to balance the salubrious and damaging effects. 

Uncontrolled oxidation that overwhelms quenching mechanisms may lead to a feed-

forward generation of ROS, as occurs with the oxidation of BH4 to 7,8-

dihydrobiopterin (BH2), which leads to eNOS ‘uncoupling’ and rampant superoxide 

free-radical generation in the place of NO (288). This is particularly pertinent in 

endotoxaemia, where excessive redox-related PKG1α dimerization is a major cause 

(in addition to inducible NOS upregulation from bacterial lipopolysaccharide (289)) of 

the profound hypotension and calcium-related cardiac dysfunction responsible for 

sepsis-related multiple organ damage (290). Whilst this is deleterious in the systemic 
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circulation, it may be a beneficial adaptation in the pulmonary circulation in response 

to pulmonary hypertension (291).  

 

Recently, Madhani et al. have demonstrated, using the same knock-in mouse model, 

that nitrite can precipitate PKG1α disulfide dimer formation in resistance vessels, but 

not conduit vessels, of wild-type mice at 24 hours (292). Importantly, knock-in mice 

were resistant to the vasodilator effects of nitrite compared to their wild-type 

littermates, and nitrite-mediated vasodilatation in wild-type mice was NO- and 

cGMP-independent. The authors demonstrated that nitrite inhibited catalase, 

increasing hydrogen peroxide generation, and that this resulted in generation of 

persulfides and polysulfides, resulting in dimerization of PKG1α. This pathway 

appeared to be responsible for the delayed (1hr) and sustained (24 hours) blood 

pressure lowering effects of a single intraperitoneal injection of nitrite in mice. This 

blood pressure lowering effect was not observed in the ‘redox-dead’ PKG1α knock-in 

mouse (292). Similarly, inorganic nitrate can ‘brown’ perivascular adipose tissue 

(PVAT) via PGC1α, activated by NO-sGC signalling (293), and the ROS from brown 

PVAT can dimerize PKG1α as discussed above. However, whether these nitrite-

mediated alterations in cellular redox state are beneficial or detrimental requires 

further investigation. Given the critical role of dietary inorganic nitrate in increasing 

the plasma nitrite pool, nitrite levels fluctuate in peaks (occurring 2-3 hours after each 

meal) and troughs, and it may be that trough periods are just as important, and allow 

redox levels to be ‘reset’.  

 

1.5.2.2  The PKG1α Dimer in the Myocardium 

 

In a phosphoproteomics study, the Eaton group showed that the PKG1α dimer and 

monomer share affinity for multiple phosphorylation targets within the myocardium, 

with the exception of serine 16 of phospholamban (294). Phospholamban (PLN) is the 

physiological inhibitor of the SERCA2a pump, which is responsible for Ca2+ 

sequestration to modulate contractile force (295). The dimer is formed by oxidation 
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from ROS produced by myocardial stretch and phosphorylates PLN at serine 16, 

relieving inhibition of SERCA2a and increasing the force of the subsequent 

contraction, thereby fine-tuning the Frank-Starling mechanism in response to cyclical 

changes in stretch (294). However, whilst increased activation of the PKG1α 

monomer by cGMP is responsible for the cardioprotective effects of NO, sustained 

formation of the dimer is associated with impaired cardioprotection. In a study 

investigating the differing effects of PDE5 inhibitors and sGC activators in the high 

redox state following trans-aortic constriction (TAC) to promote LV failure, the dimer 

was found to be less effective at inhibiting transient receptor potential canonical 

channel 6 (TRPC6) than the monomer, blunting the anti-fibrotic/anti-hypertrophic 

effects (276). Similarly, co-administration of a PDE5 inhibitor ameliorated 

doxorubicin mediated cardiotoxicity, by increasing cGMP levels to inhibit disulfide 

dimer formation (296). The dimer is unable to phosphorylate RhoA, an important 

signalling molecule for enhancing cellular survival, and indeed impairs the ability of 

the monomer to phosphorylate this target, impairing a key cardioprotective 

mechanism against doxorubicin toxicity (296).  

 

It is unknown whether nitrite can induce PKG dimerization in the myocardium in a 

manner analogous to the effects seen in resistance vessels, however, as the dimer 

was not demonstrated in conduit vessels, this seems unlikely (292). The myocardium 

and large arteries produce more NO and contain higher levels of peroxiredoxins than 

resistance vessels, which can detoxify and quench intracellular H2O2/persulfides, thus 

preventing PKG dimerization with moderate increases in ROS (279). As the PKG dimer 

has been principally demonstrated in ‘hyperoxidising’ redox states, induction of 

myocardial PKG1α dimerization with interventions that increase plasma nitrite within 

physiological levels might not be expected in the healthy myocardium. However, in 

an integrated metabolomics/proteomics study in rat hearts, a single nitrite dose 

resulted in short-term cardiac redox changes that translated to ‘selective’ long-term 

alterations, with lasting reductions in glutathione oxidation (297). Whether these 
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selective alterations might include or affect PKG1α oxidation requires further 

investigation.  
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1.6 Clinical Trials of Inorganic Nitrate and Nitrite in Heart Failure 

 

Given the purported benefits of nitrite and the nitrate-nitrite-NO pathway in pre-

clinical studies, numerous clinical trials utilising this therapeutic intervention have 

been completed across almost all fields of medicine. In 2007, a group from the 

Karolinska Institute demonstrated a reduction in the oxygen cost of submaximal 

exercise following 2 days of 0.1mmol/kg/day oral sodium nitrate in a small study of 

sedentary men (298). Shortly afterwards, the same group showed that this was 

associated with improved oxidative phosphorylation due to reduced proton leak at 

the inner mitochondrial membrane, by reducing expression of the enzymes ANT and 

UCP in human skeletal muscle (299). This piqued interest in inorganic nitrate as a 

potential treatment for patient groups in whom exercise intolerance is a key feature. 

A few years earlier, Gladwin et al. had showed that intravenous sodium nitrite was a 

potent vasodilator and source of NO in the human forearm circulation in the presence 

of deoxyhaemoglobin (194). Building on this, Frenneaux et al. demonstrated that 

nitrite is a potent venodilator in both normoxia and hypoxia, but that the vasodilator 

effects are only modest in normoxia, with hypoxia significantly augmenting nitrite-

induced vasodilatation (300). However, clearly the use of an intravenous medication 

(with a half-life of ~45 minutes) that induces an acute haemodynamic response to 

achieve the desired lasting proteomic effects (297), presents issues for designing 

larger randomised controlled trials. An inhaled form of nitrite was therefore 

developed, and showed promise in early studies as a selective, hypoxic pulmonary 

vasodilator (301). This is of particular interest to the heart failure community given 

the high prevalence of pulmonary hypertension; caused by left-sided cardiac failure 

in HFrEF (302), and pulmonary arterial dysfunction and exercise-induced pulmonary 

hypertension in HFpEF (303). Pre-clinical studies also began to demonstrate 

significant improvements with inorganic nitrate and nitrite in key systems involved in 

the pathogenesis of heart failure. A combination of oral sodium nitrite and metformin 

was shown to improve hyperglycaemia and normalise pulmonary pressures in a new 

2-hit rat model of HFpEF with pulmonary hypertension (304). In this new model, rats 
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with double-leptin receptor defects with associated metabolic syndrome and obesity, 

were treated with a vascular endothelial growth factor receptor blocker to induce 

pulmonary hypertension. The salubrious effects of combined nitrite and metformin 

therapy in this model were shown to be related to activation of SIRT3 (discussed in 

section 1.2.2.2) and AMPK in skeletal muscle (304). Inorganic nitrate also prevented 

progression to heart failure following a toxic dose of doxorubicin in mice, via transient 

blockade (nitrosylation) of mitochondrial ROS generation at complex I (305). The 

same mechanism is thought to be responsible for nitrite-induced cardioprotection 

from ischaemia reperfusion injury. However, in a large randomised controlled trial 

(The NIAMI trial), 70 µmol intravenous nitrite infused for 5 minutes prior to 

reperfusion at percutaneous coronary intervention failed to reduce the primary 

endpoint of myocardial infarct size on cardiovascular magnetic resonance imaging at 

6-8 days (306).  

 

It has also been shown that nitrate may play a central role in the salubrious effects of 

the Mediterranean diet (205). The recently characterised nitro free fatty acids nitro-

oleate and nitrolinoleate, formed via the nitration of unsaturated FFAs (e.g. in olive 

oil), have been shown to inhibit Kelch-like ECH-associating protein 1 (Keap1), the 

negative regulator of nuclear factor-erythroid 2-related factor 2 (Nrf2) (307). Nrf2 is 

a potent mediator of cellular antioxidant responses, and inhibits the pro-

inflammatory nuclear factor kappa beta (NF-κB) pathway. Additionally, nitro FFAs 

directly inhibit DNA-binding by NF-κB via covalent alkylation of cysteine residues 

within its p65 subunit (308). Nitro FFAs also inhibit soluble epoxide hydrolase, 

preventing the hydrolysis of epoxyeicosatrienoic acid (EET) substrates, which induce 

vasodilation and lower blood pressure (205). As further evidence of the anti-

inflammatory actions of nitrite, a recent study demonstrated that 1 week of inorganic 

nitrate at a dose of 2mmol/L in the drinking water of mice attenuated weight loss and 

markers of ROS production following total body irradiation at 5 Gy (309).  
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In a heart failure clinical study involving 9 patients with HFrEF, inorganic nitrate (as 

beetroot juice containing 11.2mmol of nitrate) increased knee extension strength 

(maximal power) on isokinetic dynamometry (310). Frenneaux et al. also 

demonstrated that HFrEF had a significant impact on the vasodilator effects of 

intravenous nitrite, with significant vasodilator responses present in HFrEF patients 

at doses that did not induce effects in controls (311). Despite this, hypotension was 

not present in either group with prolonged nitrite infusion, and nor did either group 

develop tolerance. Interestingly, plasma nitrite post-infusion was also cleared at an 

accelerated rate in HFrEF compared to controls, associated with an increased rate of 

plasma protein-bound NO accumulation but not in oxidative formation of nitrate 

(311). Several small studies have now also demonstrated either an improvement or 

no difference in peak oxygen consumption (peak VO2) on cardiopulmonary exercise 

(CPEX) testing with acute doses of oral inorganic nitrate, but these were 

underpowered and larger studies are needed (312,313). In 25 patients with severe 

chronic heart failure, intravenous sodium nitrite infusion at 50μg/kg/min for 5 

minutes significantly reduced pulmonary vascular resistance (p=0.03) and increased 

LV stroke volume (p=0.003) (314). Interestingly, the increase in stroke volume 

correlated with the increase in transmural LVEDP (r=0.67; p=0.003), prompting the 

authors to suggest that nitrite may be relieving DVI in these patients (previously 

shown to be present in ~40% of HFrEF patients (93)).  

 

Given the lack of proven therapies in HFpEF, inorganic nitrate and nitrite have 

received great attention as potential therapies in these patients. Intravenous sodium 

nitrite (infused at 50μg/kg/min for 5 minutes) improved haemodynamics and LV 

performance during exercise in 28 patients with HFpEF, associated with significant 

increases in cardiac output, stroke volume, LV stroke work, and reduced pulmonary 

pressures at peak exercise (315). In keeping with this, intravenous and inhaled 

nebulised sodium nitrite, in a group of HFpEF patients with proven increases in wave 

reflections and arterial elastance on exercise, significantly reduced wave reflections 

compared to normal saline placebo (111). In a double-blind crossover study of a 
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single acute dose of oral inorganic nitrate (as beetroot juice containing 12.9mmol of 

nitrate) in 17 patients with HFpEF, nitrate improved peak VO2 by 1.0 mmol/kg/min 

(p=0.005), increased exercise cardiac output (p=0.006), and reduced aortic 

augmentation index (p=0.03) compared to nitrate-deplete placebo (316). A definitive 

large scale trial of inhaled nebulised nitrite in HFpEF has now recently concluded. In 

this study, nitrite failed to demonstrate an improvement in peak VO2 vs. placebo 

(13.5 vs. 13.7 ml/kg/min; p=0.27) (317). The ‘Inorganic Nitrite Delivery to Improve 

Exercise Capacity in Heart Failure with Preserved Ejection Fraction’ or ‘INDIE-HFpEF’ 

study randomised 105 patients in a random-order crossover design to 4 weeks of 

inhaled nitrite and placebo with a primary end point of peak VO2. Inhaled nitrite also 

failed to improve the secondary endpoints of daily activity levels, quality of life 

scores, diastolic function on echocardiogram (E/E’), or NT pro BNP levels (317). 

Despite questions related to dosing, route of administration, and duration of therapy, 

this study has largely quelled interest in nitrite as a therapy for HFpEF, but left the 

question of its potential use in HFrEF largely unanswered, particularly given the 

differences in pathophysiology between the two conditions and the longer-lasting 

effects of oral inorganic nitrate.  
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Hypothesis 

 

It is hypothesised that the beneficial effects of plasma nitrite in cardiovascular 

disease models are, at least in part, related to modulation of cardiac metabolism, and 

that this will translate into increased exercise capacity and improved cardiac function 

in patients with heart failure due to dilated cardiomyopathy.  

 

Aims and Objectives 

 

Chapter 3: Effects of Nitrite on Protein Expression in the Myocardium 

To characterise the mechanisms underpinning the beneficial effects of nitrite, we 

sought to measure the post-translational modification of metabolic and redox 

proteins in the myocardium following: 1) 7 days of oral sodium nitrite 

supplementation in mice; 2) a single, acute intravenous dose of sodium nitrite in 

diabetic and non-diabetic patients undergoing coronary artery bypass graft surgery.  

 

Chapter 4: Effects of Nitrite on Chemotherapy Sensitivity in 786-0 Renal Cell 

Carcinoma Cells 

To investigate whether the aforementioned mechanisms underpinning the beneficial 

effects of nitrite translate to hard endpoints such as cell survival, we sought to assess 

the effect of an acute dose of sodium nitrite on Warburg metabolism in 786-0 renal 

cell carcinoma cells in normoxia and hypoxia, a model posited to be highly sensitive 

to the metabolic changes observed in Chapter 1.  

 

Chapter 5: The Nitrite In Chronic HEart failure (NICHE) Trial 

To investigate whether nitrite has beneficial effects in patients with chronic heart 

failure, we sought to measure the effects of long-term oral inorganic nitrate 

supplementation on exercise capacity and measures of cardiac function, compared 

to placebo, in patients with chronic heart failure due to dilated cardiomyopathy.  
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Chapter 6: Myocardial Energetic Deficiency in Non-obstructive Hypertrophic 

Cardiomyopathy and Association with Vasculoventricular Coupling and Exercise 

Capacity  

To assess the importance of cardiac metabolism as a therapeutic target in patients 

with cardiomyopathy, we sought to measure in patients with non-obstructive 

hypertrophic cardiomyopathy, and compare with age-matched controls: 1) measures 

of resting cardiac energetic impairment on 31P cardiovascular magnetic resonance 

imaging; 2) the relationship between resting energetic impairment and dynamic 

diastolic dysfunction, dynamic vasculoventricular coupling, and exercise capacity.  
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Methods
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2.1 Basic Science Studies 

 

Mouse studies:  

Male C57BL/6 mice, aged between 3-5 months, were obtained from the University of 

East Anglia Disease Modelling Unit for the PDH studies. After an acclimatisation 

period of 2 weeks, mice were commenced on a nitrate/nitrite-deplete diet for a 

further 2 weeks. Sodium nitrite, sodium nitrate, or sodium chloride was added to the 

drinking water of each age- and body-weight-matched group at a concentration of 

1g/L for 7 days. Drinking water was available ad libitum.  

 

For the PKG1α studies, male wild-type C57BL/6 (i.e. PKG1αWT) mice, bred and 

maintained in-house at the University of Birmingham, were used. All procedures 

were performed in accordance with the Home Office Guidance on the Operation of 

the United Kingdom Animals (Scientific Procedures) Act 1986. Protocols and 

procedures for the study were also reviewed and approved by the Institutional 

Animal Welfare and Ethical Review Body.  

 

Human Studies:  

Human muscle biopsy samples, including left ventricular (LV) myocardium and rectus 

abdominus skeletal muscle, as well as plasma samples obtained at multiple 

timepoints, were analysed for this study. Samples were obtained from participants in 

the ‘Effect of Nitrite on Cardiac Muscle and Blood Vessels in Patients Undergoing 

Coronary Artery Bypass Grafting Surgery’ study (clinicaltrials.gov identifier 

NCT04001283). This was a randomised, placebo-controlled, double-blind clinical trial 

investigating the effects of sodium nitrite infusion on cardiac and skeletal muscle at 

a molecular level (Figure 2-1). A pre-specified analysis of patients grouped by diabetic 

status was planned. This study was approved by the North Scotland Research Ethics 

Committee (reference 11/NS/0059), and complied with the Declaration of Helsinki. 

Part 1 of this study involved treatment at 24 hours prior to sample collection, and 

was conducted by Dr Konstantin Schwarz at the Royal Infirmary, Aberdeen, Scotland 
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UK, under the Supervision of Professor Michael Frenneaux, between 21st January 

2013 and 31st December 2014. Part 2 involved treatment at 30 minutes prior to 

sample collection and was conducted by Dr Nicholas Gollop at the Papworth Hospital, 

Cambridge UK, under the Supervision of Mr Steven Large (Chief Investigator 

Professor Michael Frenneaux). Only samples from Part 1 were analysed.  

 

 

 
Figure 2-1: Study Design, Part 1 of the ‘Effect of Nitrite on Cardiac Muscle and Blood 
Vessels in Patients Undergoing Coronary Artery Bypass Grafting Surgery’ trial.  
Patients scheduled for CABG surgery, meeting all inclusion criteria, were invited to 
participate by the treating clinical team. Participants were randomised to receive 
either a 30-minute infusion of sodium nitrite (10µmol/min) or matching normal saline 
(0.9%) placebo at 24hours prior to CABG surgery. Skeletal muscle (rectus abdominus) 
and cardiac muscle biopsies were obtained from participants during surgery, with 
bloods taken prior, during and after surgery, and before exiting the study 
(clinicalTrials.gov identifier: NCT04001283).  
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Briefly, eligible patients at the Aberdeen Royal Infirmary who were scheduled to 

undergo coronary artery bypass graft (CABG) surgery were approached by members 

of their treating clinical team, usually at their cardiac surgery pre-admission clinic 

visit. Information was provided and the study discussed in detail, with ample time 

afforded to consider participation (>24 hours in all cases). Written informed consent 

was obtained prior to study inclusion and sample collection in all cases. Exclusion 

criteria included inability to provide informed consent, type 1 diabetes mellitus, 

symptomatic heart failure (New York Heart Association class III/IV symptoms) with 

an ejection fraction <40%, renal impairment requiring dialysis, acute coronary 

syndrome (occurring within preceding 2 weeks of surgery), and pregnancy or 

childbearing potential. Finally, patients with G6PD deficiency (known, or measured at 

screening in males of African, Asian or Mediterranean descent) were excluded from 

the study on the basis of an increased risk of methaemoglobinaemia with nitrite 

treatment (see section 1.3.3.2.1). Study participants were randomly assigned to 

receive a 30-minute (equivolume) infusion of either sodium nitrite (10 μmol/min) or 

normal saline (0.9%), at 24 hours prior to scheduled CABG surgery. Blood samples 

were collected immediately before and after infusion, then at 6 hours post-infusion 

and the time of surgery (24 hours post infusion). Three, small left ventricular biopsies 

were obtained using Trucut biopsy needles immediately prior to aortic cross-

clamping, snap-frozen in liquid nitrogen, and stored at −80°C until analysis. Skeletal 

muscle (rectus abdominus) samples, and a further blood sample, were also collected 

at this timepoint in all patients.  

 

2.1.1 Western Blotting 

 

Mouse studies:  

The methodology for the PDH study by our group has been recently published (318). 

Briefly, mice were killed by cervical dislocation, and hearts and gastrocnemius 

muscles harvested. Mouse hearts were snap-frozen in liquid nitrogen, then stored at 

−80°C. Gastrocnemius muscle was first quickly cleaned of skin and fur prior to snap-
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freezing. Tissue samples were homogenized in lysis buffer (100 mM Tris-HCl pH 7.4, 

protease inhibitors [Roche, protease Inhibitors Complete EDTA free], 2 mM sodium 

orthovanadate, and 5 mM sodium fluoride) using a mortar and pestle. Homogenate 

was subject to 3 freeze–thaw cycles using liquid nitrogen, then centrifuged at 14,000 

× g for 15 min at 4°C. Supernatants were retained and stored at −20°C. Homogenate 

was resuspended in 2x sample buffer (250 mM Tris-HCl pH 6.8, 4% SDS [vol:vol], 10% 

glycerol [vol:vol], and 2% β-mercaptoethanol) to yield 10% (wt:vol) homogenate 

solution. Total extracted protein was determined by Bradford assay using bovine 

serum albumin (BSA) as standard.  

 

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) was 

conducted under reducing conditions. Samples were loaded in Laemmli buffer 

containing β-mercaptoethanol, at 20µg total protein per lane in 10% acrylamide gels. 

Electrophoresis was conducted at 60V for 20 min, then 120V for 80 min. Separated 

proteins were transferred onto 0.2µm polyvinylidene difluoride (PVDF) membrane 

(Bio-Rad) at 100V for 75 minutes. Membranes were blocked in 5% (wt:vol) fat-free 

milk in 0.1% (vol:vol) Tris-buffered saline (TBS)-Tween for 1 hour at room 

temperature. All antibodies were diluted using 5% (wt:vol) fat-free milk in 0.1% 

(vol:vol) TBS-Tween. Primary antibodies (PDH E1α pSer232, dilution 1:2000, 

Calbiochem; PDH E1α pSer293, dilution 1:1000, Abcam; PDH E1α pSer300, dilution 

1:2000, Calbiochem; PDH, dilution 1:1000, Cell Signaling) were incubated overnight 

at 4°C, followed by incubation with goat anti-rabbit horseradish peroxidase (HRP)-

conjugated secondary antibody (Cell Signaling Technology) at 1:5000 dilution for 1 

hour at room temperature. Proteins were visualised using enhanced 

chemiluminescence substrate (ECL, GE Healthcare) and imaged in a Fusion SL imager 

(Peqlab). After visualisation, membranes were stained with 0.2% (wt:vol) Colloidal 

Coomassie Blue for normalisation to the amount of protein per lane (319). Images 

were analysed using ImageJ (National Institute of Health, NIH). 
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Human studies:  

Human samples obtained from participants in Part 1 of the ‘Effect of Nitrite on 

Cardiac Muscle and Blood Vessels in Patients Undergoing Coronary Artery Bypass 

Grafting Surgery’ trial were analysed. As there were 3 samples of LV myocardium, 1 

sample was used for the PKG1α studies and 1 sample was used for the remaining 

western blot targets (due to differences in sample processing). Western blotting for 

PDH was carried out as per the methods used for the mouse studies (see above), with 

the exception that antibodies were constituted in BSA rather than fat-free milk due 

to small biopsy samples, to prevent interference from signals due to non-specific 

binding of primary antibodies to phosphoproteins present in milk.  

 

2.1.1.1  Modified Method for PKG1α Dimer Detection 

 

Mouse studies:  

The methodology specific to western blotting to assess PKG1α oxidative activation 

(dimer formation) has been previously reported by the King’s College group, London 

UK, who are considered pioneers in this method (320). Our group also recently 

published results using this same method to assess PKG1α dimer content in murine 

vasculature following treatment with sodium nitrite (292). This same protocol was 

used for our cardiac studies in mice. Mouse hearts were ground to fine powder using 

a pestle and mortar in the presence of liquid nitrogen before being diluted in tissue 

homogenisation buffer (100 mM Tris-HCl pH 7.4, protease inhibitors [Roche, protease 

Inhibitors Complete EDTA free], and 100 mM maleimide). The use of maleimide 

importantly binds free cysteine thiols, preventing oxidisation during sample 

preparation (320). SDS-PAGE was conducted under non-reducing conditions. Samples 

were diluted into an equal volume of 2x non-reducing alkylating sample buffer 

(100mM Tris-HCl buffer pH 6.8, 4% SDS [vol:vol], 20% glycerol [vol:vol], 0.01% 

bromophenol blue [wt:vol], and 100mM maleimide [Sigma]), to yield a 10% (wt:vol) 

homogenate, and loaded in 8% acrylamide gels following protein determination via 

Bradford assay. Electrophoresis was conducted at 180V for 50 min. Separated 
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proteins were transferred onto 0.2µm polyvinylidene difluoride (PVDF) membrane 

(Bio-Rad) at 0.25 mA current (constant 10V) per membrane for 35 minutes. 

Membranes were blocked in 5% (wt:vol) fat-free milk in 0.1% (vol:vol) phosphate 

buffered saline (PBS)-Tween for 1 hour at room temperature. All antibodies were 

diluted using 5% (wt:vol) fat-free milk in 0.1% (vol:vol) PBS-Tween. Primary 

antibodies (PKG1α, 1:1000 dilution, Santa Cruz E-17; GAPDH, 1:20,000, Abcam) were 

incubated overnight at 4°C, followed by incubation with anti-goat (1:2500 dilution, 

Santa Cruz) and anti-mouse (1:2000 dilution, Dako), HRP-conjugated secondary 

antibody, respectively, at 1:5000 dilution for 1 hour at room temperature. Proteins 

were visualised on enhanced chemiluminescence (GE Healthcare). Digitized western 

blots were quantitatively analysed using ImageJ (NIH). The reduced form of PKG1α 

(the monomer) is a 75 kDa protein, whereas the oxidised dimer is 150 kDa (320). 

PKG1α disulfide dimer quantity was defined as a percentage of total PKG1α 

expression (i.e. % disulfide dimer = [intensity of dimer band/the sum of the intensity 

of both the monomer and dimer bands] x 100) (320).   

 

Human studies:  

Many of the human LV myocardial specimens were extremely small (range of 2-10 

mg), owing to the size of the Trucut needle bore, and the reluctance of many of the 

cardiothoracic surgeons to make multiple passes through the LV wall. Given this, we 

used the experimental protocol recommended by the King’s College group for use 

with limited sample volumes, such as for mesenteric blood vessel samples (320). This 

involves excluding tissue homogenisation and protein determination via Bradford 

assay, which minimises sample oxidation and ensures ample sample to run a Western 

blot. Therefore, LV myocardial samples were ground to fine powder using a mortar 

and pestle in the presence of liquid nitrogen and a small volume (6 µL) of 2x sample 

buffer (see above). Each sample was then added to equal volumes of 2x sample buffer 

(6 µL of each), with 10 µL added to each sample lane for SDS-PAGE.  
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SDS-PAGE was completed as stated above for mouse samples. However, given the 

limited specimens, we first determined which of the Santa Cruz or Enzo PKG1α 

antibody were more likely to yield reliable banding at the 75 kDa region. The Santa 

Cruz PKG1α primary antibody recommended by the King’s College group has since 

changed batch and lot numbers (E-15 to E-17) (320), and has resulted in our group 

obtaining non-specific bands. Other primary antibodies for PKG1α have previously 

posed issues, as the epitopes for these antibodies are frequently within the region in 

which the dimer forms. Therefore, dimer content was determined by probing with an 

alternative PKG1α primary antibody following in-house validation (PKG1α, dilution 

1:1000, Enzo KAP-PK005-D). Anti-rabbit secondary antibody (rabbit, dilution 1:2500, 

Cell Signaling) was used. For patients with diabetes, protein loading was determined 

by probing for β-actin rather than GAPDH. This is due to the fact that this protein, 

frequently used as a loading control in western blotting, is a glycolytic enzyme known 

to be altered in patients with type 2 diabetes mellitus (321).  

 

2.1.2 PDH Activity Assay 

 

To determine PDH activity, harvested hearts from mice supplemented with sodium 

nitrite in drinking water (see section 2.1) were immediately snap-frozen using tissue 

forceps and sent to the University of Nottingham. PDH activity is determined by 

phosphorylation status at the three serine residues (ser232, ser293, and ser300); 

dephosphorylation at these residues corresponds to an increase in PDH activity, 

whereas phosphorylation corresponds to reduced activity (322). Direct measurement 

of cardiac PDH activity was determined by rate of acetyl-CoA formation, measured 

following addition of radioactive oxaloacetate to form citrate, as previously reported 

(323).  
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2.1.3 Plasma Nitrate/Nitrite levels 

 

Mouse studies: 

For the PKG1α studies, mice were anaesthetized using 5% isoflurane and 4 L/min 

oxygen, and blood was collected via intracardiac puncture into anticoagulant tubes 

containing 100 µL of 10 mM N-ethylmaleimide (NEM) and 1mM EDTA. Following 

centrifugation at 2000 × g for 10 min at room temperature, plasma aliquots were 

snap-frozen in liquid nitrogen and stored at −80°C unƟl analysis. Plasma samples were 

then sent to the University of Southampton for analysis. Plasma nitrate and nitrite 

concentrations were determined by gas phase chemiluminescence and high 

performance liquid chromatography (ENO-20; Eicom), as previously reported (324).  

