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Abstract 
Dietary nitrate supplementation has been evidenced to lower the oxygen cost of 

submaximal exercise and, in some circumstances, to be ergogenic. Recent 

advances indicate that the mechanistic bases involve the independent or 

combined effects of nitric oxide-mediated improvements of contractile efficiency, 

mitochondrial efficiency, tissue perfusion, and/or redox signalling with effects 

perhaps being greater in type II muscle fibres. The aims of this thesis were: 1) to 

explore the potential effects of dietary nitrate supplementation on physiological 

responses in prolonged endurance exercise; and 2) to investigate potential 

supplementation strategies to enhance nitric oxide bioavailability during such 

exercise. In all four original investigations of the present thesis, the subjects 

consisted of healthy recreationally active adults who volunteered to participate. 

The subjects underwent various nitrate supplementation regimens, invasive and 

non-invasive physiological measurements, and a battery of exercise tests to 

assess the influence of dietary nitrate supplementation on attenuating fatigue 

during prolonged type exercise and enhancing subsequent exercise 

performance. The original findings from the present thesis indicate that the 

favourable effects of dietary nitrate supplementation are likely ascribed to its 

nitrate content and that nitrate supplementation may be a strategy to attenuate 

the decline in physiological function (i.e. intramuscular glycogen depletion, 

phosphocreatine depletion, and decline in muscle excitability) during prolonged 

cycling exercise lasting 1 to 2 h. In addition, results also showed that nitric oxide 

bioavailability can be influenced by ingesting an additional dose of nitrate during 

exercise and/or co-ingesting nitrate with a reduced thiol donor (i.e. N-

acetylcysteine), which may subsequently influence the efficacy of nitrate. 

Together, the findings from the present thesis extend knowledge by indicating 

that dietary nitrate supplementation holds potential for aiding individuals in 

performing endurance exercise lasting ≥ 1 h and that altering the 

supplementation procedure has potential to increase nitric oxide bioavailability. 

These novel contributions have important implications for the application of 

dietary nitrate supplementation, particularly in endurance events.  
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peroxynitrite (ONOO
–
) (Halliwell, 1994; Reid & Durham, 2002). 

Excessive ROS and RNS production may impair contractile function by 

altering Ca
2+

 handling and myofilament function (Reid, 2016a). 

Figure 2.4 The pulmonary VO2 response following the onset of constant work-rate 
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Abbreviations: GET (gas exchange threshold), CP (critical power), 
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–
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–
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–
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–
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–
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–
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–
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–
 and NO 

production.  
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 from dietary sources in the NO3

–
–NO2

–

–NO pathway: 1) endogenous NOS-derived NO3

–
 mixed with exogenous 

NO3

–
 from the diet is converted into NO2

–
 by facultative anaerobic 

bacteria in the oral cavity and is swallowed; 2) a portion of the NO2

– 
is 

reduced into NO in the stomach (McKnight et al., 1997) by acid solutions 

and a portion of NO2

– 
enters systemic circulation undergoes a single 

electron reduction to form NO in reactions catalysed by NO2

–
 reductases 

(see text for details); 3) rest of NO3

– 
is absorbed by the kidneys; and 4) 

NO3

–  
is excreted in the urine. 
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exercise (panel A) and individual changes in exercise tolerance (dotted 

lines) and the group mean change (solid line; panel B) following ingestion 

of non-concentrated NO3

–
-rich beetroot juice and blackcurrant cordial 

(adapted from Bailey et al., 2009). 

Figure 2.8 Individual change of plasma [NO2

–
] (expressed as fold of placebo) 

compared to individual percentage change of VO2 during moderate-

intensity exercise (panel A) and % change in VO2 vs individual VO2peak 

(panel B) following NO3

–
 supplementation (adapted from Porcelli et al., 

2015). 

Figure 2.9 Schematic diagram on the mechanistic bases of dietary NO3

–
 

supplementation in improving exercise efficiency. 

Figure 

2.10 

Oxidative phosphorylation efficiency (panel A), maximal ATP production 

(panel B), O2 cost of exercise (panel C), state 4 respiration (panel D) was 

improved following NO3

– 
supplementation compared to placebo (adapted 

from Larsen et al., 2011). 

Figure 

2.11 

ATP resynthesis averaged over the entire low-intensity knee-extension 

exercise (panel A) as well as the pulmonary VO2 response (panel B) and 

intramuscular [PCr] response (panel C) to high- and low-intensity knee-

extension exercise. Abbreviations: ATPtotal = total ATP turnover; ATPOx = 

ATP derived from oxidative phosphorylation; ATPPCr = ATP derived from 

PCr hydrolysis; ATPGly = ATP derived from glycolysis (adapted from 

Bailey et al., 2010). 

Figure 

2.12 

Individual change in plasma [NO2

–
] (expressed as fold of placebo) 

compared to time percentage change in time to complete 3 km TT (panel 

A) and changes to plasma [NO2

–
] (expressed as fold of placebo) in low-, 

moderate-, and high-aerobic fitness groups after NO3

– 
supplementation 

vs. individual VO2peak values (panel B). Dotted lines define the low-, 

moderate-, and high-aerobic fitness groups (adapted from Porcelli et al., 

2015). 

Figure 

2.13 

Putative mechanisms by which dietary NO3

–
 supplementation enhances 

exercise performance in type II muscle fibres: improved rate of force 

development (panel A); improved peak power and peak velocity; 

increased blood flow (BF) towards muscle comprised of a greater 

proportion of type II fibres (panel C). (Adapted from Coggan et al., 2015; 

Ferguson et al., 2013; Hernández et al., 2012). 
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Chapter 4 Dietary nitrate supplementation and the oxygen cost of exercise: 
the influence of the number of transitions and nitrate-depleted 
beetroot juice 

Figure 1           Mean ± SE plasma nitrate (NO3

–
; panel A) and nitrite (NO2

–
; panel B) at 

rest following: 1) CON, water supplementation consumed before 

exercise (solid circle and solid line); 2) PL, nitrate-depleted beetroot juice 

consumed before exercise (open circle and dashed line); and 3) BR, 

nitrate-rich beetroot juice consumed before exercise (solid triangle and 

dotted line). * = significantly different from CON and PL (P<0.05). 

Figure 2 Individual responses of plasma nitrate (NO3

–
; panel A, B, C) and nitrite 

(NO2

–
; panel D, E, F) on day 1 and 2 following: 1) CON, water 

supplementation consumed before exercise; 2) PL, nitrate-depleted 

beetroot juice consumed before exercise; and 3) BR, nitrate-rich beetroot 

juice consumed before exercise. 

Figure 3 Mean ± SE and individual responses of pulmonary O2 uptake averaged 

over 4 step transitions (panel A) following: 1) CON, water 

supplementation consumed before exercise; 2) PL, nitrate-depleted 

beetroot juice consumed before exercise; and 3) BR, nitrate-rich beetroot 

juice consumed before exercise. 

Chapter 5 Beetroot juice ingestion during prolonged moderate-intensity 
exercise attenuates progressive rise in O2 uptake 

Figure 1 Data are means ± SE of plasma nitrate (A) and nitrite (B) concentrations 

over 120 min of moderate-intensity cycle exercise and a subsequent 4-

km time trial (TT) following PL+PL: placebo consumed before and during 

exercise (solid triangle and dotted line); BR+PL: NO3

–
-rich beetroot juice 

consumed before and placebo consumed during exercise (open circle 

and solid line); and BR+BR: NO3

–
-rich beetroot juice before and during 

exercise (solid circle and solid line) (n=9). * = Significantly different from 

PL+PL. ** = BR+BR significantly different from BR+PL. # = Significantly 

different from 120 min to end of TT in BR+BR. † = Significantly different 

from 60 min to end of TT in BR+PL. ‡ = Significantly different from 90 

min to TT in PL+PL. 

Figure 2 Data are means ± SE of O2 uptake over 120 min of moderate-intensity 

cycle exercise (A) and the change in O2 uptake from 30 to 120 min (B) 

following PL+PL, PL+BR, and BR+BR. * = Significantly different in 

BR+BR compared with PL+PL. 
Figure 3 Data are means ± SE of muscle glycogen concentration ([glycogen]) at 



  
	

	

 

12 

rest (PRE), after 120 min of moderate-intensity exercise (POST), and 

after the 4-km time trial (TT), (n = 9). DW, dry weight. * = Significantly 

different from PRE to POST. ** = Significantly different from POST to TT. 

There were no significant differences among the three conditions at any 

discrete time point but the change in muscle [glycogen] was significantly 

less in BR+BR compared with PL+PL (P<0.05; see text for details). 
Figure 4 Data are means ± SE of muscle PCr concentration ([PCr]; A), ATP 

concentration ([ATP]; B), and lactate concentration ([lactate]; C) at rest 

(PRE), after 120 min of moderate-intensity exercise (POST), and after 

the 4-km time trial (TT), (n 9). * = Significantly different from PRE to 

POST. ** = Significantly different from POST to TT. 

Figure 5 Data are means ± SE of O2 uptake (A), power output (B), and 

completion time (C) over the 4-km time trial in PL+PL (black bars), 

BR+PL (gray bars), and BR+BR (white bars). Completion times for 

individual subjects shown in gray lines. 

Chapter 6 The effect of dietary nitrate supplementation on skeletal muscle 
contractile efficiency and O2 cost of prolonged single-leg knee 
extensor exercise  

Figure 1 Schematic diagram of the experimental protocol (panel A) and exercise 

protocol (panel B). BR = beetroot supplementation; PL = placebo 

supplementation; MRS = magnetic resonance spectroscopy. 

Figure 2 Mean ± SEM of plasma nitrate concentrations ([NO3

-
]) during the 

laboratory visit over a 2-h single-leg knee extensor exercise protocol 

(panel A), and at rest during the MRS visit (panel B) following nitrate-rich 

beetroot juice (BR; open circle and bar), and nitrate-depleted beetroot 

juice supplementation (PL; solid circle and bar). Mean ± SEM of plasma 

nitrite concentrations ([NO2

-
]) during the laboratory visit over a 2-h single-

leg knee extensor exercise protocol (panel C), and at rest during the 

MRS visit (panel D) following BR (open circle and bar), and PL (solid 

circle and bar) supplementation. * = significantly different from PL. 

Figure 3 Group mean of representation of a 2-h continuous low-intensity 

prolonged single-leg knee extensor exercise protocol for the 

determination of intramuscular [phosphocreatine] ([PCr],  panel A), 

[inorganic phosphate] ([Pi], panel B), and pH (panel C), interspersed with 

four 24-s high-intensity bouts for the determination of [PCr] " from 

baseline (1 to 13 min), half-way (53 to 65 min), and end-exercise (105 to 

117 min). Intramuscular [PCr], [Pi] and pH were analyzed in 1 min bouts 
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from 14 to 15 min, 30 to 31 min, 48 to 49 min, 69 to 70 min, 88 to 89 min, 

and 103 to 104 min. † = significantly different from 14 to 15 min in PL 

(P<0.05), ** = significantly different from 69 to 70 min in PL (P<0.05),  # 

= significantly different from 88 to 89 min in PL (P≤0.05), ‡ = significantly 

different from 103 to 104 min in PL (P<0.05),  a = significantly different 

from 98 to 99 min in BR (P<0.05), b = significantly different from 69 to 70 

min in BR (P<0.05), c = significantly different from 30 o 31 min (P<0.01), 

d = significantly different from 30 to 31 min (P<0.05). 

Figure 4 Mean ± SEM of muscle [PCr] recovery kinetics (") averaged over the 

four 24-s high-intensity bouts during baseline (1 to 13 min), half-way (53 

to 65 min), and end-exercise (105 to 117 min). In BR, [PCr] recovery " 
sped up from baseline to end-exercise (35 ± 6 vs. 27 ± 4-s, P=0.001), 

baseline to half-way (35 ± 6 vs. 29 ± 5-s, P<0.01), and was not different 

from half-way to end-exercise (29 ± 5 vs. 27 ± 4-s, P>0.05). In PL, [PCr] 

recovery " sped up from baseline to end-exercise (37 ± 8 vs. 25 ± 6-s, 

P<0.0001), and tended to speed up from baseline to half-way (37 ± 8 vs. 

31 ± 8-s, P=0.06), and from half-way to end-exercise (31 ± 8 vs. 25 ± 6-

s, P=0.06). * = significantly different from baseline (P<0.01), # = 

significantly different from half-way (P<0.01). 
Figure 5 Mean ± SEM of pulmonary VO2 measured during baseline (1 to 13 min), 

half-way (53 to 65 min), and end-exercise (105 to 117 min) during the 

four 24-s high-intensity bouts following nitrate-rich beetroot juice (BR; 

open bar) and nitrate-depleted beetroot juice (PL; solid bar) 

supplementation (panel A), and individual pulmonary $o2 responses over 

time (panel B). * significantly different from baseline (P<0.001); # = 

significantly different from half-way (P<0.05). 

Figure 6 Group mean ± SEM GE calculated during baseline (1 to 13 min), half-

way (53 to 65 min), and end-exercise (105 to 117 min) during the four 

24-s high-intensity bouts interspersed with 2 min 36 s of recovery 

following nitrate-rich beetroot juice (BR; open bar) and nitrate-depleted 

beetroot juice (PL; solid bar) supplementation. # = significantly different 

to baseline (P<0.05); ‡ = significantly different to half-way (P<0.05).  

Figure 7 Change in plasma nitrate ([NO3

-
]; panel A) and nitrite ([NO2

-
]; panel B) 

following BR (BR – PL; µM, nM) in males (n=5) and females (n=5) and 

the change in pulmonary VO2 measured over time in BR (120 – 0 min; 

ml·kg
1
·min

-1
; panel C) between males (n=5) and females (n=6). 
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Chapter 7 The influence of co-ingesting nitrate and N-acetylcysteine on nitric 
oxide bioavailability, neuromuscular function and respiratory 
muscle fatigue during prolonged heavy-intensity exercise.  

Figure 1 Individual representative curve for plasma cysteine and glutathione 

(panel A) and plasma malondialdehyde (panel B) assessed via high 

performance liquid chromatography. 

Figure 2 Mean ± SE plasma nitrate (NO3

–
; panel A) and nitrite (NO2

–
; panel B) 

over 1-h of heavy-intensity exercise and a subsequent TTE following: 

PL+MAL: nitrate-depleted beetroot juice and maltodextrin consumed 

before exercise (solid circle and solid line); PL+NAC: nitrate-depleted 

beetroot juice and N-acetylcysteine consumed before exercise (open 

circle and solid line); BR+MAL: nitrate-rich beetroot juice and 

maltodextrin consumed before exercise (solid triangle and dotted line); 

and BR+NAC: nitrate-rich beetroot juice and N-acetylcysteine consumed 

before exercise (open triangle and dotted line). * = significantly different 

from 0 min (P<0.05), † = significantly different from TTE (P<0.05), § = 

significantly different in BR+NAC compared to PL+MAL and PL+NAC 

(P<0.01), # = significantly different in BR+MAL compared to PL+MAL 

and PL+NAC (P<0.01), ‡ = significantly different in BR+NAC compared to 

BR+MAL (P<0.05). Data shown for a subset of n=14 from 0 to 60 min 

and for n=13 for post-TTE. 
Figure 3 Mean ± SE plasma cysteine (panel A), glutathione (panel C), and 

malondialdehyde (panel E) over 1-h of heavy-intensity exercise and a 

subsequent TTE. Change from 0 to 60 min in plasma [cysteine] (panel 

B), change in plasma [glutathione] (panel D), and change in plasma 

[MDA] (panel F). PL+MAL: nitrate-depleted beetroot juice and 

maltodextrin consumed before exercise; PL+NAC: nitrate-depleted 

beetroot juice and N-acetylcysteine consumed before exercise; 

BR+MAL: nitrate-rich beetroot juice and maltodextrin consumed before 

exercise; and BR+NAC: nitrate-rich beetroot juice and N-acetylcysteine 

consumed before exercise. * = significantly different from 0 min (P<0.01). 

§ = significantly different to PL+NAC and PL+MAL (P<0.05). Data shown 

for a subset of n=14 for time points 0 to 60 min and n=13 for time point 

post-TTE for plasma [cysteine] and [glutathione], and a subset of n=13 

for plasma [malondialdehyde]. 

Figure 4 Compound muscle action potential (M-wave) amplitude and M-wave 

area (normalized to maximum M-wave during baseline pedalling) 
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indicating peripheral neuromuscular excitability (panel A and B); 

voluntary electromyographic root mean square (EMG RMS) amplitude 

(normalized to M-wave amplitude at 1 min of exercise) indicating 

muscle activation level (panel C); and RMS/M-wave (normalized to 

corresponding M-wave amplitude at each measurement time point) 

indicating central fatigue (panel D) during 1-h of heavy-intensity cycling 

at 0, 30, and 57 min, as well as at the end of the time-to-exhaustion 

(Post-TTE). * significantly different from 0 min (P<0.01); ‡ = 

significantly different from 30 min; † = significantly different from post-

TTE (P<0.01). Data shown for subset of n=12. 

Figure 5 Change from 0 to 60 min in compound action potential (M-wave) 

amplitude indicating peripheral neuromuscular excitability. * = 

significantly different to PL+NAC. Data shown for subset of n=12. 

Figure 6 Mean ± SE MEP measured at 0 and 50 min during 1-h of heavy-

intensity cycle exercise and post-TTE. PL+MAL: nitrate-depleted 

beetroot juice and maltodextrin consumed before exercise; PL+NAC: 

nitrate-depleted beetroot juice and N-acetylcysteine consumed before 

exercise; BR+MAL: nitrate-rich beetroot juice and maltodextrin 

consumed before exercise; and BR+NAC: nitrate-rich beetroot juice 

and N-acetylcysteine consumed before exercise. 

Figure 7 Mean ± SE completion time during the time-to-exhaustion at 70%∆ 

following 1-h of heavy-intensity cycle exercise. PL+MAL: nitrate-

depleted beetroot juice and maltodextrin consumed before exercise; 

PL+NAC: nitrate-depleted beetroot juice and N-acetylcysteine 

consumed before exercise; BR+MAL: nitrate-rich beetroot juice and 

maltodextrin consumed before exercise; and BR+NAC: nitrate-rich 

beetroot juice and N-acetylcysteine consumed before exercise. Data 

shown for a subset of n=15. 
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Symbols and abbreviations 
[ ]  concentration 

∆ Difference/change 

%∆ % difference between GET and VO2peak 

31
P-MRS 

31
Phosphorus magnetic resonance spectroscopy 

5,6,7,8-

tetrahydrobiopterin 

BH4 

Acetyl CoA acetyl coenzyme A 

ADP adenosine diphosphate 

AMP adenine monophosphate 

ANOVA analysis of variance 

ANT adenine nucleotide translocase 

ATP adenosine triphosphate 

BP blood pressure 

BR nitrate-rich beetroot juice  

Ca
2+

 calcium 

CK creatine kinase 

cAMP cyclic adenine monophosphate 

CASQ1 calsequestrin 1 

cGMP  cyclic guanosine monophosphate 

CP critical power 

CPT1 carnitine palmitoyl transferase complex 1 

CPT2 carnitine palmitoyl transferase complex 2 

Cr creatine 

CYS cysteine  

CV coefficient of variation (expressed as a percentage (%)) 

DHPR dihydropyridine receptor 

EMG electromyogram 

eNOS endothelial nitric oxide synthase 

ETC electron transport chain 

FAD/FADH2 flavin adenine dinucleotide 

FABP fatty acid binding protein 

FATP fatty acid transport protein 

FFA free fatty acid 

GE gross efficiency 

FMN flavin mononucleotide 

GET gas exchange threshold 
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GLY glycogen 

GSH glutathione 

H
+
 hydrogen ion/proton 

H2O water 

H2O2 hydrogen peroxide 

HPLC high performance liquid chromatography 

HR heart rate 

HSL hormone-sensitive lipase 

iNOS inducible nitric oxide synthase 

K
+
 potassium 

KNO3

–
 potassium nitrate 

kJ kilojoules  

MAL maltodextrin 

MAP mean arterial pressures 

MDA malondialdehyde 

MEP maximum expiratory pressure 

Mg
2+

 magnesium 

MRS magnetic resonance spectroscopy 

mV millivolt  

Na
+
 sodium 

NAC N-acetylcysteine� 

NAD
+
/NADH nicotinamide adenine dinucleotide  

NADPH nicotinamide adenine dinucleotide phosphate 

NaNO3

–
 sodium nitrate 

nNOS neuronal nitric oxide synthase 

NO nitric oxide 

NO2

–
 nitrite  

NO3

–
 nitrate  

NOS nitric oxide synthase 

O2 oxygen 

O2·
–
 superoxide 

ONOO
–
 peryoxynitrite  

PCr phosphocreatine 

Pi  inorganic phosphate 

PL nitrate-depleted beetroot juice (placebo) 

PO2 O2 tension 

P/O oxygen cost of ATP resynthesis 
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PPO peak power output 

RER respiratory exchange ratio 

RNS reactive nitrogen species 

ROS reactive oxygen species 

RONS reactive oxygen and nitrogen species 

RSNO S-nitrosothiols 

RyR ryanodine receptor 

SEM standard error of the mean 

SERCA sarcoplasmic endoplasmic reticulum calcium ATPase 

SD standard deviation 

SOD superoxide dismutase 

SH- sulfhydryl 

SR sarcoplasmic reticulum 

" phosphocreatine recovery time constant 

"p primary/phase II time constant 

TCA tricarboxylic acid cycle 

TTE time-to-exhaustion 

TT time trial 

UCP uncoupling protein 

VE pulmonary ventilation (expired) 