 

Human studies: 

Plasma samples from Part 1 of the ‘Effect of Nitrite on Cardiac Muscle and Blood 

Vessels in Patients Undergoing Coronary Artery Bypass Grafting Surgery’ trial were 

collected at multiple timepoints as per study protocol. Plasma nitrate and nitrite 

concentrations were determined as for the mouse studies at the University of 

Southampton (see above).  

 

2.1.4 Cell Culture 

 

786-0 renal cell carcinoma cells (786-O [786-0], ATCC® CRL-1932™, LOT: 63530324) 

were purchased from the American Type Culture Collection (ATCC), Manassas USA. 

Cells were maintained in RPMI-1640 medium, supplemented with 10% foetal bovine 

serum, and 1mL of both penicillin and streptomycin, in a CO2 incubator 

(ThermoFisher) maintained at a temperature of 37°C, relative humidity of 95%, and 

CO2 concentration of 5%.  
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2.1.5 Cell Viability Studies/Luminescent ATP Assay 

 

To test viability of 786-0 renal cell carcinoma cells following treatment with sodium 

nitrite (Sigma) and 5-fluorouracil (Sigma) chemotherapy, 96-well plates were plated 

at 10,000 cells in 200 µL culture medium per well and treated at 24 hours. The outer 

most columns (1 and 2) and rows (A and H) were avoided to control for potential loss 

of cell medium (evaporation) due to ambient conditions in the CO2 incubator. At 24 

hours (~50% confluence), cells were treated with sodium nitrite (0, 50, and 100 µM 

doses) and 5-fluorouracil (0, 5, 10, 25, 50, and 100 µM doses; see Figure 2-2).  

 
 
 

 
Figure 2-2: Schematic of 96-well cell culture plate used for cell viability experiments.  
Experimental design for cell viability studies performed at 24 hours post-treatment. 
96-well plates were duplicated and placed in normoxic and hypoxic incubators for 
hypoxia experiments. The entire experiment was repeated with cells harvested at 48 
hours post-treatment. Outer wells were not used (  = RPMI-1640 medium only). 
Remaining wells dosed with 5-fluorouracil at varying concentrations (numbers in 
figure = µM). Note:  = Control (0 µM sodium nitrite);  = 50 µM sodium nitrite;  
= 100 µM sodium nitrite.  
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At 24 hours post-treatment with sodium nitrite and 5-fluorouracil in normoxia or 

hypoxia (~80% confluence), 96-well plates were removed and 100 µL of culture 

medium from each well was replaced with 100 µL CellTiter-Glo® reagent (Promega). 

This luminescence assay determines cell viability by quantitation of ATP (i.e. 

luminescence is proportional to number of viable cells) (325). Plates were then 

covered with an opaque lid and placed on an orbital shaker at 600 rpm for 2 minutes 

at room temperature. At 10 minutes post addition of the CellTiter-Glo® reagent, 60 

µL from each well was pipetted into white 96-well plates to maximise luminescence. 

Any air bubbles were first lysed with forced air from a plastic pipette bulb and the 

plate was read on a luminometer with a 1-second integration time. All plates were 

read at 10-12 minutes following addition of the CellTiter-Glo® reagent as per 

manufacturer specifications. Mean luminescence was determined by the mean of at 

least 3 replicates, and cell viability for each dose of 5-fluorouracil was expressed as a 

percentage of the mean luminescence of the control wells. Results were grouped by 

nitrite treatment concentration (0, 50 or 100 µM) in each oxygen condition (normoxia 

vs. hypoxia).  

 

2.1.6 Western Blot Analysis of Cell Culture Proteins 

 

Cells were plated into 12-well plates at 50,000 cells per well. Rows 2 and 3 were 

supplemented with 10 µM ODQ (1H-(1,2,4)oxadiazolo[4,3-a]quinoxalin-1-one) and 

100 µM CPTIO (2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), 

respectively, and placed back into the incubator for 15 minutes to stabilise (see Figure 

2-3). ODQ is a soluble guanylate cyclase (sGC) inhibitor, whereas CPTIO is a potent 

nitric oxide scavenger (326). After 15 minutes of pre-treatment, columns 3 and 4 

were treated with 50 µM and 100 µM sodium nitrite (from 200 mM stock constituted 

in distilled water), respectively. 12-well plates were then placed into a normoxic (21% 

O2) or hypoxic incubator (1% O2) for the normoxia vs. hypoxia experiments, and 

harvested at 24 hours (at ~80% confluence).  
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Figure 2-3: Schematic of 12-well cell culture plates used for western blotting 
experiments. 
Experimental design for western blot studies with cells harvested at 24 hours post-
treatment. 12-well plates were duplicated and placed in normoxic and hypoxic 
incubators for oxygen condition experiments. Note: NO2 = (sodium) nitrite; CPTIO = 
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; ODQ = 1H-
(1,2,4)oxadiazolo[4,3-a]quinoxalin-1-one.  

 

 

Adherent 786-0 cells were washed once with PBS, then detached and lysed with 

manual scraping, following the addition of 100 µL of lysis buffer (100 mM Tris-HCl pH 

7.4, protease inhibitors [Roche, protease Inhibitors Complete EDTA free], 

phosphatase inhibitor cocktail [Sigma]). After chilling on ice for 15 minutes, samples 

were centrifuged at 4°C at 16,100 x g for a further 15 minutes, and the supernatant 

stored at –80°C for immunoblotting. Protein concentration was later determined via 

Biorad DC assay using BSA as a standard, and samples were diluted in sample buffer. 

SDS-PAGE was conducted at 20µg total protein per lane in 10% acrylamide gels under 

reducing conditions, as per the protocol for our PDH work in mice (outlined in section 

2.1.1). Primary antibodies were used to detect PDH (see section 2.1.1 for details), 



70 
 

HIF2α (HIF2α, dilution 1:1000, Novus Biologicals), LDH (LDH, dilution 1:1000, Abcam), 

Akt (Akt pThr308, dilution 1:1000, Abcam; Akt pSer473, dilution 1:1000, Cell Signaling; 

Akt 1/2/3, dilution 1:1000, Abcam), and β-actin (β-actin, dilution 1:1000, Santa Cruz). 

HRP-conjugated anti-rabbit (dilution 1:5000, Cell Signaling) and anti-mouse (dilution 

1:10000, Dako) secondary antibodies were used as appropriate.  

 

2.1.7 Statistical Analysis 

 

Data are expressed as either mean ± SD or mean ± SEM as stated. Differences 

between groups (i.e. nitrite/nitrate treatment doses, oxygen conditions, and 5-

fluorouracil doses) were tested via independent Student’s t test for parametric data 

and Mann-Whitney U test for non-parametric data. Differences in protein 

expression/phosphorylation status on Western Blotting and cell viability on CellTiter-

Glo® assay were tested via one-way and two-way ANOVA, respectively, with 

appropriate post hoc testing. Differences in frequency between groups were tested 

via Chi-squared (χ2) test.  

 

The ‘Effect of Nitrite on Cardiac Muscle and Blood Vessels in Patients Undergoing 

Coronary Artery Bypass Grafting Surgery’ study was powered to detect a treatment 

difference of 20% in expression and phosphorylation status of cardiac proteins (e.g. 

PDH and Akt) on western blotting. Briefly, based on an assumed coefficient of 

variation of 20%, 14 patients would be required per group to achieve 80% power with 

a 2-sided α of 0.05. Statistical significance was set at P<0.05. GraphPad Prism version 

8.4.3 or IBM SPSS Statistics version 25.0.0.1 software were used for statistical 

analysis. 
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2.2 The NICHE Trial 

 

2.2.1 Study Design 

 

The Nitrite In Chronic HEart failure (NICHE) Trial, was a single-centre, double-blind, 

randomised controlled clinical trial investigating the effects of 2-months of oral 

inorganic nitrate supplementation (7mmol/600mg sodium nitrate capsules taken 

twice daily if body weight ≥70kg or once daily if body weight <70kg) on exercise 

capacity in patients with heart failure with reduced ejection fraction (HFrEF) 

compared to matching placebo. The study was originally conceived and designed by 

Professor Michael Frenneaux (whilst at the University of Aberdeen) and Colleagues, 

to investigate the underlying mechanisms and potential therapeutic effects of nitrite 

in patients with cardiovascular disease. The study was approved by the Scotland A 

Research Ethics Committee (Full title: The Effects of Nitrite on cardiac and skeletal 

muscle: Physiology, Pharmacology and Therapeutic Potential in patients with Chronic 

Heart Failure; reference 12/SS/0037) and complied with the Declaration of Helsinki. 

Clinical trial authorisation (CTA) as a clinical trial of an investigational medicinal 

product (CTIMP) was also obtained from the Medicines and Healthcare products 

Regulatory Agency (MHRA), the competent authority in the UK (EudraCT number 

2012-000788-26). The trial was placed on temporary hold in 2013 in order to source 

the IMP, inorganic (sodium) nitrate and placebo, which was later provided and 

manufactured by the Glasgow Infirmary Pharmacy Production Unit, NHS Greater 

Glasgow and Clyde, Scotland UK.  

 

On Professor Frenneaux’s appointment as Dean of the Norwich Medical School, 

University of East Anglia (UEA), in late 2014, sponsorship for the study was 

transferred to the Norfolk and Norwich University Hospitals (NNUH) NHS Foundation 

Trust, with many of the Sponsor responsibilities delegated to the Norwich Clinical 

Trials Unit at the UEA, as per local standard operating procedures for CTIMPs. A Trial 

Steering Committee was appointed to oversee the trial. An external Data and Safety 
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Monitoring Committee (DSMC) was appointed to advise the TSC on continuing or 

halting the trial based on IMP safety and efficacy data, obtained on interim analyses.  

 

Following very substantial delays in transfer of sponsorship from the University of 

Aberdeen, the NNUH site was activated on 27th October 2016. Until this point we 

were not permitted to search the NNUH database to estimate the number of suitable 

patients. However, given the population drainage of the NNUH (approx. 850,000), 

there were no prior concerns regarding the ability to recruit. However, shortly 

following site activation, it was discovered that few suitable participants could be 

identified who fulfilled criteria on initial screening, or were willing/able to participate 

in the study (due to many reasons, including travel distance given the vast size of the 

catchment area for the NNUH) Therefore, the study was moved to the Royal 

Brompton Hospital (Royal Brompton and Harefield Hospitals NHS Foundation Trust, 

London UK), under the supervision of Professor Sanjay Prasad, and a no-cost 

extension was obtained from the study funder (MRC). Due to the substantial delays 

the UEA committed to facilitating the completion of the study, and providing funding 

for any shortfall associated with delayed completion. Following further delays in 

obtaining institutional confirmation of capability and capacity, the site was activated 

(N.B. the approvals process in the UK changed during this time from local site 

Research and Development Department approval, to a national approval by the NHS 

Health Research Authority [HRA], which required further submission and approval). 

The NICHE study was conducted at the Royal Brompton Hospital, Fulham London UK, 

between 17th July 2018 and 31st December 2019. Recruitment was halted by the 

Sponsor in October 2019. In the original study design, it was anticipated that study 

recruitment would take 2.5 years. Following an interim analysis, the DSMC wrote to 

the Sponsor to indicate that: 1) recruitment was on track; 2) the standard deviation 

of the primary endpoint (peak VO2) was less than anticipated in the sample size 

calculations; and 3) in their view, it was inappropriate to terminate the study 

prematurely. The DSMC advised the Sponsor that the study should reopen, however, 

unfortunately, this advice was rejected and the study was closed prematurely.  
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2.2.2 Participant Recruitment, Selection & Randomisation 

 

Eligible patients known to the Royal Brompton Hospital with a diagnosis of heart 

failure with reduced ejection fraction (HFrEF), defined as heart failure signs and 

symptoms with an ejection fraction ≤45% (later relaxed to <50% due to difficulties 

with recruitment) on transthoracic echocardiography (36), were approached by 

members of their treating clinical team. This usually occurred at regular clinical 

appointments, or via mail contact from the treating clinical team. Patients contacted 

by mail had previously consented to be included on a large biobank database of 

patients with dilated cardiomyopathy (DCM), a form of non-ischaemic HFrEF, at the 

Royal Brompton Hospital, and had also consented to be contacted regarding future 

research (327). At clinic visits, information was provided and the study discussed in 

detail, with ample time afforded to consider participation (>24 hours in all cases). For 

mail contact, a return slip was included with the provided patient information sheet 

(PIS) such that patients could assent to be contacted further regarding involvement 

in the study. Written informed consent was obtained prior to study inclusion and pre-

randomisation assessment in all cases.  

 

Inclusion criteria were age ≥18 years, a diagnosis of HFrEF defined as heart failure 

signs and symptoms with an ejection fraction ≤45% (later relaxed to <50% due to 

difficulties with recruitment) on transthoracic echocardiography or equivalent on 

cardiovascular magnetic resonance imaging (36), New York Heart Failure Association 

class II or III symptoms, on maximal tolerated standard HFrEF medication on a stable 

regimen for at least 6 weeks, and normal sinus rhythm. Patients were excluded on 

the basis of inability to provide written informed consent, HFrEF of ischaemic origin 

(diagnosed via cardiovascular magnetic resonance imaging or diagnostic coronary 

angiogram), recent (in past 3 months) hospitalisation for decompensated cardiac 

failure, hypotension with systolic blood pressure <90 mmHg, anaemia with a plasma 

haemoglobin <80 g/L, pregnancy or childbearing potential, valvular heart disease of 
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moderate severity or greater, or chronic peripheral vascular disease. Finally, patients 

with G6PD deficiency (known, or measured at screening in males of African, Asian or 

Mediterranean descent) were excluded from the study on the basis of an increased 

risk of methaemoglobinaemia with inorganic nitrate/nitrite treatment (see section 

1.3.3.2.1).  

 

Participants were individually randomised 1:1 to treatment arms via minimisation 

(328), using an interactive web response system (IWRS) provided by the Norwich 

Clinical Trials Unit (NCTU). Briefly, the number of participants already in each 

randomisation arm with the same value for each minimisation factor were summed, 

with the next patient allocated to the arm with the lower total at a probability of 75%. 

If the totals for each randomisation arm was equal, the arm was randomly chosen at 

50% probability. Minimisation factors included those variables that were likely to 

have independent effects on the primary outcome, namely participant age (≥65 years 

vs. <65 years), BMI (≥30 kg/m2 vs. <30 kg/m2), and sex (male vs. female). Both the 

participant and study team were blinded to the drug allocation for the duration of 

the study.  

 

2.2.3 Outcomes 

 

The primary outcome of the study was the change in peak oxygen consumption (peak 

VO2) on cardiopulmonary exercise (CPEX) testing from baseline visit to final visit at 2 

months. Secondary outcomes included change from baseline to 2 months for the 

following parameters: Minnesota Living with Heart Failure Questionnaire score, six 

minute hall walk distance, plasma N-terminal pro B-type natriuretic peptide (NT-

proBNP) level, high sensitivity C-reactive protein (hsCRP) level, fasting plasma glucose 

and insulin levels, plasma nitrate/nitrite/RXNO species levels, nitrated free fatty acids 

levels, and cardiac systolic and diastolic parameters on transthoracic 

echocardiography (including cardiac volumes, ejection fraction, single-beat LV end 

systolic elastance [EesSB], single-beat slope of the preload recruitable stroke work 
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relationship [SBMw], global longitudinal strain [GLS], and Doppler E/E’). Initially, 

measurement of cardiac and skeletal muscle energetic status on 31P cardiovascular 

and skeletal magnetic resonance spectroscopy (31P CMRS) was planned as a 

secondary outcome in a subgroup of participants as previously performed in patients 

with DCM by our group (329). Unfortunately, 31P CMRS could not be established at 

the new RBH site, and was therefore established at the MRC London Institute of 

Medical Sciences (LMS), at the Hammersmith Hospital campus, under Dr Declan 

O’Regan as the site Principal Investigator. Unfortunately, patients declined the extra 

study visit to complete the 31P CMRS. Similarly, skeletal muscle biopsy of the vastus 

lateralis muscle belly was planned in a subgroup of participants to assess the effects 

of 2 months of inorganic (sodium) nitrate on fibre type, metabolic enzyme 

expression/activity, and proteomics compared to baseline (330-332). However, given 

the already full screening/first study visit and the need for many participants to travel 

long distances to London for the study visit, participants declined the muscle biopsy 

at the time of consent.  

 

2.2.4 Procedures 

 

Participants presented to the Royal Brompton Hospital for their combined 

screening/first study visit. Participants were asked to avoid caffeine for 24 hours prior 

to the study visit, and to avoid nitrate/nitrite rich foods such as beetroot, lettuce etc 

(list provided in PIS) for 3 days prior to the study visit. Study information was re-

visited and discussed again in detail. Written informed consent was confirmed, or 

where not already completed, obtained, and a copy of the consent form was provided 

to the participant. Safety bloods (full blood count [FBE], urea electrolytes & creatinine 

[UEC], fasting serum glucose, and liver function tests [LFTs]) were then collected and 

sent to the RBH Pathology Laboratory.  

 

Fasting study bloods, including fasting insulin, NT-proBNP, and hsCRP, were also 

collected and immediately centrifuged at 16,100 x g at 4°C for 10 minutes, and plasma 
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was snap-frozen in liquid nitrogen and stored at –80°C for future analysis at the 

University of East Anglia. Participants then completed the Minnesota Living with 

Heart Failure Questionnaire (scored out of 105) and a six-minute hall walk distance 

test (333). The Minnesota Living with Heart Failure Questionnaire score employs a 

Likert scale from 0-5 (5 being most-affected) over 21 questions to assess the 

subjective detrimental effects of HFrEF on different aspects of a patient’s quality of 

life, and is well-validated in HFrEF clinical trials (334). Participants then broke their 

fast with a nitrate/nitrite-deplete lunch and rested before the remaining 

screening/visit 1 study tests. Participants were then randomised via the IWRS at the 

end of the first study visit, and supplied with labelled medications by the hospital 

pharmacy. Participants were encouraged to contact the study team in the event of 

any issues with taking the study medication, and were provided with a 24/7 contact 

phone number for study team medical staff.  

 

Participants were contacted via telephone at 4 weeks following commencement of 

the study IMP or placebo to check progress and record/identify any adverse 

reactions. Participants then returned at 2 months for the second/final study visit, 

which involved repeating the interventions from the first study visit.  

 

2.2.4.1  Cardiopulmonary Exercise Testing 

 

Following bedside spirometry, participants underwent symptom-limited 

cardiopulmonary exercise (CPEX) testing using a cycle ergometer employing either a 

10W or 15W protocol, based on perceived exercise tolerance at the first study visit 

to achieve an exercise time of 10-15 minutes (335). Standard measurements were 

recorded including total exercise time, peak oxygen consumption (peak VO2), 

anaerobic threshold, and minute ventilation/carbon dioxide production (VE/VCO2) 

slope. Given issues with underestimation of predicted peak VO2 by historical 

equations (336), predicted peak VO2 was calculated using an updated equation from 

a recent meta-analysis to improve accuracy (337). The respiratory exchange ratio 
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(RER) was automatically calculated from the ratio of CO2 output to O2 uptake. 

Participants were excluded from the study if peak VO2 was >75% of the predicted for 

age and gender (not truly limited), or the RER was <1.0 at the conclusion of the test, 

as this indicates an inadequate exertional effort as the anaerobic threshold was not 

reached (338).  

 

2.2.4.2  Transthoracic Echocardiography 

 

Transthoracic echocardiography was performed by the same operator where 

possible, using a commercially available system (iE33, Phillips Healthcare) with a 3.5 

MHz transducer. All cardiac volumes were indexed to body surface area (BSA) and 

non-invasive brachial blood pressure was derived via sphygmomanometer at the 

conclusion of the echocardiogram in all participants. Left ventricular and left atrial 

volumes (biplane) were traced manually at end-diastole and end-systole in apical 4- 

and 2-chamber views. LV ejection fraction was calculated using the modified 

Simpson’s biplane method (339). Stroke volume was calculated from the LV outflow 

tract (LVOT) velocity time integral (VTI) obtained in the apical 5-chamber view, and 

the LVOT cross-sectional area (CSA) calculated from the LVOT diameter using the 

formula for the area of a circle (340). LV end-diastolic volume (LVEDV) was calculated 

from SV/EF. LV mass was calculated as previously reported (341). Valvular function 

was assessed as per society guidelines (342,343) to exclude moderate or greater 

severity valvular heart disease. Diastolic parameters including early (E) and late (A) 

mitral diastolic velocities, E/A ratio, and mitral deceleration time were assessed. 

Tissue Doppler imaging was performed in the apical 4-chamber view for peak systolic 

(S’) and early diastolic (E’) velocities of the medial and lateral mitral annulus. Medial, 

lateral, and mean E/E’ were then calculated. LV end-diastolic pressure (LVEDP) was 

estimated from E/E’ by the formula = 11.96 + (0.596 x E/E’) (344). Tricuspid annular 

plane systolic excursion (TAPSE) and right ventricular (RV) S’ velocity were recorded 

on tissue Doppler imaging as measures of RV function (345). Right ventricular systolic 

pressure was estimated from the maximum velocity of the tricuspid regurgitant (TR) 
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jet (where possible), added to an assumed right atrial pressure based on collapsibility 

assessment of the inferior vena cava.  

 

Speckle tracking echocardiography (STE) was performed in order to assess LV 

contractile function across three planes (see Figure 2-4). Additional LV contractile 

parameters were also calculated, including LV end-systolic elastance (EesSB) and slope 

of the preload recruitable stroke work relationship (SBMw). Global longitudinal strain 

was calculated from STE images using automated cardiac motion quantification 

(aCMQA.I.) software (QLAB 10.0, iE33, Phillips Healthcare) (346). As example is shown 

in Figure 2-5. Sector size and depth were adjusted to achieve visualisation at an 

optimal (highest possible) frame rate of at least 80 fps. A single-beat method was 

used to determine Ees on TTE (EesSB), which was calculated from BP, end-systolic 

pressure (ESP = 0.9 x SBP), SV, EF and pre-ejection and systolic ejection time intervals 

as previously described (347). The related measure of arterial elastance (Ea) was 

calculated from ESP/SV (347). The ratio of Ea/Ees was also calculated as a measure of 

ventricular-arterial coupling. A single-beat method was used to determine Mw on TTE 

(SBMw), which was calculated from SV, mean BP, LV mass, and LVEDV as previously 

described (348).  
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Figure 2-4: The three planes of left ventricular motion for calculating strain and 
corresponding coronary artery territories in a right-dominant system.  
Speckle tracking echocardiography allows for tracking of the myocardium throughout 
the cardiac cycle. Left ventricular motion can be tracked in the circumferential (twist 
and untwist) and radial (thickening and thinning) planes (A), and longitudinal 
(lengthening and shortening) plane (B). Coronary artery supply territories for a right-
dominant coronary artery system are overlaid (see legend). Note: Cx = circumflex 
artery, LAD = left anterior descending artery, RCA right coronary artery.  
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Figure 2-5: Reduced global longitudinal strain in a patient from the NICHE study.  
Global longitudinal strain (GLS) calculated by speckle tracking echocardiography (STE) 
in a patient from the NICHE study. Using the 17-segment model of the left ventricle, 
strain (%) is averaged across all segments in the 3 apical views to give the GLS. The 
GLS is -14% in this patient, which is reduced (more positive) compared to a normal 
value of less than -18%.  
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2.2.4.3  Analysis of Study Blood Tests 

 

Plasma samples from the baseline and 2-month visits were shipped on dry ice to the 

University of East Anglia for analysis of fasting plasma insulin, NT-proBNP, hsCRP, and 

nitrated free fatty acids. Plasma samples were also sent to the University of 

Southampton for analysis of nitrate/nitrite levels (see section 2.1.3 for details).  

 

2.2.5 Statistical Analysis 

 

Data are expressed as either mean ± SD or mean ± SEM as stated. Differences 

between groups were tested via independent Student’s t test for parametric data and 

Mann-Whitney U test for non-parametric data. Differences in frequency between 

groups were tested via Fisher’s exact test given the sample size of the final number 

of patients recruited. GraphPad Prism version 7.01 or IBM SPSS Statistics version 

25.0.0.1 software were used for statistical analysis. Based on the results of a previous 

study undertaken in a similar patient cohort (349) a parallel group study of 56 

patients has an 80% power to detect a treatment difference of 1.5 ml/kg/min 

increase in peak VO2 (the primary endpoint) with a standard deviation of 2 ml/kg/min 

(317) at a two-sided significance level of 0.05. We aimed to recruit a maximum of 70 

patients in order to achieve 56 patients completing the primary end point in order to 

allow for a maximum dropout of 20%, which was deemed a necessary concession 

given the intervention-rich visit days proposed.  
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Effects of Nitrite on Protein Expression in the Myocardium
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3.1 Abstract 

 

Background: Interventions that increase plasma nitrite result in alterations in cardiac 

metabolism, contractile function, and redox stress. We have recently described a 

novel redox mechanism for nitrite-mediated resistance vessel vasodilatation via 

cGMP-dependent protein kinase 1α (PKG1α) oxidative homodimer formation, which 

occurs several hours after administration of a single i.p. dose in mice, persists for 

approximately 24 hours, and causes delayed and sustained reductions in blood 

pressure. Similarly, unpublished data from our group have also demonstrated 

dephosphorylation of the pyruvate dehydrogenase (PDH) complex following nitrate 

therapy, which may increase PDH activity (a key metabolic protein). Whether these 

effects occurs in the myocardium following inorganic nitrate/nitrite administration is 

unknown.  

 

Methods: Isolated hearts from healthy C57BL/6 wild-type (i.e. PKG1α wild-type) 

mice, supplemented with sodium nitrite (1g/L in drinking water for 7 days) and 

sodium chloride (control), were assessed for PKG1α dimer-content and PDH 

expression and phosphorylation status via western blotting. In a separate 

experiment, hearts from healthy C57BL/6 mice, treated with varying doses of 

intraperitoneal (i.p.) sodium nitrite or normal saline (0.9%) control at 24 hours prior 

to harvest, were analysed for reactive persulfide levels. Left ventricular biopsies from 

thirty-five patients (male %, mean age years) enrolled in Part 1 of the ‘Effect of Nitrite 

on Cardiac Muscle and Blood Vessels in Patients Undergoing Coronary Artery Bypass 

Grafting Surgery’ study, treated with either intravenous sodium nitrite therapy 

(10µmol/min for 30 minutes) or normal saline (0.9%) placebo administered 24 hours 

before surgery, were similarly assessed.  

 

Results: In mice, oral sodium nitrite supplementation did not increase PKG1α dimer-

content in the myocardium. Similarly, myocardial reactive persulfide levels following 

a single i.p. dose of sodium nitrite, were not elevated. In humans, myocardial PKG1α 
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dimer-content was higher in diabetics than non-diabetics, implying greater oxidative 

stress, and intravenous sodium nitrite therapy at 24 hours prior to sample collection 

resulted in a statistically significant decrease in PKG1α dimer-content compared to 

matching placebo in the diabetic group (P=0.01). There was also a strong trend 

(P=0.06) towards reduced PKG1α dimer content following nitrite therapy in non-

diabetic patients. Nitrite supplementation in mice resulted in dephosphorylation of 

myocardial PDH at serines 232 and 300, which was not seen in the control group. 

However, this did not translate to increased cardiac PDH activity in the nitrite group 

compared to control, and this finding was not replicated in humans 24 hours 

following intravenous sodium nitrite therapy.  

 

Conclusions: In contrast to our previous findings in the vasculature, nitrite caused a 

reduction in PKG1α oxidative dimer formation in the myocardium. This was most 

profound in cardiac samples from patients with type 2 diabetes mellitus, a pro-

inflammatory state. Inorganic nitrate and nitrite dephosphorylated serine 232, and 

serines 232 and 300, respectively, of myocardial PDH in mice, but this did not 

translate into increased PDH activity.  

 

 

Clinical Trials Registration:  Effect of Nitrite on Cardiac Muscle and Blood Vessels in 

Patients Undergoing Coronary Artery Bypass Grafting Surgery (clinicaltrials.gov 

identifier: NCT04001283).  
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3.2 Introduction 

 

Nitric oxide (NO) deficiency is a key feature of cardiovascular disease (9). Plasma 

nitrite represents a NO storage pool that can be liberated in tissues when reduced 

under hypoxic conditions in the presence of multiple nitrite reductases (16). There is 

also evidence that nitrite may work more directly without reduction to NO (i.e. 

independently of NO), such as via S-nitrosylation of cellular proteins (12). Whilst 

there are issues with oral nitrite supplementation, such as gastrointestinal 

inflammation and risk of cancer (216,217), oral inorganic nitrate is safe (substantial 

inorganic nitrate is present in the healthy Mediterranean diet) and results in a robust 

elevation in plasma nitrite levels in man (16). Using a proteomics approach, Perlman 

et al. showed that a single intraperitoneal (i.p.) dose of nitrite in rats resulted in 

alterations in numerous proteins that are involved in cardiac metabolism, contractile 

function, and redox stress (297). Cyclic GMP (guanosine 3’,5’-monophosphate)-

activated protein kinase or Protein kinase G (PKG) 1 alpha is a key secondary 

messenger protein in the cardiovascular system. Activation of PKG1α by cGMP and 

its phosphorylation  of downstream proteins transduces the effects of NO signalling, 

including vasodilatation, and inhibition of platelet aggregation and of vascular 

smooth muscle cell proliferation (6). More recently, an alternative mechanism for 

PKG1α activation has been described, involving oxidation of a thiol residue/oxidant 

sensor within cysteine 42 of the monomer resulting in homodimer formation (282). 