VL vastus lateralis 

VCl3 vanadium chloride 

VM vastus medialis 

VO2 pulmonary oxygen uptake 

VO2sc pulmonary oxygen uptake slow component 

VO2max maximal oxygen uptake/maximal aerobic capacity 

VO2peak peak oxygen uptake 

W Watt  
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Chapter 1: Introduction 
Nitric oxide (NO) has become known as a ‘miracle molecule’ since scientists 

began unravelling its functional importance to physiology and medicine over three 

decades ago (Furchgott & Zawadzki, 1980; Ignarro et al., 1987; Murad et al., 

1978). It is now understood that NO is a ubiquitous free radical signalling 

molecule involved in biological processes at the tissue and cellular level, 

regulating vasodilation (Joyner & Tschakovsky, 2003; Moncada & Higgs, 1993), 

skeletal muscle glucose uptake (Merry et al., 2010), mitochondrial cellular 

respiration (Brown & Cooper, 1994; Shiva et al., 2007), neurotransmission 

(Garthwaite, 2008), skeletal muscle contraction (Reid, 1998; Stamler & Meissner, 

2001; Viner et al., 2000), and fatigue development (Percival et al., 2010). The 

functional importance of NO is highlighted by the complementary O2-dependent 

and O2-independent pathways which enable continual recycling of nitrate (NO3

–
) 

and nitrite (NO2

–
) into NO and NO intermediates in the blood and in multiple 

tissues including skeletal muscle (Gilliard et al., 2018; Lundberg et al., 2008; 

Piknova et al., 2015). Importantly, the discovery of the O2-independent pathway 

provides a mechanism by which exogenous NO3

–
 sources could further increase 

NO bioavailability and thus, increase its associated functional consequences.  

 

A little over a decade ago, two independent physiology laboratories in Sweden 

(Karolinska Institutet, Professor Björn Ekblom et al.) and in the United Kingdom 

(University of Exeter, Professor Andrew M. Jones et al.) recognized the potential 

of manipulating NO bioavailability through dietary and pharmacological sources 

of NO3

–
 to enhance physiologic function during exercise, given the myriad of 

regulatory roles of NO in skeletal muscle. Specifically, both research groups 

identified that NO3

–
 supplementation, administered as NO3

–
 salts and/or beetroot 

juice, could lower the O2 cost of exercise (i.e. improve exercise efficiency) for the 

same given submaximal work rate, which was a surprising effect given that the 

O2 cost of exercise cannot be altered by any other intervention (Bailey et al., 

2009; Larsen et al., 2007). With respect to exercise performance, the lowering in 

the absolute O2 cost at a given work rate in relation to the maximal aerobic 

capacity (i.e. VO2max) could be expected to enable improved exercise 

performance (Bassett & Howley, 2000; Jones & Burnley, 2009). Accordingly, over 

the past 12 years, there has been a surge in publications which have focused on 

the physiological and ergogenic effects of NO3

–
 supplementation (Bailey et al., 
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2010; Cermak et al., 2012a; Lansley et al., 2011b), the application of NO3

–
 

supplementation to various exercise modalities (Bond et al., 2012; Murphy et al., 

2012; Nybäck et al., 2017; Peeling et al., 2015; Thompson et al., 2015), and on 

identifying the mechanisms of action (Bailey et al., 2010; Ferguson et al., 2013; 

Hernández et al., 2012; Larsen et al., 2011; Whitfield et al., 2016; 2017).  

 

To date, multiple candidates for the mechanistic underpinnings for the effects of 

NO3

–
 supplementation have been identified and remains the focus of intense 

research due to equivocal findings. The literature suggests that the mechanistic 

bases of the physiological effects of NO3

–
 supplementation in exercise are due to 

the independent or combined effects of: 1) improved mitochondrial efficiency 

(Larsen et al., 2011); 2) improved muscle contractile efficiency (Bailey et al., 

2010); 3) redox signalling (Whitfield et al., 2016); and/or 4) improved muscle 

contractile function and blood flow in type II muscle fibres (Hernández et al., 2012; 

Ferguson et al., 2013). The elevation in NO bioavailability, reflected in the 

increase of plasma [NO2

–
], is widely accepted as a key determinant in the efficacy 

of NO3

–
 supplementation (Dreissigacker et al., 2010; Porcelli et al., 2015; 

Wilkerson et al., 2012). While the mechanistic underpinnings remain to be 

resolved, these recent advances have provided rationale to explore the potential 

influence of NO3

–
 supplementation in exercise modalities that require a greater 

proportional contribution of type II muscle fibres (Hernández et al., 2012; 

Ferguson et al., 2013), and/or exercise protocols whereby a decline in exercise 

efficiency (e.g. caused by a decline in mitochondrial and/or contractile efficiency) 

manifests. Accordingly, given that a decline in exercise efficiency occurs over 

prolonged type exercise (Black et al., 2017; Hopker et al., 2017; Paris et al., 

2019), and that there is potential for the additional progressive recruitment of type 

II muscle fibres over time (Vøllestad et al., 1984), it could be reasoned that dietary 

NO3

–
 supplementation would improve and/or attenuate the decline in the 

physiological responses in prolonged exercise. However, the potential for NO3

–
 

supplementation in prolonged endurance-type exercise has yet to be explored. 

In addition, considering that the muscle metabolic demands of short continuous 

endurance type exercise employed in the earlier studies are different to the 

metabolic demands of prolonged type exercise (e.g. the decline in intramuscular 

finite glycogen reserves over prolonged exercise; Hermansen et al., 1967), 
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investigating NO3

–
 supplementation during prolonged type exercise could reveal 

novel mechanisms by which NO3

–
 exerts physiological effects.  

 

Therefore, the purpose of this thesis was to investigate the potential influence of 

dietary NO3

–
 supplementation, administered as concentrated NO3

–
-rich beetroot 

juice, on the physiological responses during prolonged endurance exercise (≥ 1 

h) and to examine the potential of dietary NO3

–
 supplementation to enhance 

exercise performance immediately following such exercise. A secondary aim of 

this thesis was to investigate potential supplementation strategies to further 

enhance and/or preserve NO bioavailability during prolonged exercise given the 

importance in the elevation of plasma [NO2

–
] in the efficacy of NO3

–
 

supplementation, and the potential for plasma [NO2

–
] to decline over exercise.  
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Chapter 2: Literature Review 
2.1.     Metabolic pathways for ATP resynthesis in skeletal muscle 

Muscle contraction requires the coordination of multiple physiological systems to 

provide energy in a timely manner to meet dynamic muscle metabolic demands. As 

energetic demands increase, the supply of oxygen (O2) must increase to support the 

production of adenosine triphosphate (ATP), the high-energy molecule providing 

energy to drive muscle contraction and other biochemical processes (Cain et al., 

1962). ATP releases chemical energy in an exergonic reaction when the terminal 

phosphate is cleaved from the molecule and the end products are adenosine 

diphosphate (ADP) and inorganic phosphate (Pi). This reaction is reversible, such that 

ATP may be resynthesized by combining ADP and Pi (Cain & Davies, 1962). The 

ability to rapidly resynthesize ATP in response to muscular contraction is critical given 

that ATP molecules are heavy and thus, storage capacity is limited, with only several 

seconds of exercise worth of stored energy available. Therefore, it is unsurprising the 

human body has several pathways for ATP resynthesis which together contribute to 

the total energy supply (Fig. 2.1). Importantly, the contribution of energy production 

from each pathway is dependent on the exercise intensity and duration (Howlett et al., 

1998). 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.1. A simplified schematic diagram redrawn from Spriet, 2007. Abbreviations: ADP = 

adenosine triphosphate; ATP = adenosine triphosphate; CoA = coenzyme A; CPT = carnitine 

palmitate transferase; Cr = creatine; ETC = electron transport chain; FAT/CD36 = fatty acid 

translocase; FFA = free fatty acid; G-1-P = glucose-1-phosphate; G-6-P = glucose-6-

phosphate; GLUT4 = glucose transporter; IM = inner mitochondrial membrane; NAD = 
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nicotinamide adenine dinucleotide; NADH = nicotinamide adenine dinucleotide phosphate; 

OM = outer mitochondrial membrane; PCr = phosphocreatine. 

 

2.1.1.  Substrate level phosphorylation 

Substrate level phosphorylation consists of two anaerobic pathways which rapidly 

synthesize ATP in response to metabolic demand: PCr hydrolysis and anaerobic 

glycolysis. The immediate source of energy in response to the onset of muscular 

contraction is generated anaerobically (i.e. without the presence of O2) through 

phosphocreatine (PCr) hydrolysis, a process catalyzed by creatine kinase (CK) such 

that a water (H2O) molecule cleaves Pi from PCr and Pi is donated to phosphorylate 

ADP to form 1 ATP molecule (Parolin et al., 1999). Importantly, the accumulation of 

intramuscular metabolites (i.e. Pi, ADP, adenosine monophosphate, AMP) and 

changes to contraction-induced calcium (Ca
2+

) stimulate glycolysis and thus have a 

role in regulating mitochondrial respiration (Walsh et al., 2001). The simplicity of this 

reaction allows for the rapid resynthesis of ATP for contraction but it can only be 

sustained for short periods (~1 to 10 seconds) given that intramuscular PCr stores are 

limited (Bogdanis et al., 1996; Boobis et al., 1983; Hultman et al., 1990). However, 

during recovery, PCr resynthesis occurs with the presence of O2, restoring resting 

concentration within 1 min of rest (Haseler et al., 1999). Although PCr hydrolysis is 

always utilized to some extent, it is predominantly utilized during short bursts of high-

intensity exercise (Cheetham et al., 1986; Hultman et al., 1990).  

 

Anaerobic glycolysis is an anaerobic pathway that involves 10 to 12 reactions and 

takes place in the cytoplasm of the cell (Chasiotis et al., 1982). Energy from this 

pathway is produced from the breakdown of stored glycogen into glucose molecules 

and subsequently the conversion into pyruvate (Febbraio et al., 1998; Watt et al., 

2001). A total of 3 ATP molecules is produced through this process with glycogen, and 

2 ATP molecules with glucose. This pathway is predominant in providing energy for 

sustained high-intensity exercise (Cheetham et al., 1986; Nevill et al., 1989). 

Anaerobic glycolysis can provide energy to sustain muscular contraction for longer 

durations than PCr hydrolysis but cannot be sustained for longer than 1 to 2 minutes 

of contraction. Importantly, hydrogen ions (H
+
) are produced which increases muscle 

acidosis (i.e. reduces pH). 
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2.1.2.  Oxidative phosphorylation 

Oxidative phosphorylation, also known as cellular respiration, oxidative metabolism or 

aerobic metabolism, is an aerobic pathway (i.e. requires the presence of O2) that 

occurs in the mitochondria. ATP production occurs at a relatively slower rate compared 

to substrate level phosphorylation as a greater number of reactions are required to 

convert carbohydrate and fat stores into ATP (Spriet et al., 2002; Watt & Spriet, 2004). 

Acetyl coenzyme A is produced from these processes which enters the Krebs or 

tricarboxylic acid (TCA) cycle, followed by the electron transport chain (Mitchell, 1961) 

to yield a substantially greater amount of ATP relative to substrate phosphorylation 

(Spriet et al., 2002). A total of 38 ATP molecules are produced from glycolysis and 

oxidative phosphorylation combined. The number of ATP molecules produced with 

FFA is dependent on the length of the carbon chain. For example, a 16 carbon chain 

can yield around 131 ATP through oxidative phosphorylation. 

 

The increase in oxygen uptake (VO2) during exercise indicates increased substrate 

oxidation (i.e. carbohydrate and fat) for oxidative phosphorylation. However, substrate 

oxidation is never fully coupled to ATP production (Brand et al., 1994). Changes to the 

P/O ratio (i.e. the amount of O2 consumed per ATP molecule produced; Hinkle et al., 

2005) indicates the efficiency of oxidative phosphorylation. For example, an increased 

P/O ratio would indicate increased ATP synthesis per O2 molecule. In contrast, a 

decreased P/O ratio suggests a reduction in ATP synthesis per O2 molecule. A 

decreased P/O ratio could be caused by proton leakage, whereby protons flow back 

into the mitochondrial matrix in a futile process that does not cause ATP synthesis. 

Proton leakage is in part thought to be induced by uncoupling proteins (UCP) and/or 

adenine nucleotide translocase (ANT) (Bevilacqua et al., 2010; Brand et al., 2005; 

Parker et al., 2008; Rolfe et al., 1994).  A decreased P/O ratio could also be caused 

by a redox slip reaction, whereby the electron transfer across the ETC complexes 

occurs without pumping protons across the inner mitochondrial membrane or creating 

the electrochemical proton gradient.  
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2.2. ATP utilization in skeletal muscle 

2.2.1. Skeletal muscle contraction 

ATP within skeletal muscle is used for muscle contraction. Voluntary contraction is 

initiated upon the delivery of a nerve impulse from the brain to the spinal cord to the 

muscle at the point of the neuromuscular junction (Fleischer & Inui, 1981). Excitation-

contraction coupling is the process through which the propagation of an action 

potential, muscle membrane depolarization via the influx of sodium (Na
+
) and an efflux 

of potassium (K
+
), is coupled to the release of Ca

2+
 from Ca

2+
 voltage sensing release 

channels (i.e. dihydropyridine receptor, DHPR and ryanodine receptors, RyR) in the 

sarcoplasmic reticulum (SR, Imagawa et al., 1987; Schneider & Chandler, 1973), 

resulting in the ATP-driven contraction by the shortening action of actin and myosin 

filaments (Ashley et al., 1991) (Fig. 2.2). Disruptions anywhere along these pathways 

lead to muscle fatigue, which is defined as the exercise-induced reduction in the ability 

of muscle to sustain a force output, and can be reversible through rest (Bigland-Ritchie 

& Woods, 1984). 

 

Contraction ceases when neural activity stops. Upon cessation, the enzyme 

sarcoendoplasmic reticulum Ca
2+ 

ATPase (SERCA) utilizes ATP to actively pump 

cytosolic Ca
2+ 

back into the SR (Periasamy & Kalyanasundaram, 2007), while the 

tropomyosin complex moves back over the binding site. The enzyme Na
+
-K

+
 ATPase 

utilizes ATP to actively pump Na
+
 out of the cell while K

+
 is actively pumped back into 

the cell.  

 

 

 

 

 

 

 

 

 
 
Figure 2.2. A simplified schematic diagram redrawn from Gandevia, 2001. The chain of events 

required for voluntary contraction from the brain to the muscle.  
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2.2.2.  Physiological characteristics of muscle fibre types  

Skeletal muscle is composed of three different muscle fibre phenotypes, with relative 

proportions within each muscle group dependent on its function (Johnson et al., 1973; 

Tesch et al., 1984). Accordingly, these fibre types are characterized by their structural, 

contractile, and biochemical properties (Bottinelli et al. 2000; Table 2.1). In sequential 

order of activation, the three classifications are: type I (slow-twitch, oxidative) fibres, 

type IIa (fast-twitch, oxidative) fibres, and type IIx (fast-twitch, glycolytic) fibres. 

Importantly, the muscle fibre types are not completely distinct given that a spectrum 

of contractile and metabolic properties exist within each specific fibre type, 

consequently leading to ‘hybrid’ fibres within muscle groups. However, in general, type 

I muscle fibres have greater mitochondrial density, oxidative enzyme activity and 

capillary density, as well as a lower peak power and lower shortening velocity 

compared to type IIx fibres. Accordingly, type I muscle fibres have greater fatigue 

resistance and efficiency (Coyle et al., 1992; Willis & Jackman, 1994; Szentesi et al., 

2001). In contrast, type IIx muscle fibres have greater fatigability but are well suited to 

high power and high velocity contractions. Type IIa muscle fibres have an intermediate 

contractile force and velocity in relation to type I and IIx muscle fibres. The continuum 

of muscle fibre types is an elegant physiological design which permits skeletal muscle 

to respond to dynamic metabolic demands. 

 

The order of muscle fibre activation is related to the size of the motor neuron, known 

as the size principle (Henneman et al., 1965) and to factors such as the rate of muscle 

contraction and exercise intensity. For example, type I fibres are recruited first at the 

onset of low force contractions given that these fibres have the smallest motor neurons 

and therefore have a lower relative power output (Coyle et al., 1992). However, with 

increased contraction duration, additional progressive recruitment of type II fibres may 

be required to sustain force output as type I muscle fibres fatigue (Krustrup et al., 

2004; Shinohara & Moritani, 1992). During high-intensity exercise whereby high force 

outputs are required, a greater relative proportion of type II fibres are recruited at the 

onset of exercise (Casey et al., 1996; Gollnick et al., 1974; Greenhaff et al., 1994; 

Soderlund et al., 1992).  
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2.3. Physiological factors affecting skeletal muscle contraction 

2.3.1. Metabolic changes 

It is well established that during prolonged repeated contractions, the reduction in finite 

intramuscular glycogen reserves leads to impaired excitation-contraction coupling and 

fatigue (Bergström & Hultman, 1966; Bergström et al., 1967; Hermansen et al., 1967). 

By the same token, carbohydrate ingestion has been shown to enhance exercise 

tolerance (Christensen & Hansen, 1939; Greenhaff et al., 1987; Karlsson & Saltin, 

1971; Maughan & Poole, 1981). Muscle glycogen stores play a significant role in 

muscle function as low muscle glycogen stores are associated with decreased SR 

Ca
2+

 release rate (Ahlborg et al., 1967; Black et al., 2017; Chin & Allen, 1997; Duhamel 

et al., 2006a; Duhamel et al., 2006b; Nielsen et al., 2009; Ørtenblad et al., 2011). 

Although the mechanistic basis is currently unclear, it is purported that SR function is 

dependent on muscle glycogen due to glycolytic intermediates and/or glycolysis 

contributing to the maintenance of coupling between Ca
2+

 release proteins, such as 

RyR (Ørtenblad et al., 2011) or for the Krebs cycle (Helander et al., 2002; Sahlin et 

al., 1990). Alternatively, or in addition, carbohydrate status could influence the pH 

balance of muscle and buffer metabolic acidosis to preserve muscle function 

(Maughan et al., 1997).  

 

The attainment of critically low levels of intramuscular PCr (<10 mM) and/or the 

accumulation of Pi contributes to impaired exercise tolerance (Allen et al., 2008; Cooke 

et al., 1988; Dahlstedt et al., 2001; Hogan et al., 1999; Westerblad & Allen, 2003; 

Vanhatalo et al., 2010b). During prolonged or intense repeated contractions, the 
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accumulation of Pi reduces myofibrillar and Ca
2+

 sensitivity (Danieli-Betto et al., 2000; 

Martyn & Gordon, 1992; Millar & Homsher, 1990) as well as SR Ca
2+

 reuptake (Hill et 

al., 2001; Leppik et al., 2004; Li et al., 2002) which facilitate the development of fatigue 

(Westerblad et al., 2002). In rodents that did not express CK, force production was 

depressed, crossbridge kinetics were impaired and Ca
2+

 sensitivity decreased 

compared to wild type rodents, indicating the role of accumulated Pi in contraction 

(Dahlstedt et al., 2001). Interventions that reduce the PCr slow component (Rossiter 

et al., 2001; 2002) were associated to a reduction in metabolic perturbation and 

improved exercise tolerance (Jones et al., 2007; Vanhatalo et al., 2010b). Moreover, 

preserved muscle [PCr] and concomitant reductions to Pi accumulation have been 

reported to improve severe-intensity exercise tolerance (Bailey et al., 2010).  

 

During exercise which require prolonged and/or intense sustained contractions, 

mitochondrial efficiency may decline over time. The decline in mitochondrial efficiency 

may be due to increased muscle temperature (Brooks et al., 1971; Willis & Jackman, 

1994) or mitochondrial uncoupling actions (Brand et al., 1994) such as proton leak 

(Echtay et al., 2002; Rolfe et al., 1994), or redox slip reactions (Groen et al., 1990), or 

changes in substrate (Hopker, O’Grady & Pageaux, 2017). 

 

2.3.2.  Motor unit recruitment   

In addition to metabolic changes, alterations to muscle fibre recruitment patterns may 

influence excitation-contraction coupling. The central nervous system activates 

different muscle fibre types according to the work load (Bigland-Ritche et al., 1986; 
Enoka & Stuart, 1992). For example, over prolonged repeated contractions, initially 

active muscle fibres may ‘drop out’, and/or a progressive recruitment of ‘fresh’ type II 

fibres could be required to sustain the power output (Gollnick et al., 1974; Krustrup et 

al., 2004), causing a higher ATP cost of contraction (Crow & Kushmerick, 1982c; 

Reggiani et al., 1997; Willis & Jackman, 1994), greater glycogen depletion (Casey et 

al., 1996; Soderlund et al., 1992) and slower O2 uptake kinetics (Wüst et al., 2013). 

Consequently, this could contribute to an increased O2 cost of contraction given that 

type II fibres have a relatively greater fatigability (Barclay, 1996; Cannon et al., 2014; 

Murgatroyd & Wylde, 2011; Woledge, 1998). Moreover, prolonged contractions 

decrease overall motor unit firing rates (Bigland-Ritchie et al., 1983) and an increased 
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number of action potentials are required to initiate firing compared to the initial 

contractions as the originally activated fibres fatigue (Garland et al., 1994).  