The dimer has been shown to phosphorylate many of the same protein residues as 

the monomer (294), with near-identical cardiovascular effects. The most thoroughly 

investigated of these is oxidative dimer-mediated vasodilatation, which has 

important potential in the management of hypertension (280).  

 

Nitrite has long been observed to cause vasodilatation under normoxic conditions as 

well (albeit to a lesser degree), however the mechanism has not been fully elucidated. 

As the rate of liberation of NO from nitrite by nitrite reductases is very slow in 

normoxia, the mechanism is most likely NO-independent. Recently, a group from 
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King’s College London showed that (intravenous) sodium nitrite is more selective for 

conduit artery vasodilatation in normoxia in man, and that this is associated with 

increases in cGMP and, interestingly, enhanced by concomitant acetazolamide and 

raloxifene therapy (204). However, normoxic resistance vessel vasodilatation 

following inorganic nitrate or nitrite therapy has also been demonstrated. Our group 

recently posited a novel NO-independent mechanism whereby oxidative activation 

of PKG1α by nitrite in normoxia causes long-lasting resistance vessel dilatation (292). 

Whether this occurs in the myocardium is unknown. We therefore sought to 

investigate whether nitrite administration increased myocardial PKG1α dimer 

content in mice and human myocardial samples (Figure 3-1).    

 

NO also has well-documented effects on cardiac metabolism including an important 

role in maintaining substrate utilisation, such that broad NOS-inhibition in healthy 

canine hearts causes a switch from primarily utilising free fatty acids to lactate and 

glucose, an effect that was reversed by a NO donor (350). Key mediators of this 

metabolic switch could include the pyruvate dehydrogenase (PDH) complex (the rate-

limiting enzyme for glucose oxidation) (351), the phosphofructokinase (PFK) enzyme 

(the rate-limiting step for glycolysis) (147), and the peroxisome proliferator-activated 

receptor alpha (PPARα) transcriptional factor (the key regulator of β-oxidation 

enzymes) (156). Whether nitrite may have similar effects on metabolism is unknown. 

The effects of inorganic nitrate/nitrite on PPARα have been investigated elsewhere. 

Briefly, inorganic nitrate reversed the switch away from fatty acid oxidation in cardiac 

tissue from hypoxia-treated wild-type mice, but not mice that were PPARα null, 

indicating a PPARα-dependent effect (352). Unpublished data in mice (small 

numbers) from our group (PhD thesis, Dr Konstantin Schwarz, University of 

Aberdeen), have previously shown a dephosphorylation of PDH with inorganic 

(sodium) nitrate supplementation (1g/L drinking water), and an increase in PDH 

activity with sodium nitrite supplementation. We therefore wished to confirm the 

effects of inorganic nitrate and nitrite on PDH expression, phosphorylation status, 
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and activity in mice. Finally, we sought to investigate whether these findings are 

present in human cardiac samples obtained in the clinical setting (Figure 3-1).  

 

 

 
Figure 3-1: Possible Mechanisms for the Effects of Oral Inorganic Nitrate and Nitrite 
on Cardiac Metabolism and PKG1α Oxidative Dimer Formation.  
The Nitrate-Nitrite-NO pathway supplements the nitric oxide (NO) pool available at 
the level of the tissues, but its effects on metabolism are unknown. The canonical 
NO-sGC-cGMP pathway increases fatty acid metabolism (beta-oxidation) via a 
mechanism involving PPARα (green arrow). Heart failure is associated with a 
deficiency in NO and an increase in oxidative PKG1α dimer formation via an increase 
in ROS (red arrow). Nitrite may also have an effect on PDH: whether this occurs 
directly (A), or via an alternative mechanism such as an increase in ROS (B) with 
oxidative PKG1α dimer formation (C), is not known. ACS, acyl-CoA synthetase; ATP, 
adenosine triphosphate; CD36, fatty acid translocase; CoQ10, co-enzyme Q10; cGMP, 
cyclic guanosine monophosphate; CPT, carnitine palmitoyltransferase; ETC, electron 
transport chain; FFA, free fatty acid; GIK, glucose, insulin, potassium; GLUT, glucose 
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transporter; 5’-GMP, guanosine monophosphate; NO, nitric oxide; NO2, nitrite; NO3, 
nitrate; PDE5, phosphodiesterase 5; PDH, pyruvate dehydrogenase; PKG, protein 
kinase G; PPARα, peroxisome proliferator-activated receptor alpha; PT, pyruvate 
translocase; ROS, reactive oxygen species; sGC, soluble guanylate cyclase; TCA cycle, 
tricarboxylic acid cycle.  

 

 

3.3 Methods 

 

The methods using in this study are detailed in section 2.1. Briefly, male C57BL/6 

mice, aged between 3-5 months, were used for the PDH studies. After an 

acclimatisation period of 2 weeks, mice were commenced on a nitrate/nitrite-deplete 

diet for a further 2 weeks. Sodium nitrite, sodium nitrate, or sodium chloride 

(allocated 1:1:1) was added to the drinking water of each age- and body-weight-

matched group at a concentration of 1g/L for 7 days. Drinking water was available ad 

libitum. For the PKG1α studies, male wild-type C57BL/6 (i.e. PKG1αWT) mice, bred and 

maintained in-house at the University of Birmingham, were used. All procedures 

were performed in accordance with the Home Office Guidance on the Operation of 

the United Kingdom Animals (Scientific Procedures) Act 1986. Protocols and 

procedures for the study were also reviewed and approved by the Institutional 

Animal Welfare and Ethical Review Body. Mice were killed by cervical dislocation, and 

hearts harvested. Mouse hearts were snap-frozen in liquid nitrogen, then stored at 

−80°C for western bloƫng of myocardial PKG1α dimer content, and PDH expression, 

phosphorylation status (see section 2.1.1). Additionally, hearts harvested from a 

separate group of mice administered either saline or sodium nitrate in drinking water 

were immediately snap-frozen using tissue forceps and sent to the University of 

Nottingham for direct measurement of cardiac PDH activity (see section 2.1.2). 

Plasma samples were sent to the University of Southampton for analysis of 

nitrate/nitrite levels (see section 2.1.3).  
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Human Studies:  

Left ventricular (LV) myocardial biopsies and plasma samples obtained from 

participants in the ‘Effect of Nitrite on Cardiac Muscle and Blood Vessels in Patients 

Undergoing Coronary Artery Bypass Grafting Surgery’ study (clinicaltrials.gov 

identifier NCT04001283) were analysed. This was a randomised, placebo-controlled, 

double-blind clinical trial investigating the effects of sodium nitrite infusion on 

cardiac and skeletal muscle at a molecular level. In order to investigate effects on 

metabolic proteins, a pre-specified analysis of patients grouped by diabetic status 

was planned. This study was approved by the North Scotland Research Ethics 

Committee (reference 11/NS/0059), and complied with the Declaration of Helsinki. 

Part 1 of this study involved treatment at 24 hours prior to sample collection, with LV 

biopsies taken immediately prior to aortic cross-clamp, and was conducted by Dr 

Konstantin Schwarz at the Royal Infirmary, Aberdeen, Scotland UK, under the 

supervision of Professor Michael Frenneaux, between 21st January 2013 and 31st 

December 2014. Samples were analysed via western blotting of myocardial PKG1α 

dimer content, and PDH expression, phosphorylation status (see section 2.1.1). 

Plasma samples were sent to the University of Southampton for analysis of 

nitrate/nitrite levels (see section 2.1.3).  
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3.4 Results 

 

Plasma Nitrate and Nitrite Levels 

 

Mouse Studies 

There were 10-13 mice in each intervention group (sodium nitrite, sodium nitrate, 

and sodium chloride). Compared to control (sodium chloride), both inorganic 

(sodium) nitrate (P<0.0001) and sodium nitrite (P<0.05) supplementation (1g/L 

drinking water for 7 days) increased plasma nitrate levels (see Figure 3-2). Sodium 

nitrite increased plasma nitrite levels compared to control and this was statistically 

significant (P<0.05). There was also an increase in plasma nitrite levels with inorganic 

(sodium) nitrate, but this was not statistically significant, despite a trend towards 

significance (P=0.09).  

 

Human Samples 

Patient baseline demographics data are shown in Table 3-1 (n=35). There were no 

statistically significant differences in baseline demographics, haemodynamics, 

comorbidities or drug therapy between treatment groups. Following sodium nitrite 

infusion (10 µmol/min for 30 minutes), plasma nitrate levels were significantly 

elevated immediately post-infusion, and at 6 hours post-infusion, compared to 

baseline (P<0.01). Plasma nitrite levels were elevated at 6 hours post-infusion 

(P<0.01), before returning to baseline levels (Figure 3-3). Whilst plasma nitrite levels 

were elevated to a similar extent post-infusion in patients with diabetes vs. those 

without diabetes (Figure 3-2, B), plasma nitrate levels at 6 hours post-infusion were 

greater in the diabetic group (Figure 3-2, D).  
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Figure 3-2: Plasma Nitrite and Nitrate Levels in mice following supplementation 
with oral sodium nitrate or sodium nitrite (1g/L in drinking water) for 7 days. 
A; Plasma nitrate concentrations in mice supplemented with sodium nitrate (n=10-
13 per group) and sodium nitrite (n=6 per group) increased significantly compared to 
sodium chloride (P<0.0001 and P<0.05, respectively). B; There was a trend towards 
increased plasma nitrite concentrations in mice supplemented with sodium nitrate 
compared to sodium chloride (P=0.09). In mice supplemented with sodium nitrite, 
plasma nitrite concentrations were significantly increased compared to sodium 
chloride (P<0.05).  
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Figure 3-3: Plasma concentrations of nitrate and nitrite in humans over time 
following a 30-minute infusion of sodium nitrite (10 µmol/min) or normal saline 
placebo. 
A; Plasma nitrite concentrations were significantly increased immediately post-
infusion in patients receiving intravenous sodium nitrite compared to those receiving 
placebo (F[1,32]=27.342, P<0.01). B; This difference remained significant regardless 
of diabetes status and there was no difference between groups. C; Plasma nitrate 
concentrations were significantly increased 6 hours post-infusion in patients 
receiving intravenous sodium nitrite compared to those receiving placebo 
(F[1,18]=9.44, P<0.01). D; However, when grouped by diabetes status, patients with 
diabetes had a significantly greater increase in plasma nitrate than non-diabetic 
patients (P<0.05). **P<0.01, *P<0.05.  

 

 

Disulfide Dimerisation of Protein Kinase G 1 Alpha 

 

Mouse Studies 

PKG1α dimer content increased slightly with nitrate treatment, but this was not 

statistically significant (P=0.44; Figure 3-3).    
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Figure 3-4: PKG1α Dimer Content in Mouse Cardiac Tissue with Oral Nitrate 
Supplementation.  
PKG1α dimer content increased slightly with nitrate treatment, but this was not 
statistically significant (P=0.44).  

 

 

Reactive Persulfide Levels 

Preliminary data (supplied with permission by Dr Melanie Madhani with thanks) 

showed that reactive persulfide levels were not elevated in murine cardiac samples 

following varying doses of sodium nitrite (0, 0.1, 1, 10 mg/kg) at 24 hours prior to 

sample collection compared to saline control (Figure 3-4).  
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Figure 3-5: Reactive Persulfide Levels in Cardiac Samples of Mice Treated with I.p. 
Sodium Nitrite. 
Reactive persulfide levels were not elevated in murine cardiac samples following 
varying doses of sodium nitrite (0, 0.1, 1, 10 mg/kg) at 24 hours prior to sample 
collection compared to saline control.  
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Human Samples 

In the control group (n=15), patients with type 2 diabetes mellitus (n=5) had higher 

PKG1α dimer content (as a percentage of total PKG1α) than patients without diabetes 

(n=10) and this was statistically significant (37 ± 11.2 % vs. 20.1 ± 8.2 %, P=0.009; 

Figure 3-6, A). In all patients (n=35), sodium nitrite infusion (10µmol/min for 30 

minutes, n=20) administered 24 hours prior to sample collection resulted in a 

statistically significant decrease in oxidative dimer expression compared to normal 

saline placebo (n=15; 15.6 ± 8.2 % vs. 24.3 ± 11.4 %, P=0.01; Figure 3-6, B). In the pre-

specified analysis of patients by diabetic-status, samples from patients with diabetes 

showed a reduction in oxidative dimer content following nitrite treatment compared 

to placebo, and this was statistically significant (–16.3%, P=0.01; Figure 3-6, C), 

whereas the reduction in oxidative dimer content in non-diabetics was not 

statistically significant, despite a strong trend (–7%, P=0.06; Figure 3-6, D). Example 

blots are shown in Figure 3-7.  
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Figure 3-6: Effect of Type 2 Diabetes and Nitrite Treatment on PKG1α expression in 
Human LV Myocardium. 
A, In patients with diabetes, expression of the PKG1α oxidative homodimer (as % of 
total) was significantly greater than in patients without diabetes (P=0.009). B, Sodium 
nitrite infusion (10µmol/min) resulted in a statistically significant decrease in 
oxidative dimer expression compared to matching normal saline placebo (P=0.01). C, 
In patients with type 2 diabetes mellitus, there was a statistically significant reduction 
in oxidative dimer expression following nitrite infusion at 24hours prior to LV biopsy 
collection, compared to placebo (P=0.01). D, In patients without type 2 diabetes 
mellitus, there was a strong trend towards a statistically significant reduction in 
oxidative dimer expression following nitrite infusion at 24hours prior to LV biopsy 
collection, compared to placebo (P=0.06). Note: *P<0.05.  
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Figure 3-7: Example Blot for PKG1a Dimer Expression in Human Myocardium. 
Example blot for PKG1α in human left ventricular myocardium. PKG1α disulfide dimer 
quantity was defined as a percentage of total PKG1α expression. Disulfide dimer % = 
(intensity of dimer band/the sum of the intensity of both the monomer and dimer 
bands) x 100. Note: C = control, N = (sodium) nitrite.  

 

 

Pyruvate Dehydrogenase (PDH) Expression and Phosphorylation Status 

 

Mouse Studies 

Compared to sodium chloride control, inorganic (sodium) nitrate supplementation 

(1g/L of drinking water for 7 days) resulted in a statistically significant 

dephosphorylation at serine 232 (n=10 per group; P<0.001), but not at serines 293 or 

300 in murine myocardium (see Figure 3-8). Total PDH expression was not affected 

by inorganic (sodium) nitrate supplementation. Sodium nitrite supplementation (1g/L 

of drinking water for 7 days), compared to control, similarly resulted in 

dephosphorylation of serine 232 of the PDH complex in murine myocardium (P<0.01), 

but also serine 300 (P<0.001) (see Figure 3-9). Phosphorylation status at serine 293 

and total PDH expression were unchanged by sodium nitrite supplementation.  

 

PDH complex activity, measured as acetyl coenzyme A accumulation following 

addition of labelled oxaloacetate (n=10 per group), was unchanged following sodium 

nitrite supplementation (1g/L drinking water for 7 days) compared to control (19.9 ± 

1.1 vs. 19.2 ± 2.3 mmol/min/mg protein; P=0.40; Figure 3-10).  
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Figure 3-8: Expression and phosphorylation status of PDH in mouse cardiac muscle 
in response to oral inorganic (sodium) nitrate supplementation. 
Oral inorganic (sodium) nitrate supplementation resulted in de-phosphorylation of 
serine 232 of the PDH complex compared to placebo (normalised to vinculin) in 
cardiac muscle in mice (n=10 per group). Note: **P<0.001, compared to placebo. 
Note:  = NaCl,  = NaNO3.  
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Figure 3-9: Expression and phosphorylation status of PDH in mouse cardiac muscle 
in response to sodium nitrite supplementation. 
Sodium nitrite supplementation, compared to sodium chloride (normalised to 
vinculin), resulted in de-phosphorylation of serines 232 and 300 of the PDH complex 
in cardiac muscle in mice (n=10 per group). Note: #P<0.01, ^P<0.001, compared to 
control. Note:  = NaCl,  = NaNO2.   
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Figure 3-10: Pyruvate dehydrogenase activity in murine cardiac muscle in response 
to oral sodium nitrite supplementation. 
Data are mean ± SEM. Pyruvate dehydrogenase activity (as reflected by the rate of 
acetyl coenzyme A accumulation) was unchanged in murine cardiac (left ventricular) 
muscle in response to nitrite. Note:  = NaCl,  = NaNO2.  

 

  

0

5

10

15

20

25



101 
 

Human Studies  

In human LV myocardial samples, sodium nitrite infusion administered 24 hours prior 

to sample collection did not alter phosphorylation status of the pyruvate 

dehydrogenase (PDH) complex, nor did it affect total PDH expression (Figure 3-11).  

 

 

  
Figure 3-11: Expression and phosphorylation status of PDH in human cardiac muscle 
following sodium nitrite infusion or normal saline placebo. 
Expression and phosphorylation status of PDH were unchanged in human cardiac (left 
ventricle) muscle in response to a 30-minute sodium nitrite infusion (10µmol/min) 
compared to normal saline placebo (n=20 and n=15, respectively). Note:  = NaCl, 

 = NaNO2.  

 

  



102 
 

3.5 Discussion 

 

Both the nitrate-nitrite-nitric oxide (NO) pathway and NO-independent effects of 

plasma nitrite represent potentially safe and cost-effective options with numerous 

beneficial cardiovascular effects (16,224). We have confirmed our previous findings 

that both inorganic nitrate and nitrite administered in drinking water can 

dephosphorylate the pyruvate dehydrogenase (PDH) complex in murine 

myocardium. We have also shown, for the first time to our knowledge, that 

intravenous sodium nitrite reduces PKG1α dimer content in the myocardium of 

patients with type 2 diabetes mellitus, a pro-inflammatory condition, in-keeping with 

the previously documented anti-inflammatory effects of nitrate/nitrite 

(309,353,354). The ‘pro-inflammatory’ state of diabetic myocardium was supported 

in our study by a higher PKG1α dimer content compared to non-diabetic 

myocardium, and a higher plasma nitrate level post nitrite infusion, suggesting 

increased nitrite oxidation. There was also a trend towards a reduction in dimer 

content in the myocardium of non-diabetics but this failed to reach statistical 

significance (P=0.06), however, there was no change in the myocardium of healthy 

mice following oral nitrate supplementation. It is possible that this difference seen in 

mice (i.e. lack of effect on PKG1α dimer content) is due to differences in 

administration route and reduced enterosalivary circulation in mice compared to 

man.  

 

Disulfide Dimerisation of Protein Kinase G 1 Alpha (PKG1α) 

 

The vascular effects of oxidative activation of PKG1α have garnered great attention 

in the literature, especially in the context of cardiovascular disease (277,291). 

However, little is known about the role of the dimer in the myocardium. A key 

difference is the change in localisation of the PKG1α dimer following oxidative 

activation in the myocardium vs. the vasculature. In the vasculature, disulfide dimer 

formation is associated with localisation to the cell membrane to exert its effect, 
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whereas in cardiomyocytes, the disulfide dimer remains within the cytosol, an 

environment that is rich in reduced glutathione (355). Using a chemical genetic 

phosphoproteomic method in healthy mouse hearts to quantify phosphorylation 

status of the downstream targets of PKG1α, Scotcher et al. recently confirmed the 

activity of the oxidised PKG1α dimer at targets classically activated by the cGMP-

activated monomer (294). Interestingly, they also identified a single phosphorylation 

site at serine 16 of the sarco(endo)plasmic reticulum calcium ATPase 2a (SERCA2a) 

inhibitor phospholamban, which was activated by the dimer only. The 

phosphorylation of phospholamban (PLN) by the PKG1α dimer was shown to relieve 

inhibition of SERCA2a, and improve diastolic relaxation. Given the increase in reactive 

oxygen species (ROS) with acute changes in cardiac stretch (such as during diastole) 

(356), and the observation that the amount of ROS produced related to the 

magnitude of stretch, it was suggested that this mechanism is important in 

augmenting diastolic relaxation during the normal cardiac cycle, and during acute 

increases in end-diastolic volume (the Frank-Starling mechanism) (294). Using the 

PKG1αC42S knock-in mouse model (whereby a single atom substitution changing 

sulphur to oxygen within cysteine 42 renders the oxidant sensor within PKG1α 

inactive preventing dimerisation, i.e. ‘redox-dead’), the authors showed that chronic 

absence of this mechanism is associated with reduced amplitude and slower decay 

of transient intracellular calcium currents and diastolic dysfunction. This mechanism 

highlights the importance of ROS-cycling within the healthy myocardium and the 

need for tight control to regulate this (357), as chronic inactivation of PLN results in 

excitation-contraction uncoupling. Indeed PLN genetic variants and polymorphisms 

in the regulator of its inhibitor (inhibitor 1, the regulator of protein phosphatase 1), 

are associated with inherited forms of dilated cardiomyopathy (358).  

 

Additionally, increased dimer content impairs the action of the cGMP-activated 

monomer. Examples include reduced transient receptor potential canonical channel 

6 (TRPC6) inhibition in heart failure models (with reduced anti-fibrotic/anti-

hypertrophic effects) (276), and reduced phosphorylation of the small Rho GTPase 
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(RhoA) in response to doxorubicin treatment (with increased risk of doxorubicin-

mediated cardiotoxicity) (296). Chronic elevations in PKG1α dimer content have been 

demonstrated in murine heart failure models and failing human myocardium (296), 

which fit with Paulus and Tschöpe’s paradigm of increased myocardial ROS in heart 

failure with reduced ejection fraction (HFrEF) (129). However, the reduction in SERCA 

function and depressed contractility that is a hallmark of heart failure, in contrast to 

the aforementioned mechanism, is rather due to increased activity of protein 

phosphatase 1, which is dissociated from its inhibitor by protein kinase A (PKA) 

following β-adrenergic stimulation (359).  

 

Herein, we have similarly demonstrated increased PKG1α dimer content in patients 

with type 2 diabetes undergoing coronary artery bypass graft (CABG) surgery, 

compared to non-diabetics. We note however, that myocardium from patients 

undergoing CABG surgery, even those without diabetes, is likely to be vastly different 

in terms of protein expression compared to age-matched ‘healthy’ myocardium, and 

so differences between our patient studies and mouse studies are not surprising. In 

the current study, nitrite therapy was associated with a decrease in PKG1α dimer 

content in human myocardium compared to control. By contrast, previous work by 

our group in murine vasculature showed increased PKG1α dimer content and 

dilatation of resistance vessels following sodium nitrite treatment (292). The 

mechanism was shown to be an elevation of reactive persulfides in the setting of 

elevated hydrogen peroxide (H2O2) levels, posited to be secondary to nitrite-

mediated inhibition of catalase. The contrast is easily explained when one considers 

the ability of the myocardium to handle redox stress compared to the vasculature. 

The myocardium and large arteries produce more NO and contain higher levels of 

peroxiredoxins than resistance vessels, which can detoxify and quench intracellular 

H2O2/persulfides, thus preventing PKG dimerization with moderate increases in ROS 

(279). In-keeping with this, preliminary data by our group showed that persulfides 

were not elevated in murine myocardium following nitrite treatment. It seems 

therefore that the anti-inflammatory effects of nitrite predominate in the current 
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study, even in setting of ongoing catalase inhibition by nitrite, resulting in reduced 

ROS and therefore dimer content.  

 

 

Pyruvate Dehydrogenase (PDH) Phosphorylation Status and Expression 

 

Oral inorganic (sodium) nitrate and nitrite supplementation (1g/L drinking water for 

7 days) resulted in dephosphorylation of the pyruvate dehydrogenase (PDH) complex 

at serine 232, and serines 232 and 300, respectively, in murine myocardium without 

effects on total PDH expression. This confirms previous unpublished data from our 

group (PhD thesis, Dr Konstantin Schwarz, University of Aberdeen). Whereas our 

previous work also showed an increase in PDH complex activity with sodium nitrite 

supplementation, this was not true for the current study. The PDH complex is 

regulated by phosphorylation status at serines 232, 293, and 300, and serines 232 

and 300 predominate in the myocardium (152). Phosphorylation is regulated by PDH 

phosphatases (PDPs 1&2) which dephosphorylate and activate PDH, as well as PDH 

kinases (PDKs 1-4) which phosphorylate and inhibit PDH. PDH is also allosterically 

regulated by its products (acetyl CoA, NADH, and ATP), again via PDPs and PDKs, such 

that excess activates PDKs to inhibit PDH, whereas a decline in these products 

activates PDPs to reduce PDH activity. Phosphorylation of serine 293 is mediated by 

PDK2, and this has the greatest impact on enzyme activity (360). Phosphorylation of 

serine 232 is predominantly mediated by PDK1, the isoform that is regulated by 

hypoxia inducible factor 1 alpha (HIF1α) during hypoxia (360).  

 

Importantly, terminal pyruvate oxidation via PDH in the heart is directly inhibited by 

mitochondrial β-oxidation of free fatty acids (FFAs), and itself inhibits β-oxidation in 

a process termed the ‘Randle cycle’ (150). If FFA oxidation is increased, levels of by-

products such as acetyl CoA are also increased, therefore activating PDKs and 

reducing PDH activity. Hypoxia may also directly activate PDKs via the transcriptional 

effects of HIF1α, an important cellular protective mechanism preventing harmful 
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(oxygen-dependent) mitochondrial oxidative phosphorylation in the absence of 

oxygen (153). The primary regulator of FFA β-oxidation is the peroxisome proliferator 

activated receptor alpha (PPARα) transcriptional co-factor (157). There is now 

mounting evidence that inorganic nitrate and nitrite activate PPARα, and this appears 

to be NO-mediated (361). In a study investigating the role of PPARα in the metabolic 

effects of inorganic nitrate in murine myocardium, Horscroft et al. recently 

demonstrated conflicting results whereby inorganic (sodium) nitrate had no effect on 

PDH phosphorylation status in wild-type mice during normoxia (352). Unsurprisingly, 

hypoxia increased phosphorylation of PDH at all 3 serine residues, however, inorganic 

nitrate reversed this effect at all 3 residues during hypoxia. Interestingly, the effects 

of hypoxia appeared to be PPARα-dependent, as this effect was not observed in 

PPARα-null mice. As the effects of hypoxia are largely mediated by ROS, particularly 

produced at complex 3 of the mitochondrial electron transport chain (362), these 

effects could also be explained by an anti-inflammatory action of inorganic nitrate, 

an effect which has been well-documented (309,353,354). It is also feasible that the 

lack of effect of nitrite on PDH seen in the human samples in our study is due to the 

timing of administration of sodium nitrite compared to harvesting for 

immunoblotting. In the mouse studies, samples were harvested late-morning in all 

studies, however mice were freely able to consume the drinking water up until this 

time. In the human studies however, samples were harvested at 24 hours following 

sodium nitrite administration, and it is therefore entirely possible that any effect on 

PDH may have disappeared by the time the myocardial tissue samples were 

harvested.  

 

Study Limitations 

For the PKG1α studies, we did not determine subcellular distribution of the disulfide 

activated dimer. In wild-type (PKG1αWT) mice, the oxidative dimer has previously 

been shown to become diffusely cytosolic in distribution, as compared to the 

monomer which is primarily closer to the cell membrane (296). This distribution is an 

important factor in the differences between the mechanism of action of activators of 
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the membrane-bound soluble guanylate cyclase (sGC) and inhibitors of the diffusely 

cytosolic phosphodiesterase (PDE) 5, in heart failure, where oxidative dimer 

formation prevents the actions of sGC activators (276). Our human LV myocardial 

samples were too small to allow for this analysis, due to the small bore size of the 

Trucut needles and the reluctance of many of the cardiothoracic surgeons to take 

multiple passes of the LV wall. Similarly, the small size of the human LV myocardial 

samples prevented detailed analysis including reactive persulfide levels, given the 

need for differences in sample processing and storage.  

 

It is difficult to determine the reason why our results for the effects of inorganic 

nitrate on cardiac PDH differ from those previously published by others (352), and 

yet agree with previous pilot data from our group (PhD thesis, Dr Konstantin Schwarz, 

University of Aberdeen). Identical immunoblotting methods were used for each 

study, with the exception of β-actin for protein loading control in the study by 

Horscroft et al. (352), and the use of vinculin in the current study. However, both 

have been validated as protein loading controls and are thus unlikely to have played 

a role in this variation. Perhaps the greatest differences were in the length of oral 

inorganic nitrate supplementation and in sample handling during cardiac harvest. In 

the study by Horscroft et al., mice were treated for around 35 days compared to 7 

days in our study. Additionally, cardiac samples were first blotted, cleaned of fatty 

tissue, and separated into 3 sections before being snap-frozen in liquid nitrogen after 

harvest, whereas our samples were blotted to remove extra blood before being 

immediately snap-frozen whole in liquid nitrogen (i.e. around 1 second of handling 

time). Whilst the authors attempted to minimise changes in protein status by placing 

samples in ice-cold biopsy preservation medium, this did not include phosphatase 

inhibitors, and PDH is known to quickly change phosphorylation status after harvest 

(363). Similarly, whilst both periods (7 days and 35 days) of inorganic nitrate 

supplementation can be considered ‘chronic’, it is possible that a longer treatment 

period may be associated with changes in nitrite/nitrate handling and clearance, but 
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this is difficult to ascertain as plasma levels of nitrate/nitrite were not provided in the 

study by Horscroft et al. (352).  

 

3.6 Conclusions 

 

In contrast to in the vasculature, nitrite caused a reduction in PKG1α oxidative dimer 

formation in the myocardium. This was most profound in cardiac samples from 

patients with type 2 diabetes mellitus, a pro-inflammatory state. Inorganic nitrate 

and nitrite dephosphorylated serine 232, and serines 232 and 300, respectively, of 

myocardial PDH in mice, but this did not translate to increased PDH activity, and this 

was not seen in the human myocardial samples. Given the previously demonstrated 

benefits of preventing PKG1α disulfide dimer formation in the myocardium, these 

anti-inflammatory effects of inorganic nitrate and nitrite warrant further 

investigation.  
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Table 3-1: Baseline Demographics of the Human Study Cohort 

 Placebo (n = 15) Nitrite (n = 20) P value 
Age (years) 67 ± 10 62 ± 9 0.19 
Sex (male, %) 11 (73.3) 19 (95.0) 0.07 
Height (cm) 167 ± 10 172 ± 10 0.13 
Weight (kg) 89 ± 15 88 ± 16 0.95 
Body surface area (m2) 2.02 ± 0.22 2.04 ± 0.23 0.71 
Baseline Haemodynamics 
SBP baseline (mmHg) 131 ± 17 125 ± 19 0.35 
SBP post-infusion (mmHg) 123 ± 22 117 ± 21 0.47 
DBP baseline (mmHg) 76 ± 9 73 ± 10 0.38 
DBP post-infusion (mmHg) 70 ± 9 68 ± 12 0.59 
HR baseline (bpm) 61 (56, 68) 64 (57, 72) 0.23 
HR post-infusion (bpm) 58 (55, 63) 64 (55, 74) 0.18 
Medical Comorbidities 
Diabetes mellitus 4 (26.7) 7 (35.0) 0.59 
Myocardial infarction 7 (46.7) 7 (35.0) 0.48 
Hypertension 11 (73.3) 10 (50.0) 0.16 
Smoking status   0.32 
 - Never 5 (33.3) 10 (50.0)  

 - Ex-smoker 9 (60.0) 7 (35.0)  

 - Current 1 (6.7) 3 (15.0)  

Medications 
Aspirin 12 (80.0) 13 (65.0) 0.33 
β-blockers 14 (93.3) 16 (80.0) 0.26 
Oral nitrates 2 (13.3) 4 (20.0) 0.60 
Calcium channel blockers 4 (26.7) 4 (20.0) 0.64 
ACE-I/ARB 8 (53.3) 12 (60.0) 0.69 
Statins 15 (100.0) 19 (95.0) 0.38 
Data are n (%), mean ± SD, or median (IQR). ACE-I, angiotensin converting enzyme 
inhibitor; ARB, angiotensin receptor type 2 blocker; DBP, diastolic blood pressure; HR, 
heart rate; SBP, systolic blood pressure.  
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Effects of Nitrite on Chemotherapy Sensitivity in 786-0 Renal 

Cell Carcinoma Cells
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4.1 Abstract 

 

Background: Many cancer types exhibit altered metabolism in the form of avid 

glucose uptake and a switch away from mitochondrial respiration and towards 

glycolysis, even in aerobic conditions. This ‘Warburg effect’ is present in 786-0 renal 

cell carcinoma (RCC) cells due to constitutively expressed hypoxia inducible factor 

(HIF), with subsequent upregulation of pyruvate dehydrogenase (PDH) kinase 1 

(PDK1). PDK1 inhibits PDH via phosphorylation of serine 232, blocking the rate-

limiting step for mitochondrial glucose oxidation. Our pilot data has shown that 

inorganic nitrate and nitrite dephosphorylate PDH at serine 232 in cardiac and 

skeletal muscle. We sought to investigate whether this effect occurs in 786-0 RCC 

cells, and whether this could reverse inhibition of mitochondrial respiration and 

increase susceptibility to chemotherapeutic agents.  

 

Methods: 786-0 RCC cells were treated with varying doses of sodium nitrite (0, 50, 

and 100 µM) ± the nitric oxide (NO) inhibitor CPTIO or soluble guanylate cyclase 

inhibitor ODQ. Cells were then treated with varying doses of 5-fluorouracil (0, 5, 10, 

25, 50, and 100 µM), and exposed to either normoxic (21% O2) or hypoxic (1% O2) 

conditions. Viability studies and cell harvesting for western blotting were performed 

at both 24 hours and 48 hours post-treatment, to determine whether there was an 

effect with nitrite, and whether this was NO-dependent.  

 

Results: HIF2α was not expressed during normoxia in our 786-0 cells. Hypoxia 

conferred a survival benefit to 786-0 cells on assessment of viability at 24 hours 

(120% of normoxia; P=0.04). 100 µM nitrite increased cell viability at 24 hours in 

normoxia, whereas both doses increased viability at 24 hours during hypoxia. 

Chemotoxicity of 5-fluorouracil was re-established on the viability studies at 48 hours 

post-treatment. Nitrite did not affect this during normoxia or hypoxia. 

Mechanistically, nitrite had no effect on PDH phosphorylation status or expression, 

or LDH expression in normoxia. Akt phosphorylation status was slightly increased 
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following nitrite treatment in normoxia, but this was not statistically significant. 

During hypoxia, increasing doses of nitrite reduced phosphorylation of both PDH and 

Akt at all 3 residues compared to control, but this was not statistically significant. 

 

Conclusions: There was significant resistance to 5-FU treatment at 24 hours in 786-0 

cells. Hypoxia improved 786-0 cell survival, in association with robust increases in 

HIF2α expression. 100 µM sodium nitrite increased cell viability with lower dose 5-FU 

at 24 hours, without effects on PDH, Akt, or LDH. The mechanism is likely related to 

an increase in reactive oxygen species levels with higher doses of nitrite.  
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4.2 Introduction 

 

Cancer cells avidly consume glucose, a phenomenon that underpins the clinical use 

of labelled glucose (18F-fluorodeoxyglucose/FDG) positron emission tomography 

(PET) imaging in medical oncology (364). In the 1920s, Otto Warburg published the 

observation that cancer cells preferentially ferment glucose to produce lactate, a 

metabolic profile previously only observed in mammalian cells in response to hypoxia 

(365). The mechanism was later discovered to be under the influence of hypoxia 

inducible factor (HIF), a transcription factor that binds to the hypoxia response 

element (HRE) of a range of genes, activating adaptive responses to improve cellular 

survival in low oxygen conditions (366,367). In clear cell renal cell carcinomas (ccRCC), 

a critical driver in the progression to cancer is constitutive expression of HIF due to 

genetic mutations in the von Hippel-Lindau (vHL) tumour suppressor gene, and loss 

of the functional protein (368).  

 

This has multiple beneficial effects for cancer cells. The aforementioned increase in 

glucose uptake and switch towards aerobic glycolysis facilitates energy production, 

whilst also funnelling glucose into the hexosamine biosynthesis pathway (HBP) and 

pentose phosphate pathway (PPP), the end-products of which are used as cellular 

building blocks and quench reactive oxygen species (ROS), respectively (148,237). 

This also prevents the production of excessive quantities of ROS from mitochondrial 

oxidative phosphorylation that might otherwise trigger cellular autophagy or 

senescence (369). Similarly, free fatty acid (FFA) metabolism is inhibited and synthetic 

pathways are upregulated, promoting tumorigenesis by increasing the availability of 

metabolic intermediates used in cellular membrane biosynthesis and the generation 

of critical signalling molecules (370,371). This FFA excess and storage in fat droplets, 

gives ccRCC the characteristic ‘clear cell’ appearance. A key mechanism for the switch 

from pyruvate oxidation towards aerobic glycolysis is the inhibition of the pyruvate 

dehydrogenase (PDH) complex by HIF (153,372,373). PDH is the rate-limiting enzyme 

for the terminal oxidation of pyruvate, and is inhibited by phosphorylation at serines 
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232, 293, and 300 by PDH kinases (PDKs), and activated by dephosphorylation by PDH 

phosphatases (PDPs) (149,151). PDH Inhibition in response to hypoxia is primarily due 

to the action of PDK1 at serine 232, which is upregulated by HIF (372). Indeed, 

activation of PDH in ccRCC is associated with restoration of mitochondrial oxidative 

phosphorylation and ROS production, which triggers cancer cell senescence (373).  

 

We have shown that inorganic nitrate and nitrite can dephosphorylate PDH at serine 

232 in murine cardiac muscle (see Chapter 3) and skeletal muscle; whether this effect 

may be nitric oxide (NO)-dependent or independent was not explored. The direct 

effect of NO on HIF1α signalling has been studied previously in the setting of 

angiogenesis, where it was shown to activate the HIF1α complex via a mechanism 

that was independent of soluble guanylate cyclase (sGC) and cyclic GMP, and differed 

compared to the effect of hypoxia (374). Inorganic nitrate has also been shown to 

protect against the development of cardiomyopathy as a result of anthracycline 

chemotherapy in mouse models, via inhibition of mitochondrial ROS production 

(305). Recently, the PDK inhibitor dichloroacetate was shown to relieve inhibition of 

the PDH complex in 786-0 RCC cells, and this was associated with a reduction in 

tumour size and angiogenesis in animal models (375). The safety of inorganic nitrate 

in active cancer has not yet been tested. However, it could represent a cheap 

anticancer therapy with important cardioprotective benefits. We hypothesised that 

nitrite therapy would relieve the inhibition of PDH in 786-0 cells, and that this 

metabolic switch would increase sensitivity to chemotherapeutic agents such as 5-

fluorouracil.  

 

4.3 Methods 

 

The methods for this study are detailed in Chapter 2. Briefly, 786-0 cells were plated 

into 96-well plates and treated with varying doses of sodium nitrite and the 

chemotherapeutic agent 5-fluorouracil (see Figure 2-2). Half of the plates were 

incubated for 24 hours in normoxic conditions (21% O2) and half in hypoxic 
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conditions (1% O2). A further replicate plate for each condition was also placed in an 

extended incubation of 48 hours. Cell viability was determined using the CellTiter-

Glo® Luminescent ATP Assay (see section 2.1.5). To test the underlying mechanism 

for any effect with nitrite, 12-well plates for Western blotting were also prepared (see 

Figure 2-3). Sodium nitrite at varying doses was added following pre-treatment (15 

minutes) with the soluble guanylate cyclase (sGC) inhibitor, ODQ (1H-

(1,2,4)oxadiazolo[4,3-a]quinoxalin-1-one), and the nitric oxide (NO) scavenger CPTIO 

(2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide). Plates were 

left for 24 hours before harvesting of protein for Western blotting (see section 2.1.6). 

Data are expressed as either mean ± SD unless otherwise stated. Statistical analysis 

was performed as outlined in section 2.1.7.  

 

4.4 Results 

 

1. Effects of Nitrite on 786-0 RCC Cell Viability  

 

Cell Viability at 24 hours 

During normoxia, sodium nitrite treatment affected 786-0 cell viability at 24 hours 

compared to control (F [2, 18] = 3.895, P=0.039). On Tukey’s multiple comparisons 

test, 100 µM sodium nitrite increased cell viability at lower dose (5 and 10 µM) 5-

fluorouracil (P=0.0004 and P=0.002, respectively; see Figure 4-1).  

 

Hypoxia significantly increased cell viability compared to control at 24 hours (P<0.05). 

During hypoxia, sodium nitrite treatment affected 786-0 cell viability at 24 hours 

compared to control (F [2, 18] = 20.7, P<0.0001). On Tukey’s multiple comparisons 

test, 50 µM sodium nitrite treatment increased 786-0 cell viability at higher doses (50 

and 100 µM) of 5-fluorouracil (P=0.005 and P=0.019, respectively), whereas 100 µM 

sodium nitrite increased cell viability at lower dose (0 and 10 µM) 5-fluorouracil 

(P=0.02 and P=0.0003, respectively).  
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Figure 4-1: Effect of Nitrite on Viability at 24 hours of 786-0 Cells treated with 5-
Fluorouracil during Normoxia and Hypoxia. 
During normoxia, sodium nitrite treatment affected 786-0 cell viability at 24 hours 
compared to control (F [2, 18] = 3.895, P=0.039). On Tukey’s multiple comparisons 
test, 100 µM sodium nitrite increased cell viability at lower dose (5 and 10 µM) 5-
fluorouracil (P=0.0004 and P=0.002, respectively). Hypoxia significantly increased cell 
viability compared to control at 24 hours (P<0.05). During hypoxia, sodium nitrite 
treatment affected 786-0 cell viability at 24 hours compared to control (F [2, 18] = 
20.7, P<0.0001). On Tukey’s multiple comparisons test, 50 µM sodium nitrite 
treatment increased 786-0 cell viability at higher doses (50 and 100 µM) of 5-
fluorouracil (P=0.005 and P=0.019, respectively), whereas 100 µM sodium nitrite 
increased cell viability at lower dose (0 and 10 µM) 5-fluorouracil (P=0.02 and 
P=0.0003, respectively). 5-FU, 5-fluorouracil.  

 

 

Cell Viability at 48 hours 

During normoxia, sodium nitrite treatment affected 786-0 cell viability at 48 hours 

compared to control (F [2, 18] = 8.994, P=0.002). On Tukey’s multiple comparisons 

test, 50 and 100 µM sodium nitrite treatment increased 786-0 cell viability at 10 µM 

5-fluorouracil (P=0.02 and P=0.001, respectively; Figure 4-2).  

 

Hypoxia significantly increased cell viability compared to control (P<0.05). During 

hypoxia, sodium nitrite treatment did not affect 786-0 cell viability at 48 hours 

compared to control (F [2, 18] = 1.81, P=0.19).  
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Figure 4-2: Effect of Nitrite on Viability at 48 hours of 786-0 Cells treated with 5-
Fluorouracil during Normoxia and Hypoxia. 
During normoxia, sodium nitrite treatment affected 786-0 cell viability at 48 hours 
compared to control (F [2, 18] = 8.994, P=0.002). On Tukey’s multiple comparisons 
test, 50 and 100 µM sodium nitrite treatment increased 786-0 cell viability at 10 µM 
5-fluorouracil (P=0.02 and P=0.001, respectively). Hypoxia significantly increased cell 
viability compared to control (P<0.05). During hypoxia, sodium nitrite treatment did 
not affect 786-0 cell viability at 48 hours compared to control (F [2, 18] = 1.81, 
P=0.19). 5-FU, 5-fluorouracil. 
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2. Effects of Hypoxia on Protein Expression and Phosphorylation Status  

 

LDH and HIF2α Expression, and PDH and Akt Expression and Phosphorylation Status 

Interestingly, HIF2α was not expressed during normoxia in our 786-0 cells, even 

following treatment with sodium nitrite (data not shown). Hypoxia robustly increased 

HIF2α expression (P<0.00001; see Figure 4-3, A). LDH expression similarly increased 

during hypoxia, to 227% of normoxic expression (P=0.004; Figure 4-3, B). PDH and 

Akt phosphorylation status and expression were also increased during hypoxia. 

Hypoxia phosphorylated PDH at all 3 residues, but this was only statistically 

significant at serine 293 (P=0.03). Total PDH expression also increased during hypoxia 

(P=0.049; Figure 4-3, C). Akt phosphorylation increased during hypoxia at threonine 

308 (P<0.001), and there was a strong trend at serine 473, but this was not 

statistically significant (P=0.08). Total Akt expression also increased during hypoxia 

(P=0.001; Figure 4-3, D).  
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Figure 4-3: Effect of Hypoxia on Protein Expression in 786-0 Cells.  
Interestingly, HIF2α was not expressed during normoxia in our 786-0 cells, even 
following treatment with sodium nitrite (data not shown). Hypoxia robustly increased 
HIF2α expression (P<0.00001; see Figure 4 3, A). LDH expression similarly increased 
during hypoxia, to 227% of normoxic expression (P=0.004; Figure 4 3, B). PDH and Akt 
phosphorylation status and expression were also increased during hypoxia. Hypoxia 
phosphorylated PDH at all 3 residues, but this was only statistically significant at 
serine 293 (P=0.03). Total PDH expression also increased during hypoxia (P=0.049; 
Figure 4 3, C). Akt phosphorylation increased during hypoxia at threonine 308 
(P<0.001), and there was a strong trend at serine 473, but this was not statistically 
significant (P=0.08). Total Akt expression also increased during hypoxia (P=0.001; 
Figure 4 3, D). AU, arbitrary units; HIF2a, hypoxia inducible factor 2 alpha; LDH, lactate 
dehydrogenase; PDH, pyruvate dehydrogenase.  
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3. Effects of Nitrite on Protein Expression and Phosphorylation Status  

 

Normoxia 

 

Pyruvate Dehydrogenase (PDH) Expression and Phosphorylation Status 

Under normal oxygen conditions (21% O2), sodium nitrite treatment at 50 and 100 

µM doses did not alter phosphorylation status of PDH at serine 232 (P=0.92), serine 

239 (P=0.56), or serine 300 (P=0.84), nor did it significantly affect total PDH 

expression (P=0.55; see Figure 4-4). The addition of ODQ and CPTIO, inhibitors of sGC 

and NO respectively, did not alter the lack of effect seen with nitrite therapy (see 

Figure 4-5).  

 

 

 

Figure 4-4: Effect of Sodium Nitrite on PDH Expression and phosphorylation status 
in 786-0 cells in Normoxia. 
Under normal oxygen conditions (21% O2), sodium nitrite treatment at 50 and 100 
µM doses did not alter phosphorylation status of PDH at serine 232 (P=0.92), serine 
239 (P=0.56), or serine 300 (P=0.84), nor did it significantly affect total PDH 
expression (P=0.55). AU, arbitrary units; PDH, pyruvate dehydrogenase.  
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NO and sGC inhibition 

PDH Serine 232 Phosphorylation 

At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on phosphorylation status of PDH at serine 232 (P=0.95), and nor did CPTIO 

(P=0.67; see Figure 4-5, A). At the 100 µM dose of sodium nitrite, ODQ treatment was 

associated with a trend towards a reduction in PDH phosphorylation at serine 232, 

but this was not statistically significant (P=0.15); CPTIO treatment did not alter the 

effect of nitrite (P=0.79).  

 

PDH Serine 293 Phosphorylation 

ODQ did not significantly alter the effect of 50 µM nitrite sodium on phosphorylation 

status of PDH at serine 293 (P=0.81), and nor did CPTIO (P=0.57; see Figure 4-5, B). 

At the 100 µM dose of sodium nitrite however, CPTIO treatment was associated with 

a reduction in phosphorylation of PDH at serine 293 (P=0.048). There was a trend 

towards an increase in PDH phosphorylation at serine 293 with ODQ, but this was not 

statistically significant (P=0.12).  

 

PDH Serine 300 Phosphorylation 

ODQ did not significantly alter the effect of 50 µM sodium nitrite on the 

phosphorylation status of PDH at serine 300 (P=0.91), and nor did CPTIO (P=0.63; see 

Figure 4-5, C). At the 100 µM dose of sodium nitrite however, CPTIO treatment was 

associated with a reduction in phosphorylation of PDH at serine 300 (P=0.045). ODQ 

treatment did not alter the effect of nitrite (P=0.27). 

 

Total PDH Expression 

At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on total PDH expression (P=0.41), and nor did CPTIO (P=0.98; see Figure 4-5, 

D). Similarly, at the 100 µM dose of sodium nitrite, neither ODQ nor CPTIO altered 

the effect of nitrite on total PDH expression (P=0.21 and P=0.28, respectively).  
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Figure 4-5: Effect of Sodium Nitrite on PDH Expression and Phosphorylation Status 
in 786-0 Cells in Normoxia with inhibitors.  
A: At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 
nitrite on phosphorylation status of PDH at serine 232 (P=0.95), and nor did CPTIO 
(P=0.67). At the 100 µM dose of sodium nitrite, ODQ treatment was associated with 
a trend towards a reduction in PDH phosphorylation at serine 232, but this was not 
statistically significant (P=0.15); CPTIO treatment did not alter the effect of nitrite 
(P=0.79). B: ODQ did not significantly alter the effect of 50 µM nitrite sodium on 
phosphorylation status of PDH at serine 293 (P=0.81), and nor did CPTIO (P=0.57). At 
the 100 µM dose of sodium nitrite however, CPTIO treatment was associated with a 
reduction in phosphorylation of PDH at serine 293 (P=0.048). There was a trend 
towards an increase in PDH phosphorylation at serine 293 with ODQ, but this was not 
statistically significant (P=0.12). C: ODQ did not significantly alter the effect of 50 µM 
sodium nitrite on the phosphorylation status of PDH at serine 300 (P=0.91), and nor 
did CPTIO (P=0.63). At the 100 µM dose of sodium nitrite however, CPTIO treatment 
was associated with a reduction in phosphorylation of PDH at serine 300 (P=0.045). 
ODQ treatment did not alter the effect of nitrite (P=0.27). D: At the 50 µM dose of 
sodium nitrite, ODQ did not significantly alter the effect of nitrite on total PDH 
expression (P=0.41), and nor did CPTIO (P=0.98). Similarly, at the 100 µM dose of 
sodium nitrite, neither ODQ nor CPTIO altered the effect of nitrite on total PDH 
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expression (P=0.21 and P=0.28, respectively). AU, arbitrary units; PDH, pyruvate 
dehydrogenase. 

 

 

Lactate Dehydrogenase Expression and Akt Phosphorylation Status and Expression 

Under normoxic conditions, lactate dehydrogenase (LDH) expression was not 

significantly increased following treatment with 50 or 100 µM sodium nitrite (P=0.52 

and P=0.78, respectively). Similarly, sodium nitrite treatment at 50 or 100 µM under 

normoxic conditions did not alter Akt phosphorylation at threonine 308 (P=0.18) or 

serine 473 (P=0.71), nor did it affect total Akt expression (P=0.34; see Figure 4-6).   

 

 

 
Figure 4-6: Effect of Sodium Nitrite on LDH and Akt Expression and Phosphorylation 
Status in 786-0 Cells in Normoxia.  
Under normoxic conditions, lactate dehydrogenase (LDH) expression was not 
significantly increased following treatment with 50 or 100 µM sodium nitrite (P=0.52 
and P=0.78, respectively). Similarly, sodium nitrite treatment at 50 or 100 µM under 
normoxic conditions did not alter Akt phosphorylation at threonine 308 (P=0.18) or 
serine 473 (P=0.71), nor did it affect total Akt expression (P=0.34). AU, arbitrary units; 
LDH, lactate dehydrogenase.  
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NO and sGC inhibition 

LDH Expression  

At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on LDH expression (P=0.85) and nor did CPTIO (P=0.85; see Figure 4-7, A). 

Similarly, ODQ did not alter the effect of the 100 µM dose of sodium nitrite on LDH 

expression (P=0.81) and CPTIO (P=0.98).  

 

Akt Threonine 308 Phosphorylation 

At the 50 µM sodium nitrite dose, ODQ treatment was associated with a statistically 

significant increase in Akt phosphorylation at threonine 308 (P=0.02), whereas CPTIO 

did not alter the effect of nitrite (P=0.77; see Figure 4-7, B). At the 100 µM dose of 

sodium nitrite, ODQ did not alter the effect of nitrite (P=0.96), however, CPTIO 

treatment was associated with a trend towards a reduction in phosphorylation of Akt 

at threonine 308 that was not statistically significant (P=0.10).  

 

Akt Serine 473 Phosphorylation 

Under normoxic conditions, ODQ did not alter the effect of 50 µM sodium nitrite on 

phosphorylation of Akt at serine 473 (P=0.30), and nor did CPTIO (P=0.85; see Figure 

4-7, C). Similarly, at the 100 µM dose of sodium nitrite, ODQ did not significantly alter 

the effect of nitrite on Akt phosphorylation at serine 473 (P=0.98), and nor did CPTIO 

(P=0.85).  

 

Total Akt Expression 

At the 50 µM sodium nitrite dose, ODQ treatment was associated with a statistically 

significant increase in Akt expression (P=0.02), whereas CPTIO treatment was 

associated with a trend towards a decrease in phosphorylation status that was not 

statistically significant (P=0.11; see Figure 4-7, D). At the 100 µM dose of sodium 

nitrite, ODQ did not significantly alter the effect of nitrite on Akt expression (P=0.40), 

and nor did CPTIO (P=0.20).  
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Figure 4-7: Effect of Nitrite on LDH and Akt Expression and Phosphorylation status 
in 786-0 Cells in Normoxia with inhibitors.  
A: At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 
nitrite on LDH expression (P=0.85) and nor did CPTIO (P=0.85). Similarly, ODQ did not 
alter the effect of the 100 µM dose of sodium nitrite on LDH expression (P=0.81) and 
CPTIO (P=0.98). B: At the 50 µM sodium nitrite dose, ODQ treatment was associated 
with a statistically significant increase in Akt phosphorylation at threonine 308 
(P=0.02), whereas CPTIO did not alter the effect of nitrite (P=0.77). At the 100 µM 
dose of sodium nitrite, ODQ did not alter the effect of nitrite (P=0.96), however, 
CPTIO treatment was associated with a trend towards a reduction in phosphorylation 
of Akt at threonine 308 that was not statistically significant (P=0.10). C: Under 
normoxic conditions, ODQ did not alter the effect of 50 µM sodium nitrite on 
phosphorylation of Akt at serine 473 (P=0.30), and nor did CPTIO (P=0.85). Similarly, 
at the 100 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 
nitrite on Akt phosphorylation at serine 473 (P=0.98), and nor did CPTIO (P=0.85). D: 
At the 50 µM sodium nitrite dose, ODQ treatment was associated with a statistically 
significant increase in Akt expression (P=0.02), whereas CPTIO treatment was 
associated with a trend towards a decrease in phosphorylation status that was not 
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statistically significant (P=0.11). At the 100 µM dose of sodium nitrite, ODQ did not 
significantly alter the effect of nitrite on Akt expression (P=0.40), and nor did CPTIO 
(P=0.20). AU, arbitrary units; LDH, lactate dehydrogenase.  
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Hypoxia 

 

Pyruvate Dehydrogenase (PDH) Expression and Phosphorylation Status 

Under hypoxic conditions (1% O2), sodium nitrite treatment at 50 and 100 µM doses 

did not alter phosphorylation status of PDH at serine 232 (P=0.65), serine 239 

(P=0.35), or serine 300 (P=0.56), nor did it significantly affect total PDH expression 

(P=0.96; see Figure 4-8). The addition of ODQ and CPTIO, inhibitors of sGC and NO 

respectively, did not alter the lack of effect seen with nitrite therapy (see Figure 4-9).  

 

 

 
Figure 4-8: Effect of Nitrite on PDH Expression and Phosphorylation Status in 786-0 
Cells in Hypoxia.  
Under hypoxic conditions (1% O2), sodium nitrite treatment at 50 and 100 µM doses 
did not alter phosphorylation status of PDH at serine 232 (P=0.65), serine 239 
(P=0.35), or serine 300 (P=0.56), nor did it significantly affect total PDH expression 
(P=0.96). AU, arbitrary units; PDH, pyruvate dehydrogenase. 
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NO and sGC inhibition 

PDH Serine 232 Phosphorylation 

At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on phosphorylation status of PDH at serine 232 (P=0.30), and nor did CPTIO 

(P=0.74; see Figure 4-9, A). Similarly, at the 100 µM dose of sodium nitrite, ODQ did 

not significantly alter the effect of nitrite on phosphorylation status of PDH at serine 

232 (P=0.65), and nor did CPTIO (P=0.88).  

 

PDH Serine 293 Phosphorylation 

ODQ did not significantly alter the effect of 50 µM nitrite sodium on phosphorylation 

status of PDH at serine 293 (P=0.99), and nor did CPTIO (P=0.76; see Figure 4-9, B). 

At the 100 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on phosphorylation status of PDH at serine 293 (P=0.34), however there was 

a strong trend towards a reduction in PDH phosphorylation at serine 293 with CPTIO 

treatment, but this did not reach statistical significance (P=0.07).  

 

PDH Serine 300 Phosphorylation 

ODQ did not significantly alter the effect of 50 µM sodium nitrite on the 

phosphorylation status of PDH at serine 300 (P=0.65), and nor did CPTIO (P=0.78; see 

Figure 4-9, C). Similarly, at the 100 µM dose of sodium nitrite, ODQ did not 

significantly alter the effect of nitrite on phosphorylation status of PDH at serine 300 

(P=0.99), and nor did CPTIO (P=0.97). 