 

2.3.3.  Muscle excitability   

For muscle contraction, action potentials propagate the transverse tubule system to 

excite the muscle enough to stimulate voltage-sensor activation of DHPR and RyR for 

Ca
2+ 

release. However, changes to muscle excitability may have deleterious effects 

on force production (Allen et al., 2008). Muscle excitability is influenced by the ionic 

exchange of Na
+
 and K

+ 
during muscle membrane depolarization. During prolonged 

or intense repeated skeletal muscle contractions, an accumulation of extracellular K
+
 

may increase from resting values of ~4 mM to ~10 mM (Nielsen et al., 2004; Sejersted 

& Sjøgaard, 2000) due to an increased number of action potentials (Clausen, 2003; 

Hodgkin & Horowicz, 1959; Juel et al., 2000; Sjøgaard et al., 1985). Moreover, 

maximal Na
+
-K

+
 ATPase activity declines over prolonged exercise (Fraser et al., 2002; 

Leppik et al., 2004; Sandiford et al., 2004), impairing membrane excitability (Fowles 

et al., 2002) and contributes to impaired Na
+
 and K

+
 homeostasis. The mechanistic 

bases of a progressively declining maximal Na
+
-K

+ 
ATPase activity during prolonged 

exercise is speculated to be caused by the accumulation of Ca
2+

 and free radicals in 

damaging associated proteins (Kourie, 1998; Kukreja et al., 1990; Sen et al., 1995b; 

Sulova et al., 1998). Substantial changes to the K
+
 electrochemical gradient and 

extracellular K
+
 accumulation may result in failed excitation (Gong et al., 2003; Yensen 

et al., 2002) and thus reduction in force production (Balog & Fitts, 1996; Burton & 

Smith, 1997; Clausen et al., 1996; Sejersted & Sjøgaard, 2000). Moreover, prolonged 

contractions may decrease the action potential propagation speed (Juel, 1988). 

Interestingly, training has been evidenced to improve sarcolemmal excitability and 

force production through increased Na
+
-K

+
 ATPase protein content (Clausen, 2003; 

Iaia & Bangsbo, 2011) and decreased K
+
 efflux (Nielsen et al., 2004). 

 

2.3.4.  Redox interactions: free radicals 

Free radicals are defined as atoms or molecules which contain one or more unpaired 

electrons (Halliwell & Gutteridge, 2007). Two main free radical cascades are produced 

from O2 which are superoxide (O2

•–
) and nitric oxide (NO) (Stamler et al., 1992). Both 

cascades are interdependent, react with thiols (i.e. sulfhydryl moieties) and metals, 

have a role in activating cellular signalling pathways, and are critical to contractile 
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function (Balon & Nadler, 1994; Halliwell & Gutteridge, 2007; Power & Jackson, 2008; 

Stamler & Meissner, 2001; Fig. 2.3). Skeletal muscles produce low levels of free 

radicals (Commoner et al., 1954; Koren et al., 1980) such as reactive oxygen species 

(ROS) (Diaz et al., 1993; Reid et al., 1992), reactive nitrogen species (RNS) (Balon & 

Nadler, 1994; Patwell et al., 2004) and its derivatives at rest which are required for 

force production (Reid et al., 1993; Regnier et al., 1992). In contrast, force production 

may be impaired during situations of increased muscular activity (Davies et al., 1982), 

increased physiological temperature (Zuo et al., 2000), and muscle acidosis (Arbogast 

& Reid, 2004), as these conditions markedly enhance ROS and RNS production. 

Transiently elevated ROS and RNS production causes oxidative and nitrosative 

stress, respectively (Smith & Reid, 2006), and consequently, contribute to the 

development of skeletal muscle fatigue by impairing key contractile processes (Alessio 

et al., 1988; Allen et al., 2008; Davies et al., 1982; Diaz et al., 1993; Dillard et al., 1978; 

Reid et al., 1992; 1993). The equilibrium between ROS/RNS and the endogenous 

antioxidant buffering system (i.e. redox homeostasis) and any imbalances are 

important in influencing contractile function. 

 

2.3.5.  Redox interactions: reactive oxygen species 

When ROS production exceeds endogenous antioxidant buffering systems, oxidative 

stress occurs (e.g. reflected by lipid peroxidation, protein carbonylation, glutathione 

depletion) causing cellular damage (Dalle-Donne et al., 2003) through oxidation (Sen 

et al., 2000). Muscle dysfunction may occur in both locomotor (Matuszczak et al., 

2005) and respiratory muscle (Zergeroglu et al., 2003) due to oxidative damage to 

Ca
2+ 

regulation (Brotto & Nosek, 1996; Moonpanar & Allen, 2005) and the associated
 

proteins regulating Ca
2+

 handling such as SERCA, RyR, Na
+
-K

+ 
ATPase (Abramson 

& Salama, 1989; Brotto & Nosek, 1996; Grover et al., 1997; Gutierrez-Martin et al., 

2004; McKenna et al., 2006; Pessah & Feng, 2000; Scherer & Deamer, 1986; Viner 

et al., 1996) as well as proteins regulating myofilament function such as troponin, 

tropomyosin, actin, and myosin (Andrade et al., 2001; Brooke & Kaiser, 1970; 

Callahan et al., 2001; Canton et al., 2004; Crowder & Cooke, 1984; Hinshaw et al., 

1991; Konczol et al., 1998; Putkey et al., 1993; Sweeney et al., 1993; Williams & 

Swenson, 1982; Yamada et al., 2006). Therefore, excessive ROS is implicated in 

depressed contractile function (Fig. 2.3). Interestingly, elevating ROS by low to 

moderate amounts with supplementation has been shown to enhance force production 
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(Andrade et al., 1998; Oba et al., 1996; Reid et al., 1993). These data highlight the 

complexity and importance of the balance of ROS levels in skeletal muscle in 

regulating muscle contraction. 

 

2.3.6.  Redox interactions: nitric oxide 

In addition to ROS, skeletal muscle generates NO (see section: Nitric Oxide 

Biochemistry and Metabolism) which also influences contractile function. NO has three 

general molecular actions: 1) interactions with ROS; 2) reactions with transition 

metals; and 3) reactions with protein thiols (Stamler & Meissner, 2001). NO can react 

with O2 and ROS, such as O2

•–
, to form NO derivatives that can induce redox reactions 

(i.e. transfer of electrons) (Stamler et al., 1992). In addition, NO can exert an 

antioxidant effect through the reaction between NO and O2

•–
 which forms peroxynitrite 

(ONOO
–
), consequently reducing the bioavailability of O2

•– 
(Halliwell, 1994; Kanner et 

al., 2001; Moylan & Reid, 2007) and prevents further ROS from forming (Wink et al., 

1993). The second general action of NO is its ability to interact with transition metals. 

NO can induce cGMP signalling to depress force production by interacting with haem 

iron or iron-sulpher centres (Abraham et al., 1998; Kobzik et al., 1994). Lastly, NO can 

target thiols (i.e. moieties with sulphydryl groups, RSH or RS
–
) to form RSNO groups 

in a reversible process called S-nitrosylation which alters protein structure and function 

(Stamler, 1994). Contractile proteins such as SERCA, RyR, and DHPR are likely the 

main targets for S-nitrosylation and their activity may be increased (Aghdasi et al., 

1997; Stoyanovsky et al., 1997) or decreased (Ishii et al., 1998; Mezaros et al., 1996; 

Suko et al., 1999). Moreover, NO may influence contractile force production through 

slowing down myosin cycling kinetics (Evangelista et al., 2010; Galler et al., 1997; 

Heunks et al., 2001) and may induce reversible inhibition of CK activity which 

decreases ATP synthesis (Gross et al., 1996).  
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Figure 2.3. A simplified schematic diagram redrawn from Smith & Reid, 2006. Main reactive oxygen 

species cascade in the skeletal muscle (adapted from Smith & Reid, 2006). Superoxide (O2

•–

) is mainly 

produced from the mitochondria in complex I and III of the ETC (Barja, 1999; Li et al.,1999; Turrens, 

2003) at a rate of ~1-2% of O2 consumption (St Pierre et al., 2002) as well as by nicotinamide 

dinucleotide phosphate (NADPH) oxidase located in the transverse tubules and SR (Hidalgo et al., 

2006). Other purported sites of O2

•–

 production include xanthine oxidase (Gomez-Cabrera et al., 2005), 

and lipoxygenase (Zuo et al., 2000) although it should be noted that xanthine oxidase may shift to 

producing NO in hypoxic conditions (Webb et al., 2004). O2

•–

 is dismutated spontaneously or by 

superoxide dismutases (SOD) to form hydrogen peroxide (H2O2) with the copper-zinc isoform existing 

in the cytosol (CnZnSOD) and the manganese isoform existing in the mitochondria (MnSOD) (Halliwell 

& Gutteridge, 2007; Smith & Reid, 2006). H2O2 is an important signalling molecule given that it can 

freely diffuse across cell membranes and has a relatively long half-life (Veal et al., 2007). H2O2 is broken 

down through enzymatic reactions involving catalase (CAT) and glutathione peroxidase (GPX), with the 

latter pathway requiring glutathione (Powers & Jackson, 2008). Alternatively, H2O2 may be broken down 

into the noxious hydroxyl radical (OH
•

) through reactions with free transition metals such as ferrous iron 

(Fe
2+

) (Powers & Jackson, 2008). Both nitric oxide (NO) and ROS act as important signalling molecules 

(Halliwell & Gutteridge, 1998; Powers et al., 2010; Smith & Reid, 2006; Stamler & Meissner, 2001) and 

interact with each other. For example, NO reacts with O2

•–

 to form reactive nitrogen species (RNS) 

peroxynitrite (ONOO
–

) (Halliwell, 1994; Reid & Durham, 2002). Excessive ROS and RNS production 

may impair contractile function by altering Ca
2+

 handling and myofilament function (Reid, 2016a). 

 

2.3.7.  ROS-mediated activation of group III and IV muscle afferent feedback 

Muscle afferents are sensory fibres that inhibit or facilitate motor unit recruitment of 

active contracting muscle, as well as adjust cardiovascular and ventilatory responses 

by modifying the central motor drive (Amann & Dempsey, 2008; Gandevia, 2001; 
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Kennedy et al., 2013; 2014) in response to mechanical and intramuscular metabolite 

changes (Mitchell et al., 1983; Rotto & Kaufman, 1988). Specifically, group III and IV 

muscle afferents are active during exercise (Adreani et al., 1997; Amann et al. 2010) 

and are recognized to contribute to impaired excitation-contraction coupling (Amann 

& Dempsey, 2008; Laurin et al., 2015). Group III muscle afferents are stimulated by 

force production (Hayes et al., 2009) while group IV muscle afferents are stimulated 

by muscle metabolites (Darques et al., 1998; Haouzi et al., 1999; Rotto & Kaufman, 

1988) and ROS (Arbogast et al., 2000; Delliaux et al., 2009). Thus, it is possible for 

heavy-intensity and/or prolonged exercise to activate group III and IV muscle afferents 

from metabolite and/or ROS accumulation such that voluntary muscle contraction 

declines (Smith & Reid, 2006; Supinski et al., 1997) and a muscle metaboreflex 

phenomenon redirects blood flow away from skeletal muscle (Dempsey et al., 2006; 

Harms et al., 1997; Sheel et al., 2001).  