 

Total PDH Expression 

At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 

nitrite on total PDH expression (P=0.91), and nor did CPTIO (P=0.73; see Figure 4-9, 

D). Similarly, at the 100 µM dose of sodium nitrite, neither ODQ nor CPTIO altered 

the effect of nitrite on total PDH expression (P=0.98 and P=0.84, respectively).  
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Figure 4-9: Effect of Nitrite on PDH Expression and Phosphorylation status in 786-0 
Cells in Hypoxia.  
A: At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 
nitrite on phosphorylation status of PDH at serine 232 (P=0.30), and nor did CPTIO 
(P=0.74). Similarly, at the 100 µM dose of sodium nitrite, ODQ did not significantly 
alter the effect of nitrite on phosphorylation status of PDH at serine 232 (P=0.65), 
and nor did CPTIO (P=0.88). B: ODQ did not significantly alter the effect of 50 µM 
nitrite sodium on phosphorylation status of PDH at serine 293 (P=0.99), and nor did 
CPTIO (P=0.76). At the 100 µM dose of sodium nitrite, ODQ did not significantly alter 
the effect of nitrite on phosphorylation status of PDH at serine 293 (P=0.34), however 
there was a strong trend towards a reduction in PDH phosphorylation at serine 293 
with CPTIO treatment, but this did not reach statistical significance (P=0.07). C: ODQ 
did not significantly alter the effect of 50 µM sodium nitrite on the phosphorylation 
status of PDH at serine 300 (P=0.65), and nor did CPTIO (P=0.78). Similarly, at the 100 
µM dose of sodium nitrite, ODQ did not significantly alter the effect of nitrite on 
phosphorylation status of PDH at serine 300 (P=0.99), and nor did CPTIO (P=0.97). D: 
At the 50 µM dose of sodium nitrite, ODQ did not significantly alter the effect of 
nitrite on total PDH expression (P=0.91), and nor did CPTIO (P=0.73; see Figure 4 9, 
D). Similarly, at the 100 µM dose of sodium nitrite, neither ODQ nor CPTIO altered 
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the effect of nitrite on total PDH expression (P=0.98 and P=0.84, respectively). AU, 
arbitrary units; PDH, pyruvate dehydrogenase. 

 

 

Hypoxia Inducible Factor (HIF) 2α and LDH Expression, and NO and sGC inhibition 

Neither the 50 nor 100 µM doses of sodium nitrite altered the expression of HIF2α in 

hypoxia (P=0.91 and P=0.97, respectively; see Figure 4-10, A). At the 50 µM dose of 

sodium nitrite, neither ODQ nor CPTIO altered the change in HIF2α with nitrite in 

hypoxia (P=0.60 and P=0.30, respectively). Similarly, at the 100 µM dose of sodium 

nitrite, neither ODQ nor CPTIO altered the change in HIF2α with nitrite in hypoxia 

(P=0.93 and P=0.56, respectively; see Figure 4-10, B).  

 

Neither the 50 nor 100 µM doses of sodium nitrite altered the expression of LDH in 

hypoxia (P=0.99 and P=0.67, respectively; see Figure 4-10, C). At the 50 µM dose of 

sodium nitrite, neither ODQ nor CPTIO altered the change in LDH expression with 

nitrite in hypoxia (P=0.68 and P=0.51, respectively). Similarly, at the 100 µM dose of 

sodium nitrite, neither ODQ nor CPTIO altered the change in LDH expression with 

nitrite in hypoxia (P=0.99 and P=0.26, respectively; see Figure 4-10, D).  
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Figure 4-10: Effect of Nitrite on LDH and HIF2α Expression in 786-0 Cells in Hypoxia.  
A: Neither the 50 nor 100 µM doses of sodium nitrite altered the expression of HIF2α 
in hypoxia (P=0.91 and P=0.97, respectively). B: At the 50 µM dose of sodium nitrite, 
neither ODQ nor CPTIO altered the change in HIF2α with nitrite in hypoxia (P=0.60 
and P=0.30, respectively). Similarly, at the 100 µM dose of sodium nitrite, neither 
ODQ nor CPTIO altered the change in HIF2α with nitrite in hypoxia (P=0.93 and 
P=0.56, respectively). C: Neither the 50 nor 100 µM doses of sodium nitrite altered 
the expression of LDH in hypoxia (P=0.99 and P=0.67, respectively). D: At the 50 µM 
dose of sodium nitrite, neither ODQ nor CPTIO altered the change in LDH expression 
with nitrite in hypoxia (P=0.68 and P=0.51, respectively). Similarly, at the 100 µM 
dose of sodium nitrite, neither ODQ nor CPTIO altered the change in LDH expression 
with nitrite in hypoxia (P=0.99 and P=0.26, respectively). AU, arbitrary units; HIF2a, 
hypoxia inducible factor 2 alpha; LDH, lactate dehydrogenase.  
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Akt Expression and Phosphorylation Status 

Sodium nitrite at doses of 50 and 100 µM did not alter Akt phosphorylation at 

threonine 308 (P=0.78 and P=0.70) and serine 473 (P=0.99 and P=0.87), nor total Akt 

expression (P=0.94 and P=0.73; see Figure 4-11, A). Similarly, neither ODQ nor CPTIO 

altered the (lack of) effect of nitrite on Akt expression and phosphorylation status.  

 

Akt Threonine 308 Phosphorylation 

At the 50 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 

phosphorylation at threonine 308 (P=0.78), and nor did CPTIO (P=0.61). Similarly, at 

the 100 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 

phosphorylation at threonine 308 (P=0.97), and nor did CPTIO (P=0.74; see Figure 

4-11, B).  

 

Akt Serine 473 Phosphorylation  

At the 50 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 

phosphorylation at serine 473 (P=0.68), and nor did CPTIO (P=0.57). Similarly, at the 

100 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 

phosphorylation at serine 473 (P=0.99), and nor did CPTIO (P=0.87; see Figure 4-11, 

C).  

 

Total Akt Expression 

At the 50 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 

expression (P=0.77), and nor did CPTIO (P=0.75). Similarly, at the 100 µM dose of 

sodium nitrite, ODQ did not alter the effect of nitrite on Akt expression (P=0.99), and 

nor did CPTIO (P=0.89; see Figure 4-11, D).  
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Figure 4-11: Effect of Nitrite on Akt Expression and Phosphorylation status in 786-0 
Cells in Hypoxia.  
A: Sodium nitrite at doses of 50 and 100 µM did not alter Akt phosphorylation at 
threonine 308 (P=0.78 and P=0.70) and serine 473 (P=0.99 and P=0.87), nor total Akt 
expression (P=0.94 and P=0.73). Similarly, neither ODQ nor CPTIO altered the (lack 
of) effect of nitrite on Akt expression and phosphorylation status. B: At the 50 µM 
dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt phosphorylation 
at threonine 308 (P=0.78), and nor did CPTIO (P=0.61). Similarly, at the 100 µM dose 
of sodium nitrite, ODQ did not alter the effect of nitrite on Akt phosphorylation at 
threonine 308 (P=0.97), and nor did CPTIO (P=0.74). C: At the 50 µM dose of sodium 
nitrite, ODQ did not alter the effect of nitrite on Akt phosphorylation at serine 473 
(P=0.68), and nor did CPTIO (P=0.57). Similarly, at the 100 µM dose of sodium nitrite, 
ODQ did not alter the effect of nitrite on Akt phosphorylation at serine 473 (P=0.99), 
and nor did CPTIO (P=0.87). D: At the 50 µM dose of sodium nitrite, ODQ did not alter 
the effect of nitrite on Akt expression (P=0.77), and nor did CPTIO (P=0.75). Similarly, 
at the 100 µM dose of sodium nitrite, ODQ did not alter the effect of nitrite on Akt 
expression (P=0.99), and nor did CPTIO (P=0.89). AU, arbitrary units.  
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4.5 Discussion 

 

Many cancers are dependent on a metabolic switch away from glucose oxidation 

towards glycolysis (the Warburg effect), and the causative mechanism for this is 

blockade of pyruvate dehydrogenase (PDH), the rate-limiting enzyme for pyruvate 

oxidation (372,373). We have shown that sodium nitrite can dephosphorylate and 

activate PDH in mouse hearts (see Chapter 3). If nitrite could ‘unblock’ PDH in cancer 

cells it could increase susceptibility to chemotherapeutic agents, representing a 

cheap anticancer agent in addition to its important cardioprotective effects (305). 

Paradoxically, we show that nitrite treatment is associated with increases in viability 

of 786-0 RCC cells treated with 5-fluorouracil (5-FU) at 24 hours. In normoxic 

conditions, 100 µM sodium nitrite increased cell viability of 786-0 RCC cells treated 

with lower dose (i.e. 0-10 µM) 5-FU. In hypoxia, both doses increased cell viability. 

These effects occurred independently of changes in protein expression and 

phosphorylation status of a range of targets, including PDH, Akt, HIF2α, and LDH. 

Nitrite did not alter the effect of 5-FU on cell viability at 48 hours.  

 

Interestingly, on immunoblotting, our 786-0 RCC cells did not demonstrate 

constitutive HIF2α expression in normoxia (characteristic of this cell line), indicating 

absence of the critical driver of the Warburg effect. It was somewhat unsurprising 

therefore, that sodium nitrite treatment did not alter PDH phosphorylation status or 

protein expression in normoxia in this study. Hypoxia (1% O2) was associated with 

robust increases in HIF2α levels, and this was associated with predictable increases 

in LDH expression (376), Akt phosphorylation (activation) and expression (377), and 

PDH phosphorylation (inhibition) and expression (153). This suggests that the hypoxic 

environment in these experiments was satisfactorily achieved and maintained. 

Nitrite treatment in hypoxia was associated with dephosphorylation of PDH at all 3 

residues, and decreased PDH expression, as well as Akt dephosphorylation and 

decreased expression, but this was not statistically significant.  
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Hypoxia inducible factor (HIF) is the primary transducer of the cellular response to 

hypoxia. During normoxia, the alpha and beta subunits pair to form the HIF protein, 

but this is quickly degraded following hydroxylation by the prolyl hydroxylase (PHD) 

enzyme, which marks HIF for proteolytic degradation by the vHL-E3-ubiquitin ligase 

complex (378,379). During hypoxic conditions, mitochondrial respiration results in 

the production of a large amount of ROS, particularly at complex III of the electron 

transport chain (380). This ROS is converted by Cu,Zn-superoxide dismutase (SOD) in 

the cytosol into hydrogen peroxide (H2O2), which inhibits the PHD enzyme, allowing 

for HIF stabilisation (362). Stabilised HIF then enters the nucleus where it binds to the 

hypoxia response element (HRE) on a range of genes, triggering the adaptive 

response to hypoxia. 786-0 RCC cells constitutively express the HIF2α isoform due to 

an acquired genetic loss of the vHL protein (368), which is responsible for the 

Warburg metabolism observed in these cells (381). Constitutive HIF expression 

conveys a survival advantage for cancer cells. The upregulation of pyruvate 

dehydrogenase kinase (PDK) 1 by HIF phosphorylates and inactivates PDH, preventing 

the production of ROS from mitochondrial oxidative phosphorylation that might 

otherwise trigger cellular autophagy or senescence responses, preventing cancer 

growth and/or spread (369,372,373). HIF expression also increases glucose uptake, 

with excess glucose funnelled into the hexosamine biosynthesis pathway (HBP) and 

pentose phosphate pathway (PPP), the end-products of which are used as cellular 

building blocks and to quench reactive oxygen species (ROS), respectively (237). 

Excess glucose is also associated with post-translational modification of multiple 

cellular proteins via O-GlcNAcylation (148). Upregulation of the HIF isoforms also 

directly and indirectly opposes the effects of the tumour suppressor gene p53 

(382,383), and inhibits the mTOR (autophagy) pathway via activation of oncogenes 

such as the PI3K/Akt pathway (384).  

 

HIF1α activation in cancers upregulates genes for glucose transport (GLUT1), 

glycolysis (HK2, PFK, ALDA, PGK1, LDHA etc), and lipid metabolism (ADRP), as well as 

angiogenesis (VEGF) and autophagy (BNIP3) (383). HIF1α expression varies 
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significantly across RCC types (385,386). 786-0 clear cell RCC cells however, 

constitutively express the HIF2α rather than HIF1α isoform, which upregulates all of 

the aforementioned targets with the exception of enzymes involved in glycolysis, but 

also genes involved in cell cycle progression (CCND1) and growth factor levels (TGFα) 

(387). In ccRCC, terminal oxidation of both glucose and free fatty acids (FFAs) by the 

mitochondria is suppressed. The inhibition of FFA oxidation results in FFA 

accumulation and deposition, giving the characteristic ‘clear cell’ appearance. The 

mechanism for this is related to HIF-mediated CPT1A inhibition (388). Similarly, fatty 

acid synthesis is increased due to conversion of glutamine to citrate via α-

ketoglutarate, which may occur via forward-flux through the Krebs cycle via 

oxaloacetate or reverse-activity of the isocitrate dehydrogenase and aconitase 

enzymes (371,389,390). In a study using 786-0 cells and a human ccRCC biopsy 

sample (later transfected into mouse models), Kinnaird et al. demonstrated that 

dichloroacetate, a pyruvate analogue and therefore blocker of PDK, relieved PDH 

blockade and reduced tumour size and angiogenesis in vivo (375). This was associated 

with an increase in mitochondrial ROS and the Krebs cycle metabolite α-

ketoglutarate, as well as increased p53 activity. However, this hypothesis that 

modulation of metabolism in 786-0 RCC cells via a HIF2α-PDH pathway may have 

anticancer effects appears in opposition to previous reports by others investigating 

HIF in 786-0 RCC xenografts (391).  

 

The active metabolites of 5-FU cause instability and prevent cellular replication via 

incorporation into DNA and RNA, as well as inhibition of the thymidylate synthase 

enzyme (392). The specificity for cancer cells is improved by the rapid cellular division 

and avid uptake of pyrimidines and their precursors that is characteristic of cancers, 

however toxic effects in non-cancerous cells is a common side effect of all 

chemotherapies. 5-FU mediated cytotoxicity has been shown to be dependent on 

p53 levels, with studies demonstrating a direct link between p53 tumour suppressor 

gene inactivation and 5-FU resistance in many cancers (393,394). P53-dependent 

apoptosis of cancer cells occurs via a pathway involving mitochondrial ROS 
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production (395). Given the key role of ROS in the stabilisation of HIF and in p53-

dependent apoptosis, the effects seen with nitrite in 786-0 RCC cells treated with 5-

FU in the current study may be explained by its documented effects on ROS, including 

as seen in our previous studies (see Chapter 3). Higher doses of nitrite have been 

shown to increase ROS (396), whereas lower doses of nitrite (i.e. those approaching 

physiological levels in the plasma) exert anti-inflammatory effects, reducing ROS 

(309,353,354). The lack of effect of nitrite on the Western blotting targets is likely 

explained by the apparent heterogeneity in gene expression of these proteins in 786-

0 ccRCC cells (even in the literature as discussed), particularly of HIF1α/2α and PDK1. 

It appears that careful genotyping of this cell line is required in the event that future 

studies are undertaken, despite assurances from the manufacturer. In our 786-0 RCC 

cells, lacking constitutive HIF2α expression, sodium nitrite treatment increased 

resistance to 5-FU in normoxia, but particularly hypoxia. It is likely that the 

mechanism was increased ROS-related stabilisation of HIF2α with resultant 

reductions in p53. This suggests that caution ought to be used when employing 

redox-modulating adjunctive therapies in cancers, especially those that are largely 

influenced by redox status.  

 

Study limitations 

Our 786-0 RCC cells did not constitutively express HIF2α in normoxia. As such, any 

assessment of the effect of nitrite on Warburg metabolism in 786-0 RCC cells is 

limited. There appears to be unexpected heterogeneity in gene expression in this cell 

line, necessitating careful genotyping and assessment of protein expression prior to 

future experiments in order to be able to accurately interpret the results. However, 

our selection of the 786-0 RCC cell line was based on previous studies demonstrating 

unblocking of PDH with dichloroacetate treatment in these cells, and the resultant 

increase in p53-dependent apoptosis (375). Initially, this study was planned using the 

anthracycline Daunorubicin in the place of 5-FU, given the previously demonstrated 

cardioprotective benefits of inorganic nitrate and nitrite in anthracycline treated 

mice (305). However, a recent study has shown that anthracycline sensitivity in ccRCC 
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cells is mediated by downregulation of ALDH2 in a manner that is independent of HIF, 

which occurs as a result of vHL deficiency (397). As nitrite has proven effects on 

ALDH2 (398,399), it would have been difficult to separate this from the effects on HIF 

in our study.   

 

4.6 Conclusions 

 

Sodium nitrite treatment in 786-0 RCC cells was associated with increased rather than 

decreased resistance to the anticancer effects of 5-FU. This occurred independently 

of PDH, Akt, HIF, or LDH. The mechanism is likely related to an increase in reactive 

oxygen species levels with higher doses of nitrite. Higher ROS levels increase HIF 

stabilisation, with resultant reductions in p53. Caution should be used when 

employing redox-modulating adjunctive therapies in cancers that are largely 

influenced by redox status.  
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The Nitrite In Chronic HEart failure (NICHE) Trial
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5.1 Abstract 

 

Background: The cardinal feature of heart failure is exercise impairment due to 

reduced cardiovascular reserve, and key causative mechanisms include reduced 

skeletal muscle blood flow, skeletal muscle loss and dysfunction, and pulmonary 

venous and arterial hypertension. The vasodilator effects of nitrite are significantly 

augmented by hypoxia, increasing its selectivity for the pulmonary vasculature, and 

for the skeletal muscle vasculature during exercise. Furthermore, additional 

purported benefits of nitrite, such as anti-inflammatory properties and its effects on 

metabolism, may also increase exercise tolerance in patients with heart failure, and 

this is supported by evidence from small-scale studies. Inhaled nitrite recently failed 

to improve exercise tolerance in patients with heart failure with preserved ejection 

fraction (HFpEF) in a large clinical trial. We sought to investigate the effects of an 

alternative method for increasing plasma nitrite, oral inorganic nitrate, on exercise 

capacity in patients with heart failure with reduced ejection fraction (HFrEF), and 

compare this to matching placebo.  

 

Methods: We designed a multicentre randomised, placebo-controlled trial to 

investigate the effects of 7 mmol oral inorganic (sodium) nitrate twice daily or 

placebo on peak oxygen consumption (peak VO2) on cardiopulmonary exercise 

(CPEX) testing in 56 patients at 2 months compared to baseline. Secondary outcomes 

included a quality of life questionnaire (Minnesota Living with Heart Failure), 6 

minute hall walk distance, blood tests including fasting glucose and markers of 

systemic inflammation, and echocardiographic measures of resting diastolic and 

systolic function. In the original trial design, recruitment was anticipated to take 2.5 

years. The study opened but recruited from a single site, the Royal Brompton Hospital 

in London, with recruitment running from July 2018 until end of October 2019. The 

study was sponsored by the Norfolk and Norwich University Hospitals NHS 

Foundation Trust (NNUH).  
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Results: Nineteen (19) patients completed the study before recruitment was halted 

early by the study Sponsor due to concerns regarding study feasibility, despite a letter 

from the DSMC stating that recruitment was on track, and that the standard deviation 

of peak VO2 was smaller than in the sample size calculations, and therefore the study 

should continue. Groups were well-matched on demographics data, however, 

patients in the active treatment arm had greater diastolic dysfunction (E/E’, 6.9 ± 2.2 

vs. 10.4 ± 3.8, p=0.04), and a trend towards higher (worse) quality of life scores (8.4 

± 8.0 vs. 22.3 ± 19.9, p=0.06), and poorer exercise tolerance (peak VO2, 18.8 ± 4.2 vs. 

15.9 ± 3.3 ml.kg-1.min-1, p=0.11), at baseline. At 2 months, peak VO2 became more 

similar between the groups (peak VO2, 18.5 ± 5.4 vs. 16.6 ± 3.7 ml.kg-1.min-1, p=0.41), 

due to a greater fall compared to baseline in the placebo group compared to the 

active treatment arm (Δpeak VO2, –1.49 ± 1.9 vs. +0.48 ± 1.3 ml.kg-1.min-1, p=0.03).  

There were no significant differences in the change in plasma glucose or in quality of 

life scores, however there was a greater worsening of diastolic function in the 

placebo group compared to the nitrate group, which was statistically significant 

(ΔE/E’, +1.76 ± 2.2 vs. –0.72 ± 1.6, p=0.03). There was a statistically significant 

negative correlation between the change in E/E’ and change in peak VO2 (r2=0.43, 

p=0.03). Unfortunately, other blood test results from patient plasma samples were 

not available due to delays experienced in processing these in Southampton as a 

result of the COVID-19 global pandemic.  

 

Conclusion: In our study, inorganic nitrate treatment was not associated with a 

deterioration in exercise capacity, unlike that seen in the placebo group, and the delta 

differed significantly between the groups. The change in respiratory exchange ratio 

was not different between groups, excluding effects from differences in exertional 

effort. The fall in peak VO2 correlated with an increase in resting E/E’, suggesting a 

worsening of diastolic function or increase in LVEDP as the likely cause for reduced 

cardiovascular reserve and worsening exercise tolerance in the placebo group. 

However, baseline exercise capacity and diastolic function were slightly better in the 

placebo group, with the groups becoming more similar at 2 months. A definitive large 
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scale clinical trial is still sorely needed to confirm the effects seen with inorganic 

nitrate therapy in smaller-scale studies of patients with HFrEF.  

 

Clinical Trials Registration:  Effects of inorganic nitrite on cardiac and skeletal muscle 

(ISRCTN clinical trial registration number: 16356908).  
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5.2 Introduction 

 

Heart failure affects more than 900,000 people in the United Kingdom, and this 

number is likely to increase as the population continues to age (38). Various forms of 

cardiovascular disease may culminate in heart failure. The cardinal feature of heart 

failure is exercise intolerance. Symptoms (typically dyspnoea) are typically present 

on exercise, but may be present even at rest, and are caused by an inability of the 

heart to pump sufficient blood to meet the metabolic needs of the body, or to do so 

only by raising left ventricular end diastolic pressure (LVEDP) (36). There is an 

established evidence-base for drug treatments targeting neurohormonal activation 

in heart failure with reduced ejection fraction (HFrEF), such as ACE-inhibitors, Beta-

blockers, and Mineralocorticoid Receptor Antagonists (MRAs) etc, which, together, 

can robustly reduce patient morbidity and mortality (36). However, the real-world 

initiation and optimisation of these medications is often complicated by intolerable 

side effects, resulting in many patients remaining symptomatic and on doses well 

below those shown to be beneficial in clinical trials (36). Further treatments are still 

sorely needed for many of these patients.  

 

Dysfunctional nitric oxide (NO) signalling is a key feature of heart failure. Nitrite (NO2
-

), previously thought to be an inert by-product of NO metabolism in the tissues, is 

now recognised as a NO storage pool from which NO may be liberated by nitrite 

reductases, especially during hypoxia (16). Inorganic nitrate (NO3) was similarly 

regarded as a by-product created by the oxidation of nitrite that is then excreted by 

the kidneys, due to the absence of a nitrate reductase in man (182). However, 

critically, commensal bacteria on the dorsum of the tongue possess this enzyme, 

making them an integral part of the nitrate-nitrite-NO pathway in man. Ingested 

inorganic nitrate, for example from beetroot or green leafy vegetables in the diet, is 

absorbed in the stomach into the bloodstream (16). Plasma nitrate is then 

concentrated in the salivary glands and secreted onto the tongue, where it is reduced 

to nitrite. This nitrite is then absorbed in the stomach, resulting in an increase in 
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plasma nitrite levels; small amounts are also reduced to NO by the stomach acid 

(termed acid disproportionation), which is important for gastric mucosal integrity and 

has antibacterial properties (183).   

 

Intravenous sodium nitrite (to increase plasma nitrite levels) has been shown to be a 

potent vasodilator and source of NO in the human forearm circulation in the presence 

of deoxyhaemoglobin (194). Building on this, Frenneaux et al. demonstrated that 

nitrite is a potent venodilator in both normoxia and hypoxia, but that the vasodilator 

effects are only modest in normoxia, with hypoxia significantly augmenting nitrite-

induced vasodilatation (300). Inhaled nitrite also showed promise in early studies as 

a selective, hypoxic pulmonary vasodilator (301). This is of particular interest to the 

heart failure community given the high prevalence of pulmonary hypertension 

caused by left-sided cardiac failure (302). Inorganic nitrate also prevented 

progression to heart failure following a toxic dose of doxorubicin in mice, via transient 

blockade (nitrosylation) of mitochondrial ROS generation at complex I of the 

mitochondrial electron transport chain (305). The same mechanism is thought to be 

responsible for nitrite-induced cardioprotection from ischaemia reperfusion injury. 

However, in the large, randomised-controlled ‘NIAMI’ Trial by Frenneaux et al., 70 

µmol intravenous nitrite infused for 5 minutes prior to reperfusion at percutaneous 

coronary intervention for acute myocardial infarction failed to reduce the primary 

endpoint of myocardial infarct size on cardiovascular magnetic resonance imaging at 

6-8 days post-presentation (306). Furthermore, additional purported benefits of 

nitrite, such as anti-inflammatory properties (309,353,354) and effects on 

metabolism (304), may also increase exercise tolerance in patients with heart failure. 

Some of these effects have been shown to be independent of NO (204,292), and may 

involve other mechanisms such as direct S-nitrosylation of proteins by nitrite (12).  

 

Several small studies have now demonstrated either a significant or equivocal 

improvement in peak oxygen consumption (peak VO2) on cardiopulmonary exercise 

(CPEX) testing with acute doses of oral inorganic nitrate, but these were 
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underpowered and larger studies are needed (312,313). In 25 patients with severe 

chronic heart failure, intravenous sodium nitrite infusion at 50μg/kg/min for 5 

minutes significantly reduced pulmonary vascular resistance (p=0.03) and increased 

LV stroke volume (p=0.003) (314). Interestingly, the increase in stroke volume 

correlated with the increase in transmural LVEDP (r=0.67; p=0.003), prompting the 

authors to suggest that nitrite may be relieving DVI in these patients (previously 

shown to be present in ~40% of HFrEF patients at rest (93)). Very recently, a large 

randomised controlled, crossover trial of inhaled nebulised nitrite in patients with 

heart failure with a preserved ejection fraction (HFpEF) was completed. In this study, 

nitrite failed to demonstrate an improvement in peak VO2 vs. placebo (13.5 vs. 13.7 

ml.kg-1.min-1, p=0.27) (317). The ‘Inorganic Nitrite Delivery to Improve Exercise 

Capacity in Heart Failure with Preserved Ejection Fraction’ or ‘INDIE-HFpEF’ study 

randomised 105 patients in a random-order crossover design to 4 weeks of nitrite 

and placebo, with a primary end point of peak VO2. Inhaled nitrite also failed to 

improve the secondary endpoints of daily activity levels, quality of life scores, 

diastolic function on echocardiogram (E/E’), or NT pro BNP levels (317). Despite 

questions related to dosing, route of administration, and duration of therapy, this 

study has largely quelled interest in nitrite as a therapy for HFpEF, but left the 

question of its potential use in HFrEF largely unanswered, particularly given the 

differences in pathophysiology between the two conditions (129) and the longer-

lasting effects of using an alternative administration route, such as with oral inorganic 

nitrate. We sought to investigate the effects of oral inorganic nitrate, to increased 

plasma nitrite levels, on exercise capacity in patients with HFrEF compared to 

matching placebo.  

 

5.3 Methods 

 

The methods used for this study are described in more detail in section 2.2. Briefly, 

patients with non-ischaemic dilated cardiomyopathy (previously assessed via 

cardiovascular magnetic resonance imaging or diagnostic coronary angiogram) were 
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recruited from clinics at the Royal Brompton Hospital in London, UK, and by post from 

a database maintained by the Cardiovascular Biomedical Research Centre at the 

Royal Brompton Hospital (see section 2.2.2). After allowing adequate time to read 

the study patient information sheet (at least 24 hours in all cases), patients were 

invited to attend a screening visit at the Royal Brompton Hospital. After obtaining 

written informed consent, patients underwent screening/baseline cardiopulmonary 

exercise (CPEX) testing (see section 2.2.4.1) and transthoracic echocardiography (TTE, 

see section 2.2.4.2). Patients were excluded on the basis of atrial fibrillation or 

ejection fraction >50% on TTE, and/or a respiratory exchange ratio <1.0 on CPEX 

testing. Other inclusion criteria included: age ≥18 years; a diagnosis of HFrEF with 

New York Heart Failure Association (NYHA) class II or III symptoms; and on maximally-

tolerated standard HFrEF medication on a stable regimen for at least 6 weeks. 