 

2.4. Oxygen uptake and exercise efficiency 

At the onset of exercise, VO2 increases and reflects the integrative ability of the body 

to increase gas exchange, cardiac output, blood flow, muscle O2 extraction, and 

muscle O2 utilization to meet ATP demands. Accordingly, exercise efficiency may be 

reflected in the O2 cost of exercise for a given work rate since the expected average 

O2 cost of exercise is ~10 mL·min
-1

·W
-1

 below the gas exchange threshold (GET; 

Jones & Poole, 2005). An increased muscle metabolic rate during exercise or a decline 

in muscle efficiency and function could therefore be reflected as progressive increases 

to the O2 cost of exercise (Barstow et al., 1990; Hopker, O’Grady & Pageaux, 2017; 

Koga et al., 2005). The pulmonary VO2 response, measured at the mouth using 

automated gas analyzers, is an indirect measure of muscle oxidative phosphorylation 

and is less invasive and therefore more suitable for routine laboratory testing 

compared to direct measures (Barstow et al., 1990). It is well established that the VO2 

response during constant work-rate exercise is distinct within the three exercise-

intensity domains of moderate-, heavy-, and severe-intensity exercise (Jones & Poole, 

2005; Whipp et al., 1994) which are described below and are illustrated in Fig 2.4. 
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Figure 2.4. The pulmonary VO2 response following the onset of constant work-rate exercise 

in the moderate-, heavy-, and severe-intensity domains. Abbreviations: GET (gas exchange 

threshold), CP (critical power), VO2max (maximal aerobic capacity). Adapted from Wilkerson et 

al. (2004).  
 

2.4.1.  Moderate-intensity exercise domain 

Moderate-intensity exercise consists of all work rates below the GET. At the onset of 

exercise, an O2 deficit occurs representing a temporary mismatch between the energy 

requirement and the energy being produced via oxidative ATP resynthesis (Krogh & 

Lindhard, 1913). However, a VO2 steady-state (i.e. a matching between ATP supply 

from oxidative metabolism and ATP utilization) is achieved within 2 to 3 min in most 

healthy young people whereas it may be considerably longer in individuals who are 

sedentary, ageing, and/or with chronic diseases (Whipp & Wasserman, 1972). The 

tight coupling between VO2 and ATP resynthesis in the moderate-intensity exercise 

domain preserves homeostasis of the metabolic environment such that metabolites do 

not disrupt contractile processes. Accordingly, exercise in this domain may be 

sustained for several hours; however, muscle inefficiency manifests with longer 

exercise durations. Impairments to Ca
2+

 release rates are a contributing factor to the 

decline in contractile function (Allen et al., 2008) and the depletion of muscle glycogen 

is an important determinant of muscle function and excitability within the moderate-

intensity exercise domain (Black et al., 2017). Consequently, a decline in muscle 
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efficiency is represented by an upward drift in VO2 over time when performing 

moderate-intensity exercise for prolonged durations ≥ 60 min (Coyle et al., 1991; 

Hagberg et al., 1978; Hagan et al., 1992; Kalis et al., 1988).  

 

2.4.2.  Heavy-intensity exercise domain 

Heavy-intensity exercise consists of all work rates between the GET and the critical 

power (CP), where the CP represents the highest sustainable rate of oxidative 

metabolism without progressive energy contribution from anaerobic pathways 

(Chidnok et al., 2013; Jones et al., 2008; Poole et al., 1988; Vanhatalo et al., 2016). 

In this exercise domain, a VO2 slow component (VO2sc) manifests shortly after the 

onset of exercise (90 to 120 seconds), reflecting a loss of linearity in the relationship 

between the work rate and VO2 (Burnley & Jones, 2007). The VO2sc differs to the O2 

drift phenomenon that occurs during prolonged moderate-intensity exercise. The 

VO2sc occurs during heavy- and severe-intensity exercise exhibited by a large 

magnitude of increased VO2 compared to the gradual increase by < ~200 mL during 

the O2 drift (Gaesser & Poole, 1996). Mechanistically, the VO2sc is underpinned by 

several factors including reduced contractile efficiency (Rossiter et al., 2002; 

Tonkonogi et al., 1999), slow VO2 kinetics of initially recruited type II fibres (Barclay et 

al., 1996; Crow & Kushmerick, 1982b), the O2 cost of recovery processes in fatigued 

fibres (Hepple et al., 2010), and the progressive activation of type II fibres (Krustrup et 

al., 2004; Jones et al., 2011). However, progressive muscle fibre recruitment has been 

shown to not always be requisite and may be related to the decline in efficiency over 

time in already recruited fibres (Cannon et al., 2014; Rossiter et al., 2002; Vanhatalo 

et al., 2011b; Zoladz et al., 2008). The main functional consequence of the VO2sc for 

exercise tolerance and fatigue in this domain is the reduction in work efficiency, which 

is also linked to fatigue. Despite the development of the VO2sc, exercise within the 

heavy-intensity domain may be sustained for several hours given that metabolites and 

VO2 eventually reaches an elevated steady-state which can take up to 15 to 20 

minutes (Poole et al., 1988). However, during prolonged heavy-intensity continuous 

exercise, a decline in muscle efficiency (and thus, an increased upward drift in VO2 in 

the steady-state VO2 response) may occur over time (Hopker et al., 2017; Passfield & 

Doust, 2000). A decline in muscle efficiency during prolonged heavy-intensity exercise 

is multifaceted and relates to changes in muscle excitability, muscle glycogen stores, 
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intramuscular metabolite accumulation (i.e. metabolic perturbation), progressive type 

II muscle fibre recruitment, and the accumulation of ROS (Allen et al., 2008; Black et 

al., 2017; Krustrup et al., 2004; Powers & Jackson, 2008). 

 

2.4.3.  Severe-intensity exercise domain 

Severe-intensity exercise consists of all work rates between the CP and the maximal 

aerobic capacity (VO2max) determined from an incremental exercise test to exhaustion 

(Poole et al., 1988). Exercise in this domain can be sustained for ~10 to 20 min before 

exhaustion occurs (Jones & Poole, 2005) and is characterized by a hyperbolic 

relationship, known as the power-duration relationship (Jones et al., 2008). The CP 

occurs at the asymptote of the power-duration relationship, and the finite quantity of 

work above the CP is termed the W’ (Fukuba et al., 2003; Poole et al., 1988). Within 

this exercise intensity domain, the VO2sc drives the pulmonary VO2 response to reach 

VO2max. Concomitantly, the attainment of critical levels of low [PCr] ([] denotes 

concentration) and pH, as well as high [Pi] induces fatigue in this exercise intensity 

domain (Allen et al., 2008; Fitts, 1994; Fuchs et al., 1970; MacDonald & Stephenson, 

2001; Meissner et al., 1986; Vanhatalo et al., 2010b; 2016).  

 

2.5. Nitric oxide biochemistry and metabolism 

The physiological responses to exercise are partly regulated by NO, a ubiquitous 

signalling molecule that regulates a plethora of physiological functions (Furchgott & 

Zawadzki, 1980; Ignarro et al., 1987; Murad et al., 1978; Stamler & Meissner, 2001). 

The production of NO occurs at rest and dramatically increases during exercise (Balon 

& Nadler, 1994). In addition, NO bioavailability may be dependent on muscle fibre type 

recruitment patterns given that NO production is facilitated by low pH (Modin et al., 

2001) and hypoxia (Castello et al., 2006), and thus, NO production is influenced by 

exercise intensity and duration (see section: One step reduction of NO2
– to NO; 

Castello et al., 2006; Modin et al., 2001; Richardson et al., 1995). NO has a role in 

regulating vasodilation (Joyner & Tschakovsky, 2003; Moncada & Higgs, 1993), 

skeletal muscle glucose uptake (Merry et al., 2010), mitochondrial cellular respiration 

(Brown & Cooper, 1994; Shiva et al., 2007), neurotransmission (Garthwaite, 2008), 

skeletal muscle contraction (Reid, 1998; Stamler & Meissner, 2001; Viner et al., 2000), 

and fatigue development (Percival et al., 2010). Depending on the intramuscular 
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conditions, the half-life of NO is < 2 milliseconds in blood (Liu et al., 1998) to seconds 

(Crawford et al., 2006; Kelm, 1999). Therefore, continual NO production and recycling 

is crucial for physiologic function. Two known pathways exist which produce NO and 

are discussed below (Fig. 2.5). 

 

2.5.1.  O2 dependent–nitric oxide synthase (NOS) pathway 

The classical pathway by which NO is produced was discovered in the 1980s 

(Moncada et al., 1989) and is through the conversion of the amino acid L-arginine into 

NO by a group of nitric oxide synthase (NOS) enzymes (Bredt, 1999; Moncada & 

Higgs, 1993). These isoforms include: neuronal NOS (nNOS, NOS-1; Nakane et al., 

1993) located in myocytes (Brenman et al., 1996; Kobzik et al., 1994), inducible NOS 

(iNOS, NOS-2, Williams et al., 1994) located primarily in macrophages (Park et al., 

1996; Williams et al., 1994), that are responsive to inflammatory processes (Reid, 

1998), and endothelial NOS (eNOS, NOS-3, Förstermann et al., 1991) located in 

vascular endothelial cells (Kobzik et al., 1994). For NO production to occur, the 

reaction between L-arginine and O2 requires the presence and action of several 

cofactors (Moncada & Higgs, 1993). Specifically, the binding of calmodulin/Ca
2+

 is 

required to facilitate the donation of electrons from NADPH to FAD and subsequently 

to flavin mononucleotide (FMN) (Alderton et al., 2001). The electron flow continues to 

react with haem iron and 5,6,7,8-tetrahydrobiopterin (BH4), to catalyse the reaction 

between L-arginine and O2 (Alderton et al., 2001). The end products of this reaction 

are the formation of L-citrulline and NO (Alderton et al., 2001). The production of NO 

through this pathway would be compromised if O2 or any of the cofactors were limited 

by poor bioavailability. The importance of NO production is highlighted by impairments 

to NOS that have been associated to pathophysiology such as sarcopenia (Hall et al., 

2011), type 2 diabetes (Wu & Meininger, 2009), cardiovascular disease (Förstermann, 

2010), and chronic obstructive pulmonary disease (Barnes & Kharitonov, 1996). 

 

2.5.2.  NO3
–-NO2

–-NO pathway 

Another route for NO production in humans is the NO3

–
–NO2

–
–NO pathway (Benjamin 

et al., 1994; Lundberg et al., 1994; Speigelhalder et al., 1976). The discovery of this 

pathway was surprising given that traditionally, circulating NO3

–
 and NO2

–
 were 

thought to be biologically inactive and stable end-product molecules of NO metabolism 

(Moncada & Higgs, 1993). However, it is now widely accepted that NO3

–
 and NO2

–
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represent storage pools of NOS-derived NO (Lundberg et al., 2008). Therefore, two 

major sources of NO3

–
 are from NOS-derived NO oxidation and exogenous dietary 

NO3

–
 sources. The existence of the NO3

–
–NO2

–
–NO pathway highlights the 

importance of NO recycling given that both endogenous NOS-derived NO3

–
 and 

exogenous NO3

–
 and NO2

–
 (i.e. from dietary sources) will enter the cycle to ensure NO 

generation at all times (Lundberg et al., 2008).  