Additional exclusion criteria included: inability to provide written informed consent; 

recent (past 3 months) hospitalisation for decompensated cardiac failure; 

hypotension with baseline systolic blood pressure <90 mmHg; anaemia with a plasma 

haemoglobin <80 g/L; pregnancy or childbearing potential; valvular heart disease of 

moderate severity or greater; or chronic peripheral vascular disease. Finally, patients 

with G6PD deficiency (known, or measured at screening in males of African, Asian or 

Mediterranean descent) were excluded from the study on the basis of an increased 

risk of methaemoglobinaemia with inorganic nitrate/nitrite treatment (see section 

1.3.3.2.1). 

 

Participants then completed baseline testing for the study outcomes (see section 

2.2.3) including blood tests (see section 2.2.4.3), a Minnesota Living with Heart 

Failure quality of life questionnaire (see section 2.2.4), and 6 minute hall walk test 

(see section 2.2.4). Finally, participants were randomised via minimisation (see 

section 2.2.2) in a double-blind fashion to either 7 mmol inorganic (sodium) nitrate 

twice daily or matching placebo for 2 months, at which time participants returned for 

repeat testing, with results compared to baseline.  



147 
 

5.4 Results 

 

Nineteen (19) patients completed the study before recruitment was halted early by 

the study Sponsor due to concerns regarding study feasibility. This was despite a 

strongly worded letter from the DSMC objecting to this. In the study design approved 

by the MRC, recruitment was anticipated to take 2.5 years. The DSMC noted that the 

recruitment rate at the time of the interim analysis was satisfactory, and furthermore 

that the SD for the primary end point was lower than that used for the original sample 

size calculations. They therefore requested that the study be reopened but the 

sponsor declined. The study opened but recruited from a single site only, the Royal 

Brompton Hospital in London, with recruitment at this site running from July 2018 

until end of October 2019. Two (2) further patients were randomised but failed to 

complete the study. One patient withdrew due to a severe adverse event (SAE) in the 

form of symptomatic ventricular ectopics, which was deemed to be unrelated to the 

study drug. On unblinding, this patient was found to be in the placebo arm. The other 

patient withdrew from the study due to intolerable nausea, which was deemed 

related to the study drug. On unblinding, this patient was in the inorganic (sodium) 

nitrate arm of the study.  

 

Baseline Demographics  

 

The 2 participant groups were well-matched on demographics data, however, 

patients in the active treatment arm had greater diastolic dysfunction (E/E’, 6.9 ± 2.2 

vs. 10.4 ± 3.8, p=0.04), and a trend towards higher (worse) quality of life scores (8.4 

± 8.0 vs. 22.3 ± 19.9, p=0.06), and poorer exercise tolerance (peak VO2, 18.8 ± 4.2 vs. 

15.9 ± 3.3 ml.kg-1.min-1, p=0.11), at baseline (Table 5-1). This difference was not 

considered to be due to differences in exertional effort, as patients were excluded if 

RER was <1.0, and RER for placebo and nitrate groups was similar (1.10 ± 0.05 vs. 1.12 

± 0.06, p=0.28).  
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Change in Primary Outcome at 2 months vs. Baseline  

 

At 2 months, peak VO2 became more similar between the groups (peak VO2 at 2 

months, 18.5 ± 5.4 vs. 16.6 ± 3.7 ml.kg-1.min-1, p=0.41, Figure 5-1), due to a greater 

fall compared to baseline in the placebo group compared to the active treatment arm 

(Δpeak VO2, –1.49 ± 1.9 vs. +0.48 ± 1.3 ml.kg-1.min-1, p=0.03, Figure 5-2). The slight 

increase in the inorganic nitrate arm was not statistically significant compared to 

baseline (p=0.33), however there was a trend towards statistical significance for the 

fall in the placebo arm (p=0.08). There was no change in respiratory exchange ratio 

(RER) for either group between baseline and at 2 months, and the difference in the 

change in RER was not statistically significant between groups (nitrate vs. placebo, 

+0.02 ± 0.06 vs. 0 ± 0.10, p=0.52).  

 

 

 
Figure 5-1: Peak VO2 Following 2 months of Treatment by Intervention Arm. 
Peak VO2 on CPEX testing at 2 months was higher in the placebo group, but this was 
not statistically significant (peak VO2, 18.5 ± 5.4 vs. 16.6 ± 3.7 ml.kg-1.min-1, p=0.41). 
CPEX testing, cardiopulmonary exercise testing; NS, not significant; VO2, oxygen 
consumption.   
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Figure 5-2: Change in Peak VO2 at 2 months by Intervention Arm.  
After 2 months of treatment, the change in peak VO2 on CPEX testing was greater in 
the placebo group, due to a fall compared to baseline in the placebo group and a 
slight increase in the active treatment arm, and this was statistically significant 
(Δpeak VO2, –1.49 ± 1.9 vs. +0.48 ± 1.3 ml.kg-1.min-1, p=0.03). CPEX testing, 
cardiopulmonary exercise testing; VO2, oxygen consumption.   

 

 

Change in Secondary Outcomes at 2 months vs. Baseline  

 

Minnesota Living with Heart Failure Questionnaire 

 

There was essentially no change in Minnesota Living with Heart Failure quality of life 

questionnaire scores (MLWHF) for the placebo (ΔMLWHF, –2 ± 9.4, p=0.56) and 

nitrate groups (ΔMLWHF, –1 ± 12.5, p=0.59) at 2 months, and the difference in the 

change between intervention arms was also not statistically significant (ΔMLWHF, 

placebo vs. nitrate, p=0.91, Figure 5-3).  

 

 

✱
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Figure 5-3: Change in Minnesota Living with Heart Failure Questionnaire Score at 2 
months by Intervention Arm.  
There was no difference in the change in the Minnesota Living with Heart Failure 
quality of life questionnaire scores between intervention arms (–2 ± 9.4 vs. –1 ± 12.5, 
p=0.91) at 2 months.  
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6 Minute Hall Walk Test  

 

There was a slight improvement in 6 minute hall walk test distance (6MWT) for the 

placebo group (placebo Δ6MWT, +30 ± 22.1 m, p=0.007), and this was statistically 

significant. In the nitrate group, there was a trend towards an improvement in 6MWT, 

but this was not statistically significant (Δ6MWT, +63 ± 66.9 m, p=0.17). The 

difference in the change between intervention arms was also not statistically 

significant (Δ6MWT, placebo vs. nitrate, p=0.79, Figure 5-4).  

 

 

 
Figure 5-4: Change in 6 Minute Hall Walk Test Distance at 2 months by Intervention 
Arm.  
There was no difference in the change in 6 minute hall walk test distance between 
intervention arms (+30 ± 22.1 vs. +63 ± 66.9 m, p=0.79).  
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Exercise Time on CPEX Testing  

 

There was a slight increase exercise time (ET) for both the placebo (ΔET, +26.5 ± 113 

s, p=0.20) and nitrate groups (ΔET, +19.5 ± 57 s, p=39) at 2 months, but this was not 

statistically significant. The difference in the change between intervention arms was 

also not statistically significant (ΔET, placebo vs. nitrate, p=0.57, Figure 5-5).  

 

 

 
Figure 5-5: Change in Exercise Time at 2 months by Intervention Arm.  
There was no difference in the change in exercise time between intervention arms 
(+26.5 ± 113 vs. +19.5 ± 57 s, p=0.57).  
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Fasting Plasma Glucose 

 

There was no change in fasting plasma glucose levels (FG) for either placebo (ΔFG, 0 

± 0.85 mmol/L, p=0.73) or nitrate groups (ΔFG, –0.15 ± 0.95 mmol/L, p=0.55) at 2 

months. The difference in the change between intervention arms was also not 

statistically significant (ΔFG, placebo vs. nitrate, p=0.80, Figure 5-6).  

 

 

 
Figure 5-6: Change in Fasting Plasma Glucose Levels at 2 months by Intervention 
Arm.  
There was no difference in the change in fasting plasma glucose levels between 
intervention arms (0 ± 0.85 vs. –0.15 ± 0.95 mmol/L, p=0.80).  
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Resting Blood Pressure 

 

There was a larger change in systolic blood pressure (SBP) at 2 months in the 

inorganic nitrate arm compared to placebo but this failed to reach statistical 

significance (ΔSBP, placebo vs. nitrate, 0 ± 20.5 vs. –8 ± 14.9 mmHg, p=0.11, Figure 5-

7). There was no change in SBP in the placebo group (ΔSBP, 0 ± 20.5 mmHg, p=0.43) 

at 2 months, however, there was a fall in the nitrate group (ΔSBP, –8 ± 14.9 mmHg, 

p=0.23), but this was not statistically significant. Similarly, there was a larger change 

in diastolic blood pressure (DBP) at 2 months in the inorganic nitrate arm compared 

to placebo, but this failed to reach statistical significance (ΔDBP, placebo vs. nitrate, 

+0.5 ± 13.5 vs. –4 ± 5.7 mmHg, p=0.09, Figure 5-8). There was no change in DBP in 

the placebo group (ΔDBP, +0.5 ± 13.5 mmHg, p=0.48) at 2 months, however, there 

was a fall in the nitrate group (ΔDBP, –4 ± 5.7 mmHg, p=0.09), but, despite a trend, 

this was not statistically significant.  

 

 

 
Figure 5-7: Change in Systolic Blood Pressure at 2 months by Intervention Arm.  
There was a larger fall in systolic blood pressure at 2 months in the inorganic nitrate 
arm compared to placebo but this failed to reach statistical significance (0 ± 20.5 vs. 
–8 ± 14.9 mmHg, p=0.11).  

 



155 
 

 
Figure 5-8: Change in Systolic Blood Pressure at 2 months by Intervention Arm. 
There was a larger fall in diastolic blood pressure at 2 months in the inorganic nitrate 
arm compared to placebo but this failed to reach statistical significance (+0.5 ± 13.5 
vs. –4 ± 5.7 mmHg, p=0.09).  
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Echocardiographic Data 

 

Cardiac Volumes 

 

There was an increase in left ventricular end diastolic volume (LVEDV) in the placebo 

group and not in the inorganic nitrate group, but this difference was not statistically 

significant (ΔLVEDV, placebo vs. nitrate, +36.9 ± 74.9 vs. +1.7 ± 64.6 mL, p=0.51, 

Figure 5-9). However, the change in LVEDV at 2 months was not statistically 

significant for either the placebo (ΔLVEDV, +36.9 ± 74.9 mL, p=0.43) or nitrate groups 

(ΔLVEDV, +1.7 ± 64.6 mL, p=0.95). Similarly, left ventricular end systolic volume 

(LVESV) increased in the placebo group and decreased in the inorganic nitrate group, 

but this difference was not statistically significant (ΔLVESV, +18.5 ± 51.3 vs. –23.9 ± 

51.9 mL, p=0.80, Figure 5-10). The change in LVESV at 2 months was not statistically 

significant for either the placebo (ΔLVESV, +18.5 ± 51.3 mL, p=0.78) or nitrate groups 

(ΔLVEDV, –23.9 ± 51.9 mL, p=0.94).  

 

Left ventricular ejection fraction (EF) increased in the placebo group at 2 months (due 

to a greater increase in LVEDV compared to LVESV), and remained unchanged in the 

inorganic nitrate group, but the difference in the change in EF was not statistically 

significant (ΔEF, placebo vs. nitrate, +5 ± 10.9 vs. –1.8 ± 19.5 %, p=0.94, Figure 5-11). 

The change in EF at 2 months was not statistically significant compared to baseline 

for either the placebo (ΔEF, +5 ± 10.9 %, p=0.67) or nitrate groups (ΔLVEDV, –1.8 ± 

19.5 %, p=0.88).  
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Figure 5-9: Change in Left Ventricular End Diastolic Volume at 2 months by 
Intervention Arm.  
There was an increase in left ventricular end diastolic volume (LVEDV) in the placebo 
group and not in the inorganic nitrate group, but this difference was not statistically 
significant (ΔLVEDV, +36.9 ± 74.9 vs. +1.7 ± 64.6 mL, p=0.51).  

 

 

 
Figure 5-10: Change in Left Ventricular End Systolic Volume at 2 months by 
Intervention Arm.  
Left ventricular end systolic volume (LVESV) increased in the placebo group and 
decreased in the inorganic nitrate group, but this difference was not statistically 
significant (ΔLVESV, +18.5 ± 51.3 vs. –23.9 ± 51.9 mL, p=0.80). 
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Figure 5-11: Change in Left Ventricular Ejection Fraction at 2 months by Intervention 
Arm.  
Left ventricular ejection fraction (EF) increased in the placebo group, but remained 
unchanged in the inorganic nitrate group, but the difference in change in EF was not 
statistically significant (+5 ± 10.9 vs. –1.8 ± 19.5 mL, p=0.94).  

 

 

Systolic Function  

 

Left ventricular end systolic elastance (EesSB) fell slightly in the placebo group at 2 

months and remained unchanged in the nitrate group but the difference in change in 

EesSB was not statistically significant (ΔEesSB, placebo vs. nitrate, –0.1 ± 0.9 vs. 0 ± 0.7, 

p=0.94, Figure 5-12). The change in EesSB at 2 months was not statistically significant 

for either the placebo (ΔEesSB, –0.1 ± 0.9, p=0.75) or nitrate groups (ΔEesSB, 0 ± 0.7, 

p=0.79). V100, a measure of LV pressure when volume is 100 mL (a surrogate for V0 

– the x-axis intercept of EesSB), increased in the placebo group and fell in the nitrate 

group, but the difference was not statistically significant despite a strong trend 

(ΔV100, placebo vs. nitrate, +16.1 ± 30.2 vs. –17.8 ± 32.8, p=0.07, Figure 5-13). There 

was a trend towards a statistically significant increase in V100 in the placebo group, 

but this failed to reach statistical significance (ΔV100, +16.1 ± 30.2, p=0.07). The fall 
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in V100 in the nitrate group was not statistically significant (ΔV100, –17.8 ± 32.8, 

p=0.50).  

 

The slope of the left ventricular preload recruitable stroke work relationship (SBMw) 

fell slightly in the placebo group and increased slightly in the nitrate group at 2 

months, however the difference in the change in SBMw was not statistically 

significant (ΔSBMw, placebo vs. nitrate, –2.2 ± 16.2 vs. +5.5 ± 20.2, p=0.68, Figure 5-

14). The change in SBMw at 2 months was not significant in either the placebo 

(ΔSBMw, –2.2 ± 16.2, p=0.74) or nitrate groups (ΔSBMw, +5.5 ± 20.2, p=0.70).  

 

 

 
Figure 5-12: Change in LV End Systolic Elastance at 2 months by Intervention Arm.  
Left ventricular end systolic elastance (EesSB) fell slightly in the placebo group at 2 
months and remained unchanged in the nitrate group, but the difference in change 
in EesSB was not statistically significant (–0.1 ± 0.9 vs. 0 ± 0.7, p=0.94).  
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Figure 5-13: Change in Left Ventricular V100 at 2 months by Intervention Arm.  
V100, a measure of LV volume when LV pressure is 100 mmHg (a surrogate for V0 – 
the x-axis intercept of EesSB), increased in the placebo group and fell in the nitrate 
group, but the difference was not statistically significant despite a strong trend (+16.1 
± 30.2 vs. –17.8 ± 32.8, p=0.07). 

 

 

 
Figure 5-14: Change in the Slope of the Preload Recruitable Stroke Work 
Relationship (SBMw) at 2 months by Intervention Arm.  
The slope of the left ventricular preload recruitable stroke work relationship (SBMw) 
fell slightly in the placebo group and increased slightly in the nitrate group, however 
the difference in the change in SBMw was not statistically significant (–2.2 ± 16.2 vs. 
+5.5 ± 20.2, p=0.68).  
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Diastolic Function  

 

There was a worsening in diastolic function in the placebo group compared to no 

change in the nitrate group at 2 months, and this difference was statistically 

significant (ΔE/E’, placebo vs. nitrate, +1.76 ± 2.2 vs. –0.72 ± 1.6, p=0.03, Figure 5-15). 

The change in E/E’ at 2 months compared to baseline was statistically significant in 

the placebo group (ΔE/E’, +1.76 ± 2.2, p=0.03), but not the nitrate group (ΔE/E’, –0.72 

± 1.6, p=0.26).  

 

 

 
Figure 5-15: Change in Left Ventricular E/E’ at 2 months by Intervention Arm.  
There was a greater worsening of diastolic function in the placebo group compared 
to the nitrate group at 2 months, and this difference was statistically significant 
(ΔE/E’, +1.76 ± 2.2 vs. –0.72 ± 1.6, p=0.03).  

 

 

Global Longitudinal Strain and Right Ventricular Assessment 

 

Unfortunately, there were insufficient sets of paired data to assess global longitudinal 

strain (GLS) or to assess the right ventricle (due to poor TR jets and RV windows) in 

either group.  
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Blood Tests 

 

Results from other blood tests performed on participant plasma samples were, 

unfortunately, not available due to delays experienced in processing these in 

Southampton as a result of the COVID-19 global pandemic. 

 

 

Correlation between E/E’ and Delta Peak VO2 

 

There was a statistically significant negative correlation between the change in E/E’ 

on transthoracic echocardiography and change in peak VO2 on CPEX testing (r2=0.43, 

p=0.03, Figure 5-16).  

 

 

 
Figure 5-16: Correlation between Change in Left Ventricular E/E’ and Peak VO2 at 2 
months by Intervention Arm.  
There was a statistically significant negative correlation between the change in E/E’ 
and change in peak VO2 on CPEX testing at 2 months compared to baseline (r2=0.43, 
p=0.03). CPEX testing, cardiopulmonary exercise testing. VO2, oxygen consumption.  
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5.5 Discussion 

 

We have demonstrated a statistically significant difference in delta peak VO2 on CPEX 

testing following oral inorganic (sodium) nitrate therapy for 2 months in patients with 

heart failure with reduced ejection fraction (HFrEF) compared to placebo. This 

appears to be in agreement with the results of other studies of shorter duration. 

However, interestingly, the difference in our study was due more to a deterioration 

in exercise capacity in the placebo group, rather than a statistically significant 

improvement in the active treatment group. The RER in each of the groups was 

similar both at baseline and at end of study, suggesting that a difference in exertional 

effort between the 2 groups was not responsible for the observed difference. 

Similarly, the difference in change in peak HR between groups was not statistically 

significant, and there were similar rates of beta-blocker therapy use between groups, 

and they were adequately withheld prior to CPEX testing.  

 

On unblinding, our placebo and nitrate groups were found to be well-matched in 

terms of baseline demographics (Table 5-1). Despite this, diastolic function on 

transthoracic echocardiography at the baseline visit was worse in patients in the 

nitrate arm, and this was accompanied by a strong trend towards both worse quality 

of life scores and peak VO2 on CPEX at baseline, suggesting poorer baseline functional 

capacity. After 2 months of treatment, the primary end point (peak VO2) improved in 

the nitrate arm (by 0.48 ml.kg-1.min-1), but fell in the placebo arm (by 1.49 ml.kg-1.min-

1). Whilst the difference between nitrate and placebo groups was statistically 

significant (p=0.03), there was also a strong trend towards statistical significance for 

the difference in peak VO2 between baseline and 2 months in the placebo arm. The 

change in the placebo arm is thought to be due to the effects of time and disease 

progression (i.e. a fall to the level of the nitrate group), especially given how closely-

matched the groups were in terms of patient demographics, NYHA class, and time 

since diagnosis with HFrEF (Table 5-1).  
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The change in peak VO2 at 2 months correlated with E/E’, the ratio of the early mitral 

inflow peak velocity (E) to the mitral annular early diastolic velocity (E’). E/E’ has been 

shown to correlate with invasive left ventricular end diastolic pressure (LVEDP), 

making it an easy-to-measure, non-invasive surrogate for diastolic function on 

echocardiogram (400). In HFrEF, changes in LVEDP over this timeframe might be 

expected to be related to a decline in cardiac function (i.e. worsening pump failure), 

an increase in interstitial fibrosis (e.g. secondary to increased activity of the tissue 

renin-angiotensin-aldosterone system from neurohormonal activation) (52), or 

changes in left ventricular chamber dimensions (remodelling) (98). In the current 

study, cardiac volumes increased slightly in the placebo group at 2 months compared 

to baseline but this was not statistically significant, and ‘chamber-level’ measures of 

LV systolic function remained unchanged (EF, EesSB, and SBMw). V100, a measure of 

LV volume when LV pressure is 100 mmHg, increased in the placebo group at 2 

months but fell in the nitrate group. There was a strong trend towards statistical 

significance for the difference in V100 between the two groups (p=0.07), and 

between the placebo group at 2 months compared to baseline (p=0.07). V100 is a 

surrogate for V0, the x-axis intercept of the end systolic pressure volume relationship 

(ESPVR) (347). Despite not reaching statistical significance, an increase in V100 in the 

placebo arm denotes a rightwards shift in the ESPVR, i.e. a reduction in LV 

contractility, and an increase in LV volume (see Figure 1-1). The latter is supported by 

the observed increases in LVEDV and LVESV in the placebo group at 2 months. This 

likely explains the reduction in exercise capacity in the placebo group, and the 

increase in E/E’.  

 

Unfortunately, the study was halted early by the Sponsor due to doubts regarding 

study feasibility in terms of recruitment (see section 2.2.1). This was despite an 

interim analysis performed by the study Data Safety and Monitoring Committee 

(DSMC) in January 2020 recommending that the study not be terminated 

prematurely. This was based on recruitment projections indicating that the study was 

on track, and results of the interim analysis indicating a smaller standard deviation 
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for the primary endpoint (change in peak VO2) than anticipated in the original sample 

size calculations, suggesting that fewer patients would be required to achieve the 

desired statistical power.  

 

In a clinical study involving 9 patients with HFrEF, inorganic nitrate (beetroot juice 

containing 11.2 mmol of nitrate) increased knee extension strength (maximal power) 

on isokinetic dynamometry (310). Small studies have since also demonstrated either 

an improvement or no difference in peak oxygen consumption (peak VO2) on 

cardiopulmonary exercise (CPEX) testing with acute doses of oral inorganic nitrate 

(312,313,401,402). In a randomised, double-blind, placebo-controlled crossover 

study of 8 patients with HFrEF, oral inorganic nitrate supplementation with a single 

dose of beetroot juice (containing 11.2 mmol of nitrate) increased peak VO2 on CPEX 

testing at 2 hours post ingestion from 21.4 ± 2.1 to 23.0 ± 2.3 ml.kg-1.min-1 (p<0.05), 

with no difference seen with placebo (nitrate-deplete beetroot juice) (312). In 

another study, 13 patients with HFrEF were randomised in a double-blind crossover 

fashion to 9 days of beetroot juice or placebo (nitrate-deplete beetroot juice), with a 

primary endpoint of time to exercise intolerance on constant-load CPEX testing; there 

was no difference between beetroot juice and placebo in this study (313). Using a 

primary endpoint of distance walked during incremental shuttle walk tests, a further 

study demonstrated an improvement in exercise tolerance after a single dose of 

beetroot juice (with 12.9 mmol inorganic nitrate) compared to placebo (nitrate-

deplete beetroot juice) in 11 patients with HFrEF (p=0.006) (401). Finally, a small pilot 

study of 5 patients with HFrEF has also shown an improvement in exercise cardiac 

output and stroke volume (both p<0.05) following an acute dose of inorganic nitrate 

(beetroot juice) compared to placebo (nitrate deplete beetroot juice) on three-stage 

submaximal exercise stress echocardiography (402).  

 

Very recently, a definitive randomised controlled, crossover trial of inhaled nebulised 

nitrite in patients with heart failure with a preserved ejection fraction (HFpEF) was 

completed. The ‘Inorganic Nitrite Delivery to Improve Exercise Capacity in Heart 
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Failure with Preserved Ejection Fraction’ or ‘INDIE-HFpEF’ study randomised 105 

patients in a random-order crossover design to 4 weeks of both nitrite and placebo, 

with a primary end point of peak VO2. In this study, nitrite failed to demonstrate an 

improvement in peak VO2 vs. placebo (13.5 vs. 13.7 ml.kg-1.min-1, p=0.27) (317). 

Inhaled nitrite also failed to improve the secondary endpoints of daily activity levels, 

quality of life scores, diastolic function on echocardiogram (E/E’), or NT pro BNP levels 

(317). Despite questions related to dosing, route of administration, and duration of 

therapy, this study has largely quelled interest in nitrite as a therapy for HFpEF, but 

left the question of its potential use in HFrEF largely unanswered, particularly given 

the differences in pathophysiology between the two conditions (129) and the longer-

lasting effects of using an alternative administration route, such as with oral inorganic 

nitrate. It is therefore clear that a large scale trial of inorganic nitrate in HFrEF is 

needed to confirm the findings of smaller studies. Whilst the current study was 

designed to be powered to answer this question, it was unfortunately halted early. 

Fortunately, other large scale trials of inorganic nitrate in HFrEF are underway (e.g. 

the INIX-HF trial, clinicaltrials.org identifier NCT02797184).  

 

Study Limitations 

Due to being halted early, the study is currently inadequately powered to determine 

whether inorganic nitrate can improve exercise tolerance in patients with HFrEF. 

However, as discussed, an interim analysis by the study DSMC indicated that fewer 

patients would be required than stated in the original sample size calculations. The 

revised number based on these data was 36 patients in total (down from 56 patients), 

which would have been quite achievable. However, due to the global coronavirus 

(COVID-19) pandemic, it is clear that the study would have been halted again only 

months later if reopened. Despite being stopped prematurely, 19 patients completed 

the study protocol, bringing this study at least on-par with any of the studies to come 

before it. Additionally, this is the only study to examine the effects of chronic nitrate 

therapy (2 months), with other studies investigating a single acute dose or a week of 

treatment. Unfortunately, the COVID-19 pandemic has also caused delays with the 
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processing of participant blood samples taken during the study. Due to this, we were 

unable to confirm the expected elevation in plasma nitrate and nitrite levels from 

inorganic nitrate in the study, thereby complicating our interpretation of the 

observed lack of effect on peak VO2 in the nitrate arm. Similarly, other secondary 

outcomes such as change in nitrated fatty acids, high sensitivity CRP, and NT pro BNP 

cannot be assessed. Finally, there were insufficient paired GLS data to assess the 

change in GLS with nitrate or placebo, as well as insufficient RV views and TR jets to 

assess RV function, and so these data were not included.  

 

5.6 Conclusions 

 

Exercise capacity (peak VO2) fell at 2 months in the placebo arm in our study, but 

remained unchanged in the inorganic nitrate arm. The fall in peak VO2 correlated with 

an increase in E/E’ and was associated with an increase in V100, implying worsening 

diastolic function, reduced LV contractility, and increased LV size (chamber 

dilatation). Baseline exercise capacity and diastolic function were slightly better in 

the placebo group, with the groups becoming more similar at 2 months. Thus, our 

data indicate an effect from time and disease progression in the placebo arm, and a 

lack of effect from inorganic nitrate in the treatment arm. A definitive large scale 

clinical trial is still sorely needed to confirm the effects of oral inorganic nitrate 

therapy in patients with HFrEF.  
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Table 5-1: Demographics, Baseline Symptoms, and CMR Data 

 Placebo  
(n=10) 

Inorganic  
Nitrate (n=9) 

P value 

Demographics Data 
Age (years) 64 ± 10.6 64 ± 13.0 0.98 
Male (n [%]) 8 (80) 7 (78) 0.99 
BMI (kg/m2) 30.2 ± 4.1 29.2 ± 5.4 0.65 
SBP (mmHg) 118.1 ± 17.4 124.5 ± 18.0 0.44 
DBP (mmHg)  75.2 ± 10.6 73.6 ± 10.8 0.75 
Heart Rate (bpm)  73 ± 7.3 68 ± 7.5 0.15 
Fasting Glucose (mmol/L) 5.21 ± 0.62 5.34 ± 0.55 0.35 
Time since diagnosis (years) 8.0 ± 4.6 7.8 ± 3.7 0.90 
MLWHF Questionnaire Score  8.4 ± 8.0 22.3 ± 19.9 0.06 
NYHA Class II Sx 10 (100) 9 (100) 1.00 
6 Minute Walk Distance (m) 554.5 ± 104 474.3 ± 75 0.30 
Aetiology of DCM (n [%])  
     Idiopathic 5 (50) 3 (33.3) 0.65 
     Genetic (TTNtv) 1 (10) 1 (11.1) 0.99 
     Myocarditis 3 (30) 0 (0) 0.21 
     Alcohol 0 (0) 2 (22.2) 0.21 
     Tachycardia  0 (0) 2 (22.2) 0.21 
     Chemotherapy 1 (10) 1 (11.1) 0.99 
Comorbidities (n [%]) 
     Hypertension 3 (30) 3 (33.3) 0.99 
     Type 2 Diabetes Mellitus 2 (20) 0 (0) 0.47 
     History of AF  1 (10) 3 (33.3)  0.30 
     Obesity 2 (20) 3 (33.3)  0.63 
     Hypercholesterolaemia 4 (40) 4 (44.4)  0.99 
     Renal Failure 1 (10) 0 (0) 0.99 
     History of CVA  2 (20) 2 (22.2) 0.99 
Drug Therapy (n [%])  
     Aspirin 2 (20) 1 (11.1) 0.99 
     Beta-blocker 9 (90) 8 (88.8) 0.99 
     ACE-I or ARB 8 (80) 8 (88.8)  0.99 
     Entresto  2 (20) 1 (11.1) 0.99 
     Ivabradine 0 (0) 1 (11.1) 0.47 
     Statin 6 (60) 5 (55.5) 0.99 
     Ca2+ channel blocker 0 (0) 0 (0) 1.00 
     Loop diuretic 4 (40) 4 (44.4) 0.99 
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     MRA  4 (40) 7 (77.7) 0.17 
     PPI  1 (10) 4 (44.4)  0.14 
     Allopurinol 1 (0) 0 (0) 0.99 
     PDE blocker 1 (0) 0 (0)  0.99 
Cardiac Device (n [%])  
     CRT-D 3 (30)  2 (22.2) 0.99 
     ICD 1 (10) 1 (11.1)  0.99 
Cardiovascular Magnetic Resonance Imaging Data (at diagnosis)  
Fibrosis Pattern on CMR (n [%]) 
     Any Fibrosis  7 (70) 5 (55.5) 0.65 
     Mid Wall Fibrosis 5 (50)  5 (55.5) 0.99 
     Subepicardial Fibrosis 2 (20) 0 (0) 0.47 
     Infarction Pattern Fibrosis  0 (0) 0 (0) 1.00 

Values are mean ± SD or n (%).Demographics, Baseline Symptoms, and CMR Data. 
ACE-I, angiotensin converting enzyme inhibitor; AF, atrial fibrillation; ARB, 
angiotensin receptor blocker; BMI, body mass index; CRT-D, cardiac 
resynchronisation therapy device with defibrillator; CVA, cerebrovascular accident; 
DBP, diastolic blood pressure; DCM, dilated cardiomyopathy; ICD, implantable 
cardiac defibrillator; MLWHF, Minnesota Living with Heart Failure; MRA, 
mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PDE, 
phosphodiesterase inhibitor; PPI, proton pump inhibitor; SBP, systolic blood 
pressure; TTNtv, titin truncating variant.  
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Table 5-2: Baseline Echocardiography and Exercise Data 

 Placebo  
(n=10) 

Inorganic  
Nitrate (n=9) 

P value 

Echocardiography Data  
IVSd (cm) 0.96 ± 0.3 0.91 ± 0.1 0.62 
PWd (cm) 0.91 ± 0.2 0.89 ± 0.1  0.80 
LVIDd (cm) 5.53 ± 0.7 5.57 ± 0.7 0.89 
LVIDs (cm) 4.34 ± 0.6 4.37 ± 0.7 0.90 
LVOT diameter (cm) 2.38 ± 0.2 2.32 ± 0.2 0.53 
LVEDV (mL) 136.4 ± 38.1 140.2 ± 41.2 0.84 
LVESV (mL)  76.0 ± 18.2 83.7 ± 42.8 0.61 
SV (mL) 73.4 ± 19.3 71.5 ± 18.0  0.83 
EF (%)  43 ± 7.3 43 ± 10.9 0.89 
E (m/s)  0.40 ± 0.12 0.62 ± 0.17 0.007* 
A (m/s)  0.68 ± 0.13 0.78 ± 0.13 0.13 
E/A ratio 0.62 ± 0.27 0.80 ± 0.20 0.17  
E’septal 5.15 ± 1.2 5.69 ± 1.1 0.37 
E’lateral  7.91 ± 1.8 7.21 ± 2.0  0.48 
E/E’average 6.9 ± 2.2 10.4 ± 3.8 0.04*  
EesSB 1.62 ± 0.44 1.91 ± 0.51 0.20  
V100  42.4 ± 21.2 43.1 ± 28.4 0.95 
SBMw 62.4 ± 14.4 61.3 ± 12.5 0.86  
Cardiopulmonary Exercise Testing Data 
Exercise Time (s)  834 ± 135 833 ± 174 0.98 
Peak VO2 (ml.kg-1.min-1) 18.8 ± 4.2 15.9 ± 3.3 0.11 
% of predicted Peak VO2  58 ± 14.7 48 ± 10.3 0.12 
Peak HR (bpm)  139 ± 17.6 141 ± 25.3 0.84 
VE/VCO2 slope 26.5 ± 3.4 30.9 ± 6.5 0.07 
RER  1.10 ± 0.06 1.12 ± 0.05 0.33 

Values are mean ± SD. Baseline Echocardiography and Exercise Data. A, late mitral 
inflow peak velocity; E, early mitral inflow peak velocity; E’, mitral annular early 
diastolic peak velocity; EesSB, single beat LV end systolic elastance; EF, ejection 
fraction; HR, heart rate; IVSd, interventricular septum thickness in diastole; LVEDV, 
left ventricular end diastolic volume; LVESV, left ventricular end systolic velocity; 
LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal 
diameter in systole; LVOT, left ventricular outflow tract; PWd, LV posterior wall 
thickness in diastole; RER, respiratory exchange ratio; SBMw, slope of the preload 
recruitable stroke work relationship; SV, stroke volume; VE/VCO2, minute ventilation 
to carbon dioxide production; V100, LV volume when LV pressure is 100 mmHg.  
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Myocardial Energetic Deficiency in Non-obstructive 

Hypertrophic Cardiomyopathy and Association with Vasculoventricular 

Coupling and Exercise Capacity
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6.1 Abstract:  

 

Background: Cardiac energetic status is reduced in patients with non-obstructive 

hypertrophic cardiomyopathy (HCM) compared to controls. We hypothesized that 

this would result in dynamic impairment of both left ventricular (LV) diastolic and 

systolic function on exercise, and contribute to exercise limitation.   

 

Methods: Fifty-one patients with symptomatic non-obstructive HCM (39 males; 

mean age 54 years), and thirty-three age- and sex-matched controls were enrolled, 

and underwent resting 31P cardiovascular magnetic resonance spectroscopy to assess 

myocardial energetic status (PCr/γATP ratio). Cardiopulmonary exercise testing to 

measure peak oxygen consumption (peak VO2) and radionuclide ventriculography to 

assess the changes in contractile function (LV end systolic elastance index, ELVI), 

vasculoventricular coupling (VVC) ratio and time to peak filling (normalized to RR 

interval; nTTPF) with exercise, were then performed and tested for their associations 

with resting PCr/γATP ratio.  

 

Results: Compared to controls, HCM patients exhibited markedly reduced peak VO2 

(24±6 ml/kg/min vs. 38±8 ml/kg/min; p<0.0001) and cardiac PCr/γATP ratios 

(1.41±0.48 vs. 2.26±0.59; p<0.0001). During exercise, nTTPF shortened in controls but 

increased in patients (0.19±0.09s to 0.16±0.08s vs. 0.17±0.07s to 0.32±0.09s; 

p<0.0001). VVC ratio fell in controls during exercise but much less so in HCM patients 

(δVVC, −0.25±0.19 vs. −0.06±0.24, p=0.006), due to a greater relaƟve increase in ELVI 

in controls (1.7±0.7 vs. 1.24±0.68; p<0.05). In HCM patients, resting PCr/γATP ratio 

correlated with peak VO2 (r=0.52; p<0.001), and with the change in nTTPF (r=–0.47; 

p=0.003) and VVC ratio (r=–0.40; p=0.02) with exercise.  

 

Conclusion: Impaired myocardial energetic status in HCM is associated with dynamic 

diastolic and systolic dysfunction, and correlates significantly with reduced exercise 

capacity.  
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6.2 Introduction 

 

Hypertrophic cardiomyopathy (HCM) is a common inherited cardiac condition, 

frequently caused by genetic mutations in cardiac sarcomere proteins (403). Updated 

estimates now suggest that HCM may affect around 1 in 200 people (404). While 

sudden cardiac death is the most important complication of the disease, patients may 

also experience debilitating symptoms (including dyspnoea) that limit exercise 

capacity, sometimes profoundly. In patients with provocable left ventricular outflow 

tract (LVOT) obstruction, this is the primary mechanism for exercise limitation, and 

septal reduction therapies have proven highly effective (405,406). Patients without 

obstruction may also be severely symptomatic however, and management of their 

symptoms remains challenging. Diastolic dysfunction represents a significant 

contribution to exercise limitation in these patients. Left ventricular (LV) relaxation is 

typically slowed and filling rate is diminished at rest (407). Furthermore, we have 

showed there is frequently failure to increase the rate of LV active relaxation with 

exercise in patients with non-obstructive HCM; indeed in some patients, active 

relaxation paradoxically slowed on exertion (408). Although resting measures of 

diastolic function poorly correlated with peak oxygen consumption (VO2), time to 

peak filling, a measure of the rate of LV active relaxation assessed during submaximal 

exercise, was inversely related to peak VO2 (408). We have also showed that 

Perhexiline, a metabolic modulating agent, increased cardiac PCr/ATP ratio on 31P 

cardiovascular magnetic resonance spectroscopy (CMRS) in patients with non-

obstructive HCM, and this was associated with a correction of the abnormal slowing 

of LV active relaxation on exercise and, in turn, an increase in peak VO2 (409). 

 

There has also been increasing interest in the role of exercise-induced systolic 

dysfunction in the pathophysiology of HCM. In the majority of patients, resting left 

ventricular ejection fraction (LVEF) is normal or supernormal, yet subtle impairment 

of systolic function (such as impaired long axis systolic function and strain) are 

frequently present (410). A subgroup of patients may also develop a progressive 
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impairment of LVEF, usually associated with worsening of symptom status (411). 

Compared to LVEF as a measure of LV contractile function, non-invasively derived 

end-systolic elastance (ELV) is less affected by loading conditions (347). In order to 

maximize myocardial efficiency and thereby prevent energy wastage, LV contractility 

and afterload are normally closely matched at rest. The ratio of LV afterload, 

represented by the arterial elastance (Ea), and ELV is called the vasculoventricular 

coupling (VVC) ratio and describes myocardial efficiency/performance. On exercise in 

healthy subjects, Ea increases slightly, but there is a much larger increase in ELV 

resulting in a fall in the VVC ratio (412), thereby increasing stroke work and cardiac 

output. Increased resting large artery stiffness was reported to be associated with 

reduced exercise capacity in patients with HCM, presumably by disturbing VVC (413). 

 

In this study we sought to determine the relationship between severity of resting 

cardiac energetic deficiency on 31P CMRS and measures of systolic and diastolic and 

function and VVC during submaximal exercise using radionuclide ventriculography, 

and with peak VO2. In order to control for the important effects of betablockers on 

cardiac inotropy and lusitropy, group comparisons were repeated after excluding 

patients on betablockers.  

 

6.3 Methods 

 

The data from this study was obtained by Dr Ibrar Ahmed, Dr Khalid Abozguia, and Dr 

Thanh Phan at the University of Birmingham. Briefly, fifty-one patients with non-

obstructive HCM (39 males) and 33 age and sex-matched controls (20 males) were 

included in the study following written informed consent. The Local National Health 

Service (NHS) Research Ethics Committee approved the study, which conformed to 

the principles outlined in the Declaration of Helsinki. All study participants underwent 

baseline electrocardiogram (ECG), echocardiogram, and cardiopulmonary exercise 

testing. 
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6.3.1 Patient selection 

 

All HCM patients were in sinus rhythm and fulfilled conventional echocardiographic 

criteria for the diagnosis of HCM as previously described (414,415). All patients 

underwent assessment for left ventricular outflow tract (LVOT) obstruction, and 

those with a resting or provocable gradient >30mmHg were excluded. Significant 

epicardial coronary artery disease had been excluded in all patients with a history of 

chest pain by coronary angiography. Controls had no history or symptoms of 

cardiovascular disease, with normal ECGs and echocardiograms (LV ejection fraction 

≥ 55%).  

 

6.3.2 Cardiopulmonary exercise testing 

 

Cardiopulmonary exercise (CPEX) testing was performed using a Schiller CS-200 Ergo-

Spiro exercise machine, which was calibrated prior to each study. Subjects first 

underwent spirometry, which was followed by symptom-limited erect treadmill 

exercise testing using a standard ramp protocol with simultaneous respiratory gas 

analysis (416,417). Sampling of expired gases was performed continuously, and data 

were expressed as 30-second means. Minute ventilation (VE), oxygen consumption 

(VO2), carbon dioxide production (VCO2), and respiratory exchange ratio (RER) were 

obtained. Peak oxygen consumption (peak VO2) was defined as the highest VO2 

achieved during exercise and was expressed in ml/kg/min. Blood pressure and ECG 

were monitored throughout. Patients were encouraged to exercise to exhaustion 

with a minimal RER requirement of 1.0.  

 

6.3.3 Resting echocardiography 

 

Echocardiography was performed with participants in the left lateral decubitus 

position using a GE Vivid 7 echocardiographic machine with a 2.5MHz transducer.  

Measurements were averaged over 3 beats and were stored digitally and analyzed 
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offline. Resting standard parasternal long and short-axis views, as well as apical 4-

chamber and apical 2-chamber views, were acquired as previously described (418), 

and left ventricular ejection fraction (LVEF) was calculated from a modified Simpson’s 

biplane formula (419). A pulse wave Doppler sample volume was placed at the tip of 

the mitral valve leaflets and averaged over 3 cardiac cycles. Mitral annular velocities 

(acquired from tissue Doppler imaging, TDI) were recorded from the basal 

anterolateral and basal inferoseptal walls in the apical 4-chamber view. LA volumes 

were measured by the area-length method from apical 2-chamber and 4-chamber 

views as previously described (419).   

 

6.3.4 Radionuclide ventriculography  

 

Equilibrium R-wave gated blood pool scintigraphy at rest and during graded semierect 

exercise on a cycle ergometer was used to measure LVEF and diastolic filling as 

previously described by our group (408,420,421). Three minutes of data were 

acquired at rest and during exercise (after a 1-minute period for stabilization of heart 

rate at the commencement of the exercise). Exercise was performed at a workload 

designed to achieve 50% of heart rate reserve. Data were analysed using LinkMedical 

MAPS software (Sun Microsystems, Hampshire, UK). Peak left ventricular filling rate 

was calculated in terms of end-diastolic count per second (EDC/s) and time to peak 

filling after end-systole normalized for R-R interval (nTTPF) was calculated from the 

first derivative of the diastolic activity-time curve.  

 

Stroke volume indexed to body surface area (SVI), and end systolic pressure 

(estimated as 90% of brachial artery systolic blood pressure), were used to calculate 

the arterial elastance index (i.e. EaI = ESP/SVI) (412,421). The LV end-systolic 

elastance index (ELVI) was calculated from the end systolic pressure and end systolic 

volume index (i.e. ESP/ESVI). The VVC ratio (EaI/ELVI) was calculated from the LV end 

systolic volume index and stroke volume index (ESVI/SVI). Relative changes in ELVI and 
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EaI from rest to exercise (i.e. exercise/rest) and net change in VVC ratio (i.e. exercise–

rest) were then calculated.   

 

6.3.5 31P cardiovascular magnetic resonance spectroscopy 

 
31P cardiovascular magnetic resonance spectroscopy (CMRS) was performed using a 

Phillips Achieva 3T scanner to measure in vivo myocardial energetics both in controls 

and HCM patients as previously validated by us (422). Using the pre-processing 

operations within jMRUI, signals were Fourier transformed, phase corrected, and 

apodized by 15Hz. The AMARES (advanced method of accurate, robust and efficient 

spectroscopic fitting) algorithm was used to fit for phosphocreatine (PCr), adenosine 

triphosphate (ATP), phosphodiesters, and 2,3-diphosphoglycerate (Figure 6-1). The 

PCr/γATP ratio was then calculated as a measure of resting cardiac energetic state 

(423). 
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Figure 6-1: An Example of a 31P Cardiac Spectrum.  
2,3-DPG, 2,3-diphosphoglycerate; ATP, adenosine triphosphate; PDE, 
phosphodiesters; PCr, phosphocreatine; Pi, inorganic phosphorus; α, β,γ indicate the 
three phosphorus nuclei of ATP.  

 

 

6.3.6 Statistics 

 

Data were analyzed using SPSS version 23.0 for Windows. Data were normally 

distributed and expressed as mean ± standard deviation (SD). Comparisons of 

variables were made using the Student’s t-test (2-tail). Categorical variables were 

compared with the Pearson chi-squared test. A value of p<0.05 was taken to indicate 

statistical significance. Pearson’s correlation coefficient was used to describe the 

relationship between variables. Analyses were repeated after excluding HCM 

patients who were on betablocker therapy where indicated.   
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6.4 Results 

 

The clinical characteristics and CPEX test results of HCM patients and controls are 

shown in Table 6-1. Groups were well-matched with respect to age and sex. Patients 

exhibited marked exercise limitation compared to controls, whereas left ventricular 

ejection fraction was similar between groups. Heart rate was lower in the HCM group 

compared to controls, likely due to differences in the prescription of rate-limiting 

medications (betablockers and non-dihydropyridine calcium channel blockers).  

 

Conventional echocardiographic measurements 

 

Standard, Doppler, and TDI echocardiographic findings of HCM and control groups 

are listed in Table 6-2. Transmitral Doppler measurements showed no significant 

differences in peak trans-mitral early diastolic velocity (E), trans-mitral late diastolic 

velocity (A), and E/A ratio in HCM patients versus controls. However, myocardial peak 

systolic velocity (S’), myocardial peak early diastolic velocity (E’), and myocardial 

peak late diastolic velocity (A’) of the inferoseptal and anterolateral basal segments 

were significantly lower in HCM patients compared to controls (Table 6-2).   

 

Cardiac energetic status 

 

Five healthy controls were unable to complete the CMRS studies due to 

claustrophobia. Fifteen HCM patients were excluded from the CMRS studies: 8 due 

to claustrophobia, 4 due to poor quality spectra (either due to inadequate ECG-gating 

or shimming), and 3 due to high risk history for potential metallic foreign bodies in 

their eyes. In the remaining patients, resting cardiac PCr/γATP ratio was significantly 

reduced in HCM patients compared to controls (1.41±0.48 vs. 2.26±0.59; p<0.0001), 

and this remained true after excluding those patients on betablockers (1.35±0.48 vs 

2.26±0.59, respectively; p<0.0001; Figure 6-2).   
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Figure 6-2: Cardiac PCr/γATP Ratio in HCM Patients and Controls.  
A – all HCM patients and controls; B – HCM patients excluding those on betablockers 
and controls. Both HCM groups exhibit significant reductions in cardiac energetics 
compared to controls. γATP, adenosine triphosphate gamma peak; PCr, 
phosphocreatine.  

 

 

Contractile function and vasculoventricular coupling at rest and during submaximal 

exercise 

 

VVC ratio decreased significantly on exercise in healthy control subjects (from 

0.60±0.21 to 0.41±0.15; p=0.003). A reduction in VVC ratio was also seen in HCM 

patients on exercise, however this did not reach statistical significance (from 0.55±0.3 

to 0.46±0.24; p=0.28; Table 6-3). The difference between patients and controls was 

significant (Figure 6-3, panel A), and this was principally due to a greater increase in 

LV contractility during exercise in controls versus patients (relative ΔELVI, 1.7±0.7 vs. 

1.2±0.7; p<0.05; Figure 6-3, panel B). There was no significant difference in the 
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change in arterial elastance during exercise between patients and controls (relative 

ΔEal, 1.43±0.73 vs. 1.28±0.44; p=0.27; Table 6-3; Figure 6-3, panel C). LVEF 

significantly increased during exercise in controls (64±9% to 72±8%; p=0.005) but not 

in patients (68±13% to 70±11%; p=0.40).   

 

 

 
Figure 6-3: Vasculoventricular Coupling (VVC) in HCM Patients and Controls with 
Exercise.  
(A) change in VVC ratio with exercise; (B) relative change in ELVI; (C) relative change 
in EaI; A – comparison between all HCM patients and controls; B – comparison 
between HCM patients not on betablockers and controls. EaI, arterial elastance 
index; ELVI, LV end-systolic elastance index; NS, non-significant; Relative ΔEaI = 
exercise elastance / resting elastance; Relative ΔELVI = exercise elastance / resting 
elastance; δVVC Ratio = exercise – rest.  

 

 

LVEF fell by 5% or more during exercise in 8 HCM patients. In this subgroup, VVC ratio 

paradoxically increased with exercise (0.45±0.21 vs. 0.64±0.24; p<0.001), due to a 

significantly greater increase in arterial elastance (relative ΔEal, 2.09±0.73 vs. 
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1.17±0.56; p=0.005). The change in LV contractility on exercise in this subgroup did 

not differ from that observed in the other HCM patients (relative ΔELVI, 1.43±0.67 vs. 

1.52±0.64; p=0.75). Patients with a fall in LVEF did not differ significantly from those 

without a fall in LVEF in terms of age (52±11years vs 57±12years; p=0.32), peak 

systolic blood pressure (158±27mmHg vs 172±37mmHg; p=0.25), or peak heart rate 

(140±29bpm vs 135±24 bpm; p=0.67). In contrast, no controls exhibited a fall in LVEF. 

These results remained statistically similar after excluding HCM patients who were 

on betablockers (Table 6-4).  

 

Resting and exercise diastolic function 

 

At rest, normalized time to peak filling (nTTPF) was similar between HCM patients 

and controls (0.17±0.07s vs. 0.19±0.09s; p=0.38). During submaximal exercise 

however, nTTPF shortened in controls (0.19±0.09s to 0.16±0.08s), but lengthened in 

patients (0.17±0.07s to 0.32±0.09s). The difference in the change in nTTPF on 

exercise between patients and controls was statistically significant (p<0.0001; Table 

6-3; Figure 6-4, panel A). These results remained significant after excluding patients 

on betablockers (p<0.0001; Figure 6-4, panel B).  
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Figure 6-4: Time to Peak Filling Normalized for RR Interval (nTTPF) at Rest and 
During Exercise (50% Workload of Heart Rate Reserve).  
A – comparison between all HCM patients and controls; B – comparison between 
HCM patients not on betablockers and controls. During exercise, nTTPF shortened in 
controls but lengthened in HCM patients. *These results remained statistically 
significant after excluding patients on betablockers. HCM, hypertrophic 
cardiomyopathy; nTTPF, normalized time to peak filling.  

 

 

Relationship between change in contractile and diastolic function during exercise 

and in vivo cardiac energetic status 

 

In HCM patients, resting cardiac PCr/γATP ratio inversely correlated with nTTPF 

during exercise (r=–0.47, p=0.003), and with the change in VVC ratio (δVVC ratio; r=–

0.40, p=0.02; Table 6-4). These correlations remained significant after excluding 

patients on betablockers (r=–0.48, p=0.007; and r=–0.40, p=0.03; respectively; Table 

6-4). There was no correlation between resting PCr/γATP ratio and relative ΔELVI or 

relative ΔEaI (r=0.15, p=0.44; and r=–0.21, p=0.27; respectively; Table 6-4). Similarly, 

there was no correlation between resting PCr/γATP ratio and the change in LVEF 

during exercise (r=0.13; p=0.45). PCr/γATP did not differ between HCM patients in 

whom LVEF increased during exercise and those in whom it fell during exercise. 
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Relationship between peak VO2 and measures of contractile and diastolic function 

during exercise, and cardiac energetic status 

 

Peak VO2 correlated with resting PCr/γATP ratio (r=0.52; p<0.001) and with the 

change in nTTPF during exercise (r=0.70; p<0.001) in HCM patients, but not with 

changes in relative ELVI (r=0.20; p=0.2), relative EaI (r=–0.07; p=0.65), or LVEF during 

exercise (r=–0.20; p=0.1). Peak VO2 did not differ between patients in whom LVEF 

increased during exercise and those in whom it fell during exercise.  
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6.5 Discussion 

 

The principal aim of this study was to investigate the relationship between cardiac 

energetic impairment and changes in contractile and diastolic function (and of 

vasculoventricular interaction) with exercise in patients with non-obstructive HCM. 

We confirmed that, consistent with previous studies, HCM patients demonstrate 

reduced resting myocardial energetic status (409,424,425), and a paradoxical slowing 

of LV active relaxation on exercise (408). In healthy controls, LV contractile status 

increased during exercise, resulting in a marked reduction in the vasculoventricular 

coupling ratio, whereas in nonobstructive HCM, augmentation of LV contractile 

function on exercise was markedly blunted (and accordingly vasculoventricular 

coupling ratio was unchanged). Cardiac energetic status correlated positively with 

exercise capacity and was inversely correlated with exercise nTTPF, a measure of the 

rate of LV active relaxation, and with δVVC ratio, a measure of the coupling of the 

heart and vasculature. Peak VO2 correlated with the change in nTTPF during exercise 

but not with changes in LV end-systolic elastance or arterial elastance.  

 

Impaired exercise relaxation correlates with energy depletion 

 

The pathophysiology of HCM is complex. A substantial proportion of patients 

complain of breathlessness and/or fatigue and most have reduced exercise capacity 

(408). These patients typically exhibit impaired LV active relaxation at rest and/or 

during exercise. This has led many to conclude that exercise limitation is primarily a 

result of impaired LV diastolic filling. Somewhat surprisingly, our data show no 

significant difference in nTTPF at rest between HCM and controls. This could be at 

least in part because the mean age of our population of patients (and in consequence 

controls) was rather older than previously studied populations (408,426,427). 

Nevertheless, on exercise, patients and controls behaved very differently, with nTTPF 

shortening in healthy controls during submaximal exercise but lengthening in 

patients, consistent with our previous study (408). The change in nTTPF on exercise 
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was inversely related to resting cardiac PCr/ATP ratio, a measure of cardiac energetic 

status. In both HCM and heart failure, PCr is depleted to a greater extent than ATP 

resulting in a fall in the PCr/ATP ratio (425,428). PCr represents a rapid source of ATP 

under conditions of stress such as exercise. The rate at which ATP can be regenerated 

from PCr is approximately 10-fold faster than the rate of de novo synthesis of ATP. 

The presence of a reduced resting PCr/ATP ratio therefore indicates a reduction in 

energy ‘reserves’. A previous study has shown that PCr/ATP ratio is maintained during 

low-level exercise in healthy subjects, whereas it falls in patients with HCM (429). This 

energetic impairment may be partly a consequence of microvascular dysfunction 

(430) but it is also known that cross bridge cycling by the mutant sarcomeric proteins 

in HCM is abnormal, resulting in an energy wasting effect (431), and this energetic 

impairment is manifest before phenotypic evidence of the disease is present (432).  

 

Impaired exercise systolic performance correlates with energy depletion  

 

We also observed significant differences in contractile responses to exercise in 

patients vs. controls. There was a failure to increase LVEF during exercise in the HCM 

patients, which was not seen in the controls. In 8 patients, LVEF fell by 5% or more. 

In our study, the change in LVEF on exercise was not significantly related to resting 

PCr/ATP ratio but, as discussed, this ratio falls on exercise in HCM, and exercise 

PCr/ATP ratio may therefore be more relevant (429).  

 

LVEF is a highly imperfect measure of cardiac contractile function especially in HCM. 

Firstly, it is profoundly influenced by loading conditions, and secondly, the lower 

LVEDV at rest in HCM and failure to increase LVEDV during exercise may result in LVEF 

giving a falsely high impression of contractile performance. We therefore sought to 

assess a load-independent measure of contractile function (ELVI), and also a global 

measure of cardiac afterload (Eal), and derived the vasculoventricular coupling ratio 

(Eal/ELVI), which is inversely related to EF as VVC ratio = (1/EF) – 1 (412). Cardiac 

efficiency is dependent on maintaining this coupling ratio within a physiological 
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range. In a canine model, optimal stroke work and metabolic efficiency is seen in the 

range 0.3 to 1.3. When VVC was higher than 1.3, stroke work and cardiac mechanical 

efficiency fell substantially, and at values below 0.3, both fell modestly (433). In our 

healthy controls, the VVC ratio fell during exercise due to a combination of a 

substantial increase in LV end-systolic elastance (indicating increased contractile 

performance) and a modest increase in arterial elastance (i.e. global cardiac 

afterload). These observations are consistent with previous studies in healthy 

subjects (412).  

 

In HCM patients there was a blunted increase in LV end-systolic elastance (i.e. a loss 

of contractile enhancement during exercise). Accordingly, whereas the VVC ratio fell 

significantly during exercise in healthy controls, it did not change significantly in 

patients with HCM. Arterial elastance also increased modestly on exercise in patients 

with HCM, which was similar to that observed in the healthy controls. It may seem 

counterintuitive that arterial elastance increases on exercise despite systemic 

vascular resistance falling substantially on exercise in healthy subjects and even more 

so in many patients with HCM (434). However arterial elastance is a global measure 

of afterload that is influenced by both static load (systemic vascular resistance), and 

by pulsatile load, in turn influenced by heart rate. The increase in heart rate on 

exercise is therefore responsible for the increase in arterial elastance, and the similar 

increment in HCM and controls despite a (presumed) greater fall in systemic vascular 

resistance can be explained by the lower heart rate on exercise in HCM patients. 