 

In vivo NO3

–
 production occurs through the oxidation of excess NOS-derived NO 

(Doyle & Hoekstra, 1981) and is formed when NO reacts with oxy-heme proteins (i.e. 

oxyhaem, oxymyoglobin, and other still unknown heme proteins; Keszler et al., 2008). 

NO2

–
 production occurs through the oxidation of NO (Ignarro et al., 1993), a reaction 

catalysed by multi-copper oxidase, and NO oxidase ceruloplasmin (Shiva et al., 2006). 

Endogenous and exogenous NO3

–
 and NO2

–
 can be serially reduced back into NO 

and other bioactive nitrogen oxides such as RSNO in the blood and other tissues such 

as the skeletal muscle (Piknova et al., 2015), heart (Zweier et al., 1995), and liver 

(Gilliard et al., 2018). The reduction process is facilitated under hypoxic conditions, 

during which the NO3

–
–NO2

–
–NO pathway gradually becomes more activated as the 

O2-dependent L-arginine pathway becomes dysfunctional (Lundberg & Weitzberg, 

2009; Fig. 2.6). Therefore, NO3

–
, NO2

–
, and RSNO can be used as markers for NO 

bioavailability (Ignarro, 2002; Moncada & Higgs, 1993) and are recognized to also 

represent reservoirs for maintaining NO homeostasis and bioactivity in tissues during 

metabolic stress (Lundberg & Weitzberg, 2009). Interestingly, the NO2

–
 anion 

(Lundberg et al., 2008) and RSNO (Jia et al., 1996) may also function as intracellular 

signalling molecules on their own, inducing important physiological responses such as 

rapid vasodilation (Bryan et al., 2005; Dejam et al., 2007) or post translational protein 

modifications (Biswas et al., 2006; Hogg, 2002).  
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Figure 2.5. A schematic diagram of the pathways for nitric oxide (NO) production. In the NOS-

dependent pathway, nitric oxide synthase (NOS) enzymes catalyse the production of NO 

using substrates L-arginine and oxygen (O2), along with cofactors calmodulin/calcium (Ca
2+

), 

nicotinamide dinucleotide phosphate (NADPH), flavin adenine nucleotide (FAD), flavin 

mononucleotide (FMN), haem iron (Fe) and 5,6,7,8-tetrahydrobiopterin (BH4). In the NOS-

independent pathway, NOS-derived and exogenous sources of nitrate (NO3

–
) undergoes 

reduction to form nitrite (NO2

–
), a reaction catalysed by anaerobic facultative bacteria in the 

oral cavity. NO2

–
 is further metabolized in a process facilitated by xanthine oxidase (XOR), 

deoxyhaemoglobin (deoxy-Hb), deoxymyoglobin (deoxy-Mb) and mitochondrial respiration 

complexes into NO and S-nitrosothiols (RSNO) which can induce signalling and post-

translational protein modifications. This reduction process is potentiated by hypoxic and acidic 

environments. In addition, RSNO may decompose and release NO. Endogenous and 

exogenous (i.e. dietary derived) NO will recycle to form higher nitrogen oxides NO2

–
 and NO3

–

. Through the NO3

–
-NO2

–
-NO pathway, ingestion of NO3

–
-rich foods may increase NO2

–
 and 

NO production.  

 

2.5.3.  The enterosalivary circulation 

Following ingestion of NO3

–
 rich foods, NO3

–
 is absorbed by the gastrointestinal tract 

and enters the systemic circulation within 1 h (Lundberg et al., 2008). In addition, NO3

– 

is also absorbed into other tissues such as the skeletal muscle (Piknova et al., 2015) 

and the liver (Gilliard et al., 2018), which are tissues that also participate in NO3

–
 

metabolism. Around 25% of the NO3

–
 is actively transported by the NO3

–
 transporter 

protein sialin (Qin et al., 2012) located in the salivary glands, causing NO3

–
 to enter 

the enterosalivary circulation (Petersson et al., 2015; Qin et al., 2012). Following 

entering the enterosalivary circulation, NO3

–
 in the saliva is subsequently concentrated 

up to ~20-fold (Govoni et al., 2008). Once in the oral cavity, anaerobic facultative 
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bacteria on the dorsal surface of the tongue reduce ~20% of absorbed NO3

–
 into NO2

–
 

via bacterial respiration whereby NO3

– 
reductases use NO3

– 
as a terminal electron 

acceptor (Duncan et al., 1995; Spiegelhalder et al., 1976). A portion of the NO2

– 

reduces into NO in the stomach (Benjamin et al., 1994) but some of the NO2

– 
enters 

the systemic circulation, as evidenced by increased plasma [NO2

–
] (Webb et al., 2008). 

Although the half-life of NO3

– 
in the blood is 5 to 8 h, the half-life of NO2

– 
in the blood 

is 1 to 5 min (Lundberg et al., 2008). The last step of reducing NO2

–
 to NO is ubiquitous 

and occurs through enzymatic and non-enzymatic pathways, discussed in the next 

section.  

 

2.5.4.  One step reduction of NO2
– to NO 

The final one step reduction into NO (and other nitrogen intermediates such as RSNO) 

may occur in the blood stream and in other tissues and is facilitated by enzymatic 

reactions catalyzed by cytochrome P450 (Kozlov et al., 2003), aldehyde oxidase (Li et 

al., 2008), xanthine oxidase (Zhang et al., 1997), deoxyhaemoglobin (Cosby et al., 

2003; Nagababu et al., 2003), deoxymyoglobin (Rassaf et al., 2007a; Shiva et al., 

2007), and mitochondrial respiration complexes (Kozlov et al., 1999), as well as non-

enzymatic reactions with protons facilitated by ascorbate (Carlsson et al., 2001) and 

polyphenols (Gago et al., 2007; Peri et al., 2005). As previously mentioned, this 

pathway is potentiated in hypoxic (i.e. low O2 tension, PO2; Castello et al., 2006; Millar 

et al., 1998), and acidic environments (i.e. low pH; Modin et al., 2001) which is in stark 

contrast to the L-arginine pathway. Therefore, the NO3

–
-NO2

–
-NO pathway acts as an 

alternative process to yield NO in conditions otherwise unfavourable to the classical 

NOS-dependent pathway and is facilitated where NO is most required (i.e. tissue 

undergoing ischemia and hypoxia) (Giraldez et al., 1997; Lundberg et al., 2008; 

Oestergaard et al., 2007).  
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Figure 2.6. A simplified schematic diagram redrawn from Gilchrist et al., 2011. The 

enterosalivary circulation of NO3

–
 from dietary sources in the NO3

–
–NO2

–
–NO pathway: 1) 

endogenous NOS-derived NO3

–
 mixed with exogenous NO3

–
 from the diet is converted into 

NO2

–
 by facultative anaerobic bacteria in the oral cavity and is swallowed; 2) a portion of the 

NO2

– 
is reduced into NO in the stomach (McKnight et al., 1997) by acid solutions and a portion 

of NO2

– 
enters systemic circulation undergoes a single electron reduction to form NO in 

reactions catalysed by NO2

–
 reductases (see text for details); 3) rest of NO3

– 
is absorbed by 

the kidneys; and 4) NO3

–  
is excreted in the urine. 

 

2.5.5.  Dietary NO3
– and NO2

– 

It is estimated that ~80% of NO3

–
 is consumed in the diet particularly from leafy green 

vegetables such as rocket, kale, beetroot and spinach, containing ~250 mg or ~4 mmol 

of NO3

–
 (62 mg per mmol) for 100 g of fresh weight produce (Gangolli et al., 1994; 

Hord et al., 2009; Lidder et al., 2013). In Europe, 31 to 185 mg·d
-1

 of dietary NO3

–
 is 

consumed on average (Mensinga et al., 2003) whilst in the United States, ~40 to 100 

mg·d
-1 

of dietary NO3

–
 is consumed on average (Gangolli et al., 1994). Importantly, 

some individuals will consume far more or less than the reported intake due to habitual 

dietary choices. Total dietary NO3

–
 intake is influenced by the NO3

–
 content of the soil, 

H2O, type of vegetable, and quantity of vegetables consumed (Pennington, 1998). In 

contrast, minimal amounts of NO2

–
 are ingested from the diet ranging from 0 to 20 

mg·d
-1 

(Khatri et al., 2017; Pennington, 1998) primarily found as colourant, 

preservatives, and flavour enhancers within cured meats (Cassens, 1995). The 
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discovery of the NO3

–
-NO2

–
-NO pathway enables increased NO bioavailability through 

consumption of dietary NO3

–
 sources (Ysart et al., 1999) in addition to circulating 

endogenous NO3

– 
and NO2

–
 produced from NO oxidation (Doyle & Hoekstra, 1981; 

Ignarro et al., 1993; Keszler et al., 2008). Therefore, this pathway provides potential 

for novel dietary interventions to elevate NO bioavailability to evoke positive 

physiological effects (Hord et al., 2009; Lundberg et al., 2008; Moncada & Higgs, 

1993).  

 

2.5.6.  Factors affecting NO3
– and NO2

– bioavailability 

The oral microbiome is becoming recognized as crucial in NO3

–
-NO2

–
-NO pathway 

(Hyde et al., 2014) and several factors may be related to the reduction of NO3

–
. Firstly, 

the type and relative proportion of bacterial colonies in the oral cavity may be 

important, such as the Vionella (Doel et al., 2005), as well as Neisseria and Rothia 

(Hyde et al., 2014; Velmurugan et al., 2016). Secondly, interventions that have 

interfered with the oral microbiome, such as the use of antiseptic and antibacterial 

mouthwash (Govoni et al., 2008; McDonagh et al., 2015; Woessner et al., 2016) or 

the prevention of swallowing saliva (Webb et al., 2008) have been reported to 

attenuate elevations in NO2

–
 following NO3

– 
ingestion. Lastly, co-ingestion of NO3

– 
with 

other compounds which compete for the same transporter, such as thiocyanate (i.e. 

cruciferous vegetables; Olea & Parras, 1992) and iodide (i.e. seafood and dairy 

products; Edwards et al., 1954; Leung & Braverman, 2012), may attenuate elevations 

in NO2

–
 (Bailey et al., 2016; 2017; Dewhurst-Trigg et al., 2018). 