Unlike LV active relaxation, relative ΔELVI and ΔEaI did not correlate with resting 

PCr/ATP ratio. However, the change in VVC on exercise significantly correlated with 

resting PCr/ATP ratio. In the subgroup of 8 patients in whom LVEF fell on exercise, 

VVC paradoxically increased, and this was due to an exaggerated increase in arterial 

elastance compared to the remaining HCM patients, rather than a more blunted 

increase in ventricular end-systolic elastance. This suggests that abnormal large 

artery function on exercise may play an important role in the fall in LVEF.  
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Beta blockade does not explain diastolic or systolic observations  

 

Beta adrenergic stimulation increases contractile performance and also has 

significant lusitropic effects (435). We explored the possibility that some of the 

differences in contractile and diastolic function observed on exercise between HCM 

patients and controls might be explained by the use of betablocker therapy. 

However, we found similar changes even after excluding those patients taking 

betablockers.  

 

Energy depletion 

 

The importance of cardiac energetic impairment and of the associated impairment of 

contractile function in the pathophysiology of exercise limitation in HCM is 

underscored by the fact that peak VO2 correlated with PCr/ATP ratio, with nTTPF 

during exercise, and with the change in VVC during exercise. This is consistent with 

our previous observations following partial correction of the cardiac energetic 

abnormality in patients with HCM using the metabolic modulator Perhexiline (409). 

Interestingly, in a recent randomized controlled trial by our group, an alternative 

metabolic modulator Trimetazidine failed to improved exercise tolerance in patients 

with HCM, perhaps due to weaker inhibition of fatty acid β-oxidation compared to 

Perhexiline, and a shorter trial duration (436). 

 

In summary, in the present study, exercise led to a paradoxical reduction in the rate 

of LV active relaxation in HCM patients, compared to an increase in controls. 

Furthermore, compared to controls, there was a failure to increase contractility 

during exercise. Resting cardiac energetic status was substantially reduced in HCM 

patients, which is supported by other studies (424,425). Based on prior 

pathophysiologic data (409,437), we propose that energetic impairment may 

underlie these dynamic changes in active relaxation and contractility, and thus 

contribute significantly to exercise limitation. These findings may indicate the 
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potential for therapeutic benefit from ‘metabolic agents’ that improve myocardial 

energetic status by altering cardiac substrate use (438). These agents have shown 

promise in ischemic heart disease (439-443) and in heart failure (349,444). In the 

subgroup of patients in whom LVEF fell on exercise, abnormal large artery function 

on exercise appeared to play a role. 

 

Study Limitations 

 

One limitation of our trial is that the changes in end-systolic elastance were ‘relative’ 

rather than absolute. EaI and ELVI are measured using end systolic pressure, which is 

estimated from brachial blood pressures, divided by end systolic volume index (ESVI) 

and stroke volume index (SVI), respectively. There is however, substantial 

heterogeneity in methodology between studies measuring VVC ratio and its 

components (102). We therefore measured and reported relative changes, which are 

likely to be more useful. Additionally, although provocation with Valsalva was 

performed on all patients, we did not routinely perform exercise echocardiography 

on all patients. It is possible that some of our observations could be related to 

exercise related LVOT obstruction. This does not detract from our observations about 

the fall in EF, abnormal VVC, impaired relaxation, and energy depletion in HCM 

however, as LVOT obstruction, if it had occurred here, would only exacerbate the 

underlying energy depletion. 

 

6.6 Conclusions 

 

Impaired myocardial energetic status in HCM correlates significantly with exercise 

capacity, and deficiency is associated with dynamic diastolic and systolic dysfunction. 

Based on prior pathophysiologic data we propose that energetic impairment may 

underlie these dynamic changes in active relaxation and contractility. 
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Table 6-1: Baseline Characteristics 

 HCM  Controls  p value  

Age (years) 54 ± 12 52 ± 15 0.40 

Number (Male)  51 (35)  33 (20)  0.64 

Heart Rate (bpm) 69 ± 14 82 ± 16  <0.001† 

Systolic BP (mm Hg) 126 ± 21 126 ± 21 0.91 

Diastolic BP (mm Hg) 75 ± 12 78 ± 11 0.30 

Peak VO2 (ml/kg/min) 24 ± 6  38 ± 8  <0.001† 

Medications    

Diuretic 10 (20) 0 0.006* 

ACE inhibitor 6 (12) 0 0.04* 

ARB 1 (2) 0 0.42 

Beta-blocker 20 (39) 0 <0.001† 

Calcium channel blocker 26 (51) 0 <0.001† 

Aspirin 13 (25) 0 0.001* 

Warfarin 5 (10) 0 0.06 

Nitrate 2 (4) 0 0.25 

Statin 15 (29) 0 <0.001† 

Values are mean ± SD or n (%). * p<0.05, † p<0.001. Baseline Demographics. ACE, 
angiotensin-converting enzyme; ARB, angiotensin II receptor blockers; VO2, oxygen 
consumption.  
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Table 6-2: Baseline Echocardiography Data 

 HCM  Controls  P value  

EF Biplane (%)  65 ± 9  63  ± 6  0.2 

Biplane LA Volume (ml) 78 ± 30 39 ± 20 <0.001† 

LA Volume Index (ml/m2) 37 ± 17 15 ± 13 <0.001† 

MV E (m/s) 0.70 ± 0.17 0.66 ± 0.15 0.34 

MV A (m/s) 0.67 ± 0.24 0.59 ± 0.14 0.06 

MV E/A ratio 1.16 ± 0.5 1.17 ± 0.38  0.89 

MV Dec Time (ms) 239 ± 76  260  ± 70  0.27 

Antlat S’ (cm/s) 0.06 ± 0.02  0.09 ± 0.02 <0.001† 

Antlat E’ (cm/s) 0.08 ± 0.03   0.10 ± 0.04 <0.001† 

Antlat A’ (cm/s) 0.06 ± 0.03    0.10 ± 0.03 <0.001† 

Infsep S’ (cm/s) 0.06 ± 0.02    0.08 ± 0.02 <0.001† 

Infsep E’ (cm/s) 0.05 ± 0.02   0.07± 0.03   <0.001† 

Infsep A’ (cm/s) 0.07 ± 0.02   0.09 ± 0.02  <0.001† 

Average S’ (cm/s) 0.06 ± 0.02    0.08 ± 0.02 <0.001† 

Average E’ (cm/s) 0.06 ± 0.02   0.09 ± 0.04 0.01* 

E/E’antlat 9.84 ± 4.09   6.94 ± 2.28 0.001* 

E/E’infsep 17.28 ± 7.32    9.55 ± 3.79   <0.001† 

E/E’average 11.93 ±  4.39 8.03 ± 3.28   <0.001† 

Values are mean ± SD. * p<0.05, † p<0.001. Baseline Echocardiography Data. A’, 
myocardial (TDI) peak late diastolic velocity; E’, myocardial (TDI) peak early diastolic 
velocity; Dec, deceleration; LA, left atrium; MV, mitral valve; MV A, trans-mitral late 
diastolic velocity; MV E, trans-mitral early diastolic velocity; S’, myocardial (TDI) peak 
systolic velocity.  
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Table 6-3: Exercise Radionuclide Ventriculography 

 HCM  Controls  P value  

Rest 

Heart rate (bpm) 69 ± 14 82 ± 16 <0.001† 

Systolic BP (mmHg) 126 ± 21 126 ± 21 0.91 

LVEF (%) 68 ± 13 64 ± 9 0.09 

VVC ratio 0.55 ± 0.3 0.60 ± 0.21 0.32 

nTTPF (s) 0.17 ± 0.07 0.19 ± 0.09 0.44 

Exercise 

Heart rate (bpm) 137 ± 25 114 ± 11 <0.0001† 

Systolic BP (mmHg) 168 ± 34 198 ± 27 <0.0001† 

LVEF (%) 70 ± 11 72 ± 8 0.34 

Relative ΔELVI 1.24 ± 0.68 1.7 ± 0.7 0.004* 

Relative ΔEaI 1.43 ± 0.73 1.28 ± 0.44 0.27 

VVC ratio 0.46 ± 0.24  0.41 ± 0.15 0.02* 

ΔVVC ratio  −0.06 ± 0.24 −0.25 ± 0.19 0.006* 

nTTPF (s) 0.32 ± 0.09 0.16 ± 0.08 <0.0001† 

ΔnTTPF (s) +0.13 ± 0.11 −0.01 ± 0.10 <0.0001† 

Values are mean ± SD. * p<0.05, † p<0.001. Exercise Radionuclide Ventriculography 
Data. BP, blood pressure; EaI, arterial elastance index; ELVI, LV end-systolic elastance 
index; HCM, hypertrophic cardiomyopathy; nTTPF, normalized time to peak filling; 
ΔnTTPF = exercise – rest; Relative ΔEaI = exercise elastance / resting elastance; 
Relative ΔELVI = exercise elastance / resting elastance; VVC ratio, vasculoventricular 
coupling ratio; δVVC Ratio = exercise – rest.  
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Table 6-4: Correlations between Resting PCr/γATP Ratio with Exercise and 
Vasculoventricular Data 

Exercise Variables HCM patients (all) HCM patients  
(excluding those on BB) 

 PCr/γATP PCr/γATP 

Correlations r p r p 

Peak VO2 (ml/kg/min)  
 

0.52 <0.001† 0.48 0.001* 

Exercise nTTPF (s) 
 

–0.47 0.003* –0.48 0.007* 

ΔVVC Ratio 
 

–0.40 0.02* –0.40 0.03* 

Relative ΔELVI 
 

0.15 0.44 0.18 0.43 

Relative ΔEal –0.21 0.27 –0.29 0.21 

* p<0.05, † p<0.001. Correlations between resting PCr/γATP ratio with exercise and 
vasculoventricular data. BB, beta blockers; EaI, arterial elastance index; ELVI, LV end-
systolic elastance index; nTTPF, normalized time to peak filling; Peak VO2, peak 
oxygen consumption; Relative ΔEaI = exercise elastance / resting elastance; Relative 
ΔELVI = exercise elastance / resting elastance; VVC ratio, vasculoventricular coupling 
ratio; δVVC Ratio = exercise – rest.  
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Conclusions
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Inorganic nitrate and nitrite represent cheap and well-tolerated therapeutic options 

that have been shown to be effective in cardiovascular diseases such as hypertension 

and angina pectoris (16). The beneficial effects are related to both liberation of nitric 

oxide (NO) from nitrite in the presence of various reductases, as well as direct 

mechanisms such as S-nitrosylation of important subcellular proteins (12). We 

focused primarily on the effects of this nitrate-nitrite-NO pathway on cellular 

metabolism, and potential benefit in patients with chronic heart failure.  

 

In heart failure with reduced ejection fraction (HFrEF), protein kinase G1α (PKG1α) 

oxidative dimer formation is increased in the myocardium, reflecting elevated levels 

of reactive oxygen species (ROS) (276). Myocardial metabolism is also reduced, due 

to impairments in both free fatty acid oxidation and glucose oxidation, reducing 

energy production from oxidative phosphorylation (152). Although the failing heart 

shifts towards glucose oxidation via the Randle Cycle and attempts to make up for 

the energy deficit, primarily by increasing glycolysis, these mechanisms are inefficient 

and indeed, insufficient. Others in our group have previously generated pilot data in 

murine myocardium demonstrating a dephosphorylation (disinhibition) of the 

pyruvate dehydrogenase (PDH) complex, the key regulator of glucose oxidation, 

following treatment with nitrite (unpublished data, Dr Konstantin Schwarz, PhD 

thesis presented to the University of Aberdeen). This was associated with an increase 

in PDH activity and an improvement in oxidative phosphorylation. In our study, we 

investigated the effect of nitrite on myocardial PKG1α dimer content and attempted 

to confirm the effects on nitrite on PDH. We then translated this to human 

myocardium, obtained from patients (without heart failure) undergoing coronary 

artery bypass grafting surgery. The effect of nitrite on PKG1α dimer content in healthy 

mouse myocardium was not statistically significant compared to placebo. In human 

myocardium, nitrite reduced PKG1α oxidative dimer content compared to placebo in 

the myocardium of patients with type 2 diabetes mellitus, but not in the myocardium 

of non-diabetics. This implies a selective anti-inflammatory effect of nitrite in 

myocardium with high ROS content and, as such, is likely to translate to patients with 
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chronic heart failure. In keeping with the inflammatory paradigm proposed by Paulus 

and Tschöpe (2013) in the pathogenesis of HFrEF (129), and the observed association 

between diabetes and forms of cardiomyopathy (162), these results are intriguing 

and merit further investigation. Although nitrite dephosphorylated (disinhibited) 

PDH, disappointingly, this was not associated with an increase in PDH activity in our 

study. However, it is important to note that we did not measure the effects of nitrite 

on ‘absolute’ glucose oxidation levels or glucose uptake, nor on mitochondrial 

oxidative phosphorylation.  

 

Building on the same pilot data regarding the effects of nitrite on PDH, we conducted 

a concurrent study to delineate a potential mechanism, specifically related to 

potential effects of nitrite on the hypoxia inducible factor (HIF) pathway. The HIF 

pathway importantly inhibits glucose oxidation in all cells during hypoxia, by 

inhibiting PDH via pyruvate dehydrogenase kinases (PDK) (153). A direct effect of NO 

on HIF has also been shown in some tissues. In many cancer types, constitutive 

expression of HIF actually confers a survival benefit and aids in progression of 

metastasis, producing a glycolytic phenotype present in aerobic conditions, termed 

the Warburg effect (365). We chose the 786-0 renal cell carcinoma cell line for our 

experimental model, as HIF is constitutively activated in this cell line due to a 

mutation in the von Hippel Lindau protein, allowing for measurement of an 

oppositional effect of nitrite on PDH. A recent study using Dichloroacetate to directly 

inhibit PDK in 786-0 renal cell carcinoma cells demonstrated a successful suppression 

of HIF signalling, relieving mitochondrial ‘blockade’ at the level of PDH (375). It was 

further hypothesised by us that unblocking PDH may increase 786-0 renal cell 

carcinoma cell sensitivity to chemotherapeutic agents. In our study, nitrite, 

disappointingly, did not significantly affect phosphorylation status of PDH in 786-0 

renal cell carcinoma cells on western blotting, nor of the important cancer cell 

survival protein Akt (384). Sensitivity to 5-fluorouracil chemotherapy was similarly 

unaffected. However, there was a paradoxical survival benefit noted at low-dose 

chemotherapy, and whilst the mechanism was not explored, it is possible that this 
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was related to the known antioxidant properties of nitrite, as ROS are important in 

the transduction of chemotoxic effects (392). Whilst the survival benefit was small 

and inconsistent, it does caution that care ought to be taken when conducting trials 

in cancer cells with agents that interact with redox signalling pathways.  

 

In our randomised controlled trial of inorganic nitrate therapy to elevate plasma 

nitrite levels in patients with HFrEF due to dilated cardiomyopathy (the NICHE trial), 

we investigated the effects of nitrite on exercise capacity (peak VO2 on CPEX) and 

measures of cardiac function on transthoracic echocardiography at 2 months. 

Unfortunately, our study was halted early by the study Sponsor, despite a 

recommendation from the study DSMC to continue recruitment. In fact, an interim 

analysis by the external study statistician demonstrated a smaller standard deviation 

for the primary endpoint (peak VO2) than in the sample size calculations, suggesting 

that fewer patients than the original target of 56 would be required. Analysing data 

from the 19 patients who completed both study visits before the study was halted, 

there was a statistically significant deterioration in exercise capacity in the placebo 

group, but not in the inorganic nitrate group (ΔPeak VO2, placebo –1.49 ± 1.9 vs. 

nitrate +0.48 ± 1.3 mL.kg-1.min-1, P=0.03). The change in respiratory exchange ratio 

was not different between groups, excluding major differences in exertional effort. 

However, baseline exercise capacity was slightly better in the placebo group 

compared to the treatment group (Peak VO2, 18.8 ± 4.2 vs. 15.9 ± 3.3 mL.kg-1.min-1, 

P=0.11), as was diastolic function (E/E’, 6.9 ± 2.2 vs. 10.4 ± 3.8, P=0.04), with the two 

groups converging at 2 months. The fall in peak VO2 correlated with an increase in 

resting E/E’ (r2=0.43, P=0.03), suggesting a worsening of diastolic dysfunction, and 

therefore a reduced ability to recruit the Frank-Starling mechanism to augment 

exercise cardiac output, as the likely cause for reduced cardiovascular reserve and 

worsening exercise tolerance in the placebo group. A definitive large scale clinical 

trial is still sorely needed to confirm the effects seen with inorganic nitrate therapy 

in smaller-scale studies of patients with HFrEF. A recent large RCT investigating 

inhaled nitrite therapy vs. placebo in patients with HFpEF showed no difference in 
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exercise capacity in the treatment group (317), and this has largely curbed interest in 

nitrite as a therapy for patients with HFpEF. However, inorganic nitrate studies in 

HFpEF have previously demonstrated benefit (316), suggesting that differences in 

dosing and route may play a significant role.  

 

Finally, I analysed 31P CMR spectroscopy and exercise (CPEX and radionuclide 

ventriculography) data previously obtained by others in our group in patients with 

symptomatic non-obstructive hypertrophic cardiomyopathy (often considered to be 

a unique endotype of HFpEF). Exercise impairment in patients with HCM has 

previously been shown to be related to dynamic diastolic dysfunction (particularly 

active relaxation), thus impairing utility of the Frank-Starling mechanism to increase 

exercise cardiac output (408). We showed that patients with HCM, compared to age-

matched healthy controls, exhibited marked resting energetic impairment (PCr/γATP 

ratio, 1.41±0.48 vs. 2.26±0.59; P<0.0001), exercise impairment/intolerance (Peak 

VO2, 24 ± 6 vs. 38 ± 8 mL.kg-1.min-1; P<0.0001), loss of the typical fall in 

vasculoventricular coupling ratio normally seen with exercise (δVVC, −0.25 ± 0.19 vs. 

−0.06 ± 0.24; P=0.006), reduced diastolic active relaxation (change in normalised time 

to peak filling, 0.19 ± 0.09s to 0.16 ± 0.08s vs. 0.17 ± 0.07s to 0.32 ± 0.09s; P<0.0001), 

and reduced systolic function (relative change in end systolic elastance or ELVI, 1.7 ± 

0.7 vs. 1.24 ± 0.68; P<0.05). Energetic impairment (i.e. reduced PCr/γATP ratio on 31P 

CMR spectroscopy), was correlated positively with all of these changes, and was 

statistically significant (P<0.05 for all). Previous findings from basic science studies 

would support the conclusion that energetic impairment is therefore a significant 

contributor to exercise impairment in patients with HCM, and a key therapeutic 

target for improving quality of life and possibly mortality in these patients. There are 

currently no available therapies for these patients. Whilst nitrite is unlikely to be 

useful in patients with HCM, given the recent disappointing results of a definitive trial 

of inhaled nitrite in HFpEF (317), other metabolic modulators remain attractive 

despite mixed results (409,436).  
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This thesis, investigating the effects of nitrite on myocardial metabolism and 

potential therapeutic benefits in HFrEF, comprises part of a larger group of works to 

explore the benefits of nitrite in cardiovascular diseases. Whilst our data do not 

support a significant effect of nitrite on myocardial glucose metabolism, the effects 

on myocardial redox status are intriguing. Our attempts to investigate nitrite as a 

therapy in HFrEF due to DCM were, unfortunately, cut short prematurely. Definitive 

trials are still sorely needed.  
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Appendix A:   Major Clinical Trials of NO-modulation in Heart Failure  

 

Appendix A-Table 1: List of Major Clinical Trials Exploring the Benefits of NO Modulation in Heart Failure 

Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

Enhanced NOS-derived NO 
L-arginine - HFrEF 

(NYHA II/III)  
Phase 2 random-
order crossover, 
placebo-
controlled, 
double-blind 
trial 

15 (93%) Increased FBF during 
exercise, increased 6-min 
walk distance, and reduced 
LWHF questionnaire scores.  

Rector et al. 
1996 
Circulation  

 - HFrEF 
(NYHA III/IV)  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

20 (95%)  FBF response to ACh and 
sodium nitroprusside not 
affected by L-arginine or 
placebo.  

Chin-Dusting et 
al. 1996 JACC 

Exercise - HFrEF 
(NYHA II/III) 

Cochrane review 
of exercise-
based cardiac 
rehab 

4,740 (-) <1-year follow-up: no 
change in mortality, but 
trend towards reduced 
hospitalisations (RR 0.88; 
95% CI 0.75 to 1.02).  
 

Taylor et al. 
2014 Cochrane 
Database 
Systematic 
Reviews  
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

>1-year follow-up: trend 
towards reduced mortality 
(RR 0.88; 95% CI 0.75 to 
1.02), and reduced HF 
hospitalisations (RR 0.61; 
95% CI 0.46 to 0.80).  

 HF-ACTION HFrEF 
(NYHA II-IV)  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

2,331 (72%)  Intention-to-treat analysis: 
reduced all-cause mortality 
or hospitalisation (HR 0.89; 
95% CI 0.81 to 0.99), and 
reduced cardiovascular 
mortality or heart failure 
hospitalisation (HR 0.85; 
95% CI 0.74 to 0.99).  

O’Connor et al. 
2009 JAMA  

NO Donors 
Inhaled NO - (Inhaled NO vs. 

Sodium 
Nitroprusside) 

HFrEF / PH 
associated 
with LVSD 
(NYHA III/IV)  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

16 (81%) Reduction in PVR (p<0.05), 
but an increase in PCWP 
(p<0.05). No change in 
MAP.  

Semigran et al. 
1994 JACC  

 - (Inhaled NO vs. 
Placebo) 

HFrEF / PH 
associated 

Phase 2  
non-
randomised, 

19 (79%)  Reduction in PVR (p<0.05), 
but an increase in PCWP 
(p<0.05) and reduction in 

Loh et al. 1994 
Circulation  
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

with LVSD 
(NYHA III/IV) 

open-label, 
single-arm trial 

cardiac index (p<0.05). No 
change in MAP.  

ISMN NEAT-HFpEF HFpEF 
(NYHA II/III) 

Phase 2 random-
order crossover, 
placebo-
controlled, 
double-blind 
trial  

110 (43%) No change in QOL or 
submaximal exercise 
capacity, and a reduction in 
activity levels (−439 
accelerometer units; 95% 
CI, −792 to −86; p = 0.02).  

Redfield et al. 
2015 NEJM  

ISDN + 
Hydralazine 

V-HeFT I  
(ISDN + 
Hydralazine vs. 
prazosin vs. 
placebo) 

HFrEF (-)  Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

642 (100%)  34% RR in mortality at 2 
years (p<0.028) and 
increased LVEF.  

Cohn et al. 
1986 NEJM  
 
NB: pre-dates 
Beta-Blocker 
and ACE-I trials 

 V-HeFT II 
(ISDN + 
Hydralazine vs. 
Enalapril) 

HFrEF 
(NYHA II/III)  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

804 (100%)  Enalapril vs. ISDN + 
Hydralazine:  
28% RR in mortality in the 
Enalapril arm (p = 0.016). 
 

Cohn et al. 
1991 NEJM  

 A-HeFT (ISDN + 
Hydralazine vs. 
placebo in 
patients self-

HFrEF 
(NYHA III/IV)  

Phase 2 
randomised, 
placebo-
controlled, 

1,050 (60%) Lower rates of all-cause 
mortality (HR 0.57; p = 
0.01), heart failure 
hospitalisations (p = 0.001) 

Taylor et al. 
2004 NEJM  
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

identifying as 
black) 

double-blind 
trial  

and improved QOL scores (p 
= 0.02).  

Sodium 
Nitroprusside 

- HFrEF / 
LVSD due to 
AMI  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

18 (-) Reduced PCWP, and slight 
fall in MAP. Significantly 
increased cardiac output, 
SV, and LVEF.  

Guiha et al. 
1974 NEJM  

 - LVSD in 
setting of 
severe AS  

Phase 2  
non-
randomised, 
open-label, 
single-arm trial  

25 (64%) Increase in cardiac index 
(p<0.001). Well-tolerated 
with minimal side effects.  

Khot et al. 2003 
NEJM  

 - Low-output 
ADHF 

Phase 2  
non-
randomised, 
retrospective 
review of 
patient notes 

175 (81%)  Lower rates of all-cause 
mortality (OR 0.48; 95% CI: 
0.29 to 0.80; p = 0.005), 
without an increase in 
rehospitalization rates (58% 
vs. 56%; p = NS).  

Mullens et al. 
2008 JACC  

GTN VMAC (Nesiritide 
vs. GTN vs. 
placebo) 

ADHF Phase 2 
randomised, 
placebo-
controlled, 

489 (69%)  GTN reduced PCWP, and 
improved dyspnoea and 
global clinical status.  
 

Publication 
Committee for 
the VMAC 
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

double-blind 
trial  

GTN vs. Nesiritide:  
Nesiritide further reduced 
PCWP (p<0.001 vs. GTN) but 
no difference in dyspnoea 
and only modest 
improvement in global 
clinical status.  

Investigators 
2002 JAMA  

  ADHF with 
HTN 

Phase 2  
non-
randomised, 
open-label, 
single-arm trial 

74 (61%) = 29 
(65%) GTN + 
45 (58%) no 
intervention 

Fewer endotracheal 
intubations, use of BiPAP, 
and ICU admissions.  

Levy et al. 2007 
Ann Emerg 
Med 

sGC Stimulators 
Riociguat LEPHT HFrEF / PH 

associated 
with LVSD 
(NYHA II-IV)  

Phase 2b 
randomised, 
placebo-
controlled, 
double-blind 
trial 

201 (86%)  Trend towards reduced 
primary endpoint of PASP (p 
= 0.10).  
Significantly reduced 
cardiac index (p = 0.0001), 
stroke volume index (p = 
0.0018), and LWHF scores 
(p = 0.0002).  

Bonderman et 
al. 2013 
Circulation 
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

Vericiguat VICTORIA HFrEF 
(NYHA II-IV)  

Phase 3 
randomised, 
placebo-
controlled, 
double-blind 
trial 

5,050 (-) Reduced primary outcome 
events (HR 0.90; 95% CI 
0.82 to 0.98; P=0.02).  
 
Primary outcome = 
composite of cardiovascular 
mortality or first 
hospitalization for heart 
failure. 

Armstrong et 
al. 2020 NEJM  

sGC Activators 
Cinaciguat - ADHF Phase 2b 

randomised 
(2:1), placebo-
controlled, 
double-blind 
trial 

146 (85%) Reduced PCWP (p<0.0001), 
RAP (p = 0.0019), and 
cardiac index and MAP 
(p<0.0001). The trial was 
stopped prematurely due to 
an increased occurrence of 
hypotension. 

Erdmann et al. 
2013 Eur J 
Heart Fail  

 COMPOSE ADHF  Phase 2b 
randomised, 
placebo-
controlled, 
double-blind 
trial programme 

78 (83%) Short-term use of 
intravenous Cinaciguat 
decreased blood pressure 
without improving 
dyspnoea or cardiac index. 

Gheorghiade et 
al. 2012 Eur J 
Heart Fail 
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Mechanism of 
NO 
Modulation 

Clinical Trial 
Name(s)  

Type of 
Heart 
Failure  

Clinical Trial 
Phase and Type 

No. of 
patients  
(% male)  

Effect(s) vs. Placebo  
(or comparator)  

Reference(s) 

PDE Inhibitors 
Sildenafil 
(PDE5 
inhibitor) 

- HFrEF 
(NYHA II/III)  

Phase 2 
randomised, 
placebo-
controlled, 
double-blind 
trial 

45 (100%)  Improved peak VO2 (+2.7 
ml/kg/min vs. baseline) and 
ventilation efficiency on 
CPEX, and QOL scores (all 
p<0.01).  

Guazzi et al. 
2011 
Circulation  

 RELAX HFpEF 
(NYHA II/III)  

Phase 3 
randomised, 
placebo-
controlled, 
double-blind 
trial  

216 (52%)  Did not alter exercise 
capacity or clinical status 
compared to placebo.  

Redfield et al. 
2013 JAMA  

PDE3 
Inhibitors 

- HFrEF (II-IV)  Cochrane review 8,408 (-) Increased all-cause 
mortality (HR 1.17; 95% CI 
1.06 to 1.30; p<0.001).  

Amsallem et al. 
2013 Cochrane 
Database 
Systematic 
Reviews  

ACE-I, angiotensin converting enzyme inhibitor; ACh, acetylcholine; ADHF, acute decompensated heart failure; AMI, acute myocardial 
infarction; BiPAP, bilevel positive airways pressure; FBF, forearm blood flow; GTN, glyceryl trinitrate; HFpEF, heart failure with preserved 
ejection fraction; HFrEF, heart failure with reduced ejection fraction; ICU, intensive care unit; ISDN, isosorbide dinitrate; LVEF, left 
ventricular ejection fraction; MAP, mean arterial pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular 
resistance; QOL, quality of life; RHF, right heart failure. 
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