 

2.6. The effects of dietary NO3
– supplementation on exercise efficiency 

The pulmonary VO2 response is reflective of muscle O2 uptake, and thus the muscle 

metabolic rate during exercise (Barstow et al., 1990; Koga et al., 2005; Grassi et al., 

1996). Therefore, the absolute O2 cost of exercise relative to an individuals’ VO2max is 

an indication of exercise efficiency. Exercise efficiency can be defined as the ratio of 

mechanical energy output to the metabolic energy input (Grassi et al., 2015). An 

improved exercise efficiency (i.e. lowered O2 cost of constant work rate exercise) 

would be expected to enable a greater amount of work to be completed at the same 

given force output, and thus could positively impact exercise performance. By the 
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same token, a decline to muscle efficiency is reflected in an increased O2 cost of 

exercise.  

 

Dietary NO3

–
 supplementation is the first dietary supplement shown to lower the O2 

cost of exercise (Larsen et al., 2007). Given that the expected increase in pulmonary 

VO2 during moderate-intensity exercise is normally ~9 to 11 ml·min
-1

·W
-1

, and is 

invariant to factors such as age, fitness level, and health status (Jones & Poole, 2005; 

Moseley et al., 2004), the ability for dietary NO3

–
 supplementation to lower the O2 cost 

of exercise is fascinating. Larsen et al. (2007) were the first group who reported that 3 

days of sodium NO3 (NaNO3, 0.1 mmol kg
-1

day
-1 

of NO3

–
) supplementation induced a 

reduction in VO2 in recreationally active men. Participants cycled in 5 min bouts at 

submaximal intensities ranging from 40-85% of VO2max, and the O2 cost of exercise 

was lowered by 5% over the first four stages from 2.98 ± 0.57 L·min
-1

 to 2.82 ± 0.58 

L·min
-1 

(Larsen et al., 2007). Interestingly, the dosage was equivalent to ~150-250 g 

of NO3

–
-rich food, an amount easily accessible to the general population (Hord et al., 

2009; Larsen et al., 2007). Importantly, the lack of change in lactate was indicative 

that there was no compensatory change in glycolytic ATP production and that the 

metabolic efficiency was improved (Larsen et al., 2007). Following this, Bailey et al. 

(2009) provided a natural dietary source of NO3

–
, using non-concentrated beetroot 

(BR) juice (0.5 L·day
-1

 containing 5.6 mmol of NO3

–
), to healthy recreationally active 

males for 4-6 days, and observed that VO2 was reduced by 5% during constant work 

rate moderate-intensity cycling (Fig 2.7a). In addition, the improvement in exercise 

efficiency, as reflected by the lowering of VO2, translated into a 16% improved time-

to-exhaustion (TTE) during severe-intensity cycling (Bailey et al., 2009; Fig 2.7b). In 

line with findings from Larsen et al. (2007), lactate and respiratory exchange ratio were 

unchanged by BR juice supplementation, suggesting a lack of compensatory change 

in anaerobic energy production (Bailey et al., 2009).  
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Figure 2.7. Mean pulmonary VO2 response during moderate-intensity cycling exercise (panel 

A) and individual changes in exercise tolerance (dotted lines) and the group mean change 

(solid line; panel B) following ingestion of non-concentrated NO3

–
-rich beetroot juice and 

blackcurrant cordial (adapted from Bailey et al., 2009). 

 

Since these earlier studies, there has been a surge in publications investigating the 

effect of dietary NO3

–
 supplementation on exercise efficiency in healthy individuals that 

have yielded equivocal results (Table 2.2). To date, dietary NO3

–
 supplementation has 

been reported to improve exercise efficiency in healthy humans over a range of 

exercise modalities, such as cycling (Cermak et al., 2012a; Flueck et al., 2016; Larsen 

et al., 2010; 2011; Muggeridge et al., 2014; Porcelli et al., 2016; Thompson et al., 

2017; 2018; Vanhatalo et al., 2010a; Whitfield et al., 2016; Wylie et al., 2013a; 2016), 

walking (Kuennen et al., 2015; Lansley et al., 2011b), running (Lansley et al., 2011b), 

kayaking (Muggeridge et al., 2013; Peeling et al., 2015) and knee extension exercise 

(Bailey et al., 2010). However, it is important to note that there are also studies which 

have not observed any significant influence of NO3

–
 supplementation on exercise 

efficiency (Balsalobre-Fernández et al., 2018; Bescós et al., 2011; Betteridge et al., 

2016; Boorsma et al., 2014; Breese et al., 2013; Christensen et al., 2013; 2017; 

Ghiarone et al., 2017; Kelly et al., 2014; Kocoloski et al., 2018; Mosher et al., 2019; 
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Muggeridge et al., 2015; Nyakayiru et al., 2017c; Oskarsson et al., 2018; Peacock et 

al., 2012; Sandbakk et al., 2015; Thompson et al., 2014; Wickham et al., 2019; 

Wilkerson et al., 2012).   

 

There is some evidence suggesting that the discrepancy between studies may be in 

part due to subject training status (Carriker et al., 2016; Porcelli et al., 2015; Shannon 

et al., 2016). Carriker et al. (2016) reported a significant correlation between the 

change in VO2 during submaximal exercise following 4 days of BR juice 

supplementation (6.2 mmol of NO3

–
 per day) and the individual VO2peak such that 

subjects with higher aerobic fitness levels exhibited less of a reduction in VO2. 

Moreover, Porcelli et al. (2015) observed a correlation between the change in VO2 

during constant work-rate moderate-intensity exercise following 6 days of NO3

–
 

supplementation and the VO2peak of subjects such that low-aerobically fit subjects 

exhibited the greatest reduction in VO2 following NO3

–
 supplementation (Fig. 2.8). 

Together, these studies suggest that individuals with higher aerobic fitness are less 

likely to respond to NO3

–
 supplementation. The influence of training status may be 

underpinned by exercise-induced physiological adaptations such as increased 

capillary density (Andersen & Henriksson, 1977), enhanced oxidative capacity 

(Hopker et al., 2009; Tonkonogi & Sahlin, 2002) and increased NO production (Delp, 

1995; Tsukiyama et al., 2017). In support of this interpretation, at the onset of this 

thesis, 21 studies had reported non-significant results, and 13 of these studies used 

trained subjects (Table 2.2) highlighting that training status may partly account for the 

disparate results. However, subject training status may not be the only factor to 

influence the efficacy of NO3

–
 supplementation on exercise efficiency given that the 

remaining 8 investigations that observed no significant effect used untrained subjects 

(Table 2.2). The only systematic review and meta-analysis that has examined the 

influence of dietary NO3

–
 supplementation on exercise efficiency concluded that the 

O2 cost of exercise was likely to be lowered during moderate- and heavy-intensity 

exercise, but was unable to evaluate the impact of training status (Pawlak-Chaoach et 

al., 2016). Thus, other contributing factors to the lack of effect on the O2 cost of 

exercise following NO3

–
 ingestion are currently unresolved.  
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Figure 2.8. Individual change of plasma [NO2

–
] (expressed as fold of placebo) compared to 

individual percentage change of VO2 during moderate-intensity exercise (panel A) and % 

change in VO2 vs individual VO2peak (panel B) following NO3

–
 supplementation (adapted from 

Porcelli et al., 2015). 

 

Dietary NO3

–
 supplementation is commonly administered as concentrated NO3

–
-rich 

BR juice and is compared to a placebo beverage of concentrated NO3

–
-depleted BR 

juice that is identical in colour, taste, and smell (Lansley et al., 2011b). Importantly, 

bioactive phytochemicals are present in both NO3

–
-rich and NO3

–
-depleted BR juice 

such as flavonoids, betalains, and ascorbic acid (Shepherd et al., 2015; Wootton-

Beard & Ryan, 2012). Although speculative, the presence of these antioxidant 

constituents potentially contributes to the elevation of NO bioavailability given that 

polyphenols facilitate the reduction of NO2

–
 to NO (Gago et al., 2007; Peri et al., 2005; 

Rocha et al., 2009). Moreover, it could be possible that NO3

–
 synergistically reacts 

with the polyphenolic compounds to induce physiological modulations. This has 

important implications for understanding the factors that influence the efficacy of 

dietary NO3

–
 supplementation on exercise efficiency given that polyphenol-induced 

elevations to NO following ingestion of the NO3

–
-depleted BR juice (i.e. placebo) could 

potentially obscure results. Indeed, Flueck et al. (2016) investigated the influence of 

3.0, 6.0, and 12.0 mmol of NO3

–
 administered as BR juice or NO3

–
 salts on the O2 cost 

of moderate- and severe-intensity cycling exercise in healthy untrained individuals. 

The administration of 6.0 mmol of NO3

–
 in the BR juice form significantly lowered 

severe-intensity exercise VO2 by 4.2% compared to a water control but there was no 

significant effect following ingestion of 6.0 mmol of NO3

–
 in the form of NO3

–
 salts 

(Flueck et al., 2016). The results of this study indicate that the vehicle of administration 
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of NO3

–
 (i.e. juice vs. salts) may be a factor in the influence of NO3

–
 supplementation 

which could be due to differences in antioxidant constituents between BR juice and 

NO3

–
 salts. Specifically, if NO bioavailability is influenced by NO3

–
-depleted BR juice, 

this could potential obscure results and partly explain the divergent results in the 

literature. Further research is required to identify the role of polyphenolic compounds 

in NO3

–
-rich and NO3

–
-depleted BR juice on physiological modulations during 

exercise. 
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Table 2.2. Description of studies that have investigated the effect of dietary NO3
– supplementation on the O2 cost of exercise in humans. 

Author Participants !O2peak 
(ml·min-

1·kg-1) 

Supplementation Exercise mode Protocol NO indices !O2 response during 
submaximal exercise 

Larsen et al., (2007) 9 TR males 55 ± 4 3 d NaNO3 supplementation (0.l 
mmol·kg-1·d-1) 

Cycling 5 min bouts at work rate at 45, 60, 70, 
80, 85 and 100% VO2peak 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↓ VO2 during exercise at 
45, 60, 70, and 80% 
VO2peak 

 
Bailey et al., (2009) 8 UT males 49 ± 5 6 d of NO3

– rich BR juice 
supplementation (~5.6 mmol NO3

–

·d-1) 

Cycling 4 moderate-intensity bouts at 80%GET 
on days 4 to 6 of supplementation 

↑ Plasma [NO2
–] ↓ VO2 during moderate-

intensity exercise 

Bailey et al., (2010) 7 UT males N/A 6 d of NO3
– rich BR 

supplementation (~5.1 mmol NO3
–

·d-1) 

Two-legged 
knee-extension 

6 low-intensity bouts at 15% MVC iEMG 
signal on days 4 to 6 of supplementation 

↑ Plasma [NO2
–] ↓ VO2 during low-intensity 

exercise 

Larsen et al., (2010) 7 UT males/2 UT 
females 

N/A 1h prior to exercise ingestion of 
NaNO3 (0.1 mmol·kg-1) 

Cycling 5 min low-intensity bout  ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↓ VO2 during low-intensity 
exercise 

Vanhatalo et al., 
(2010a) 

8 UT males/females 47 ± 8 2.5h prior to exercise, 5 d, and 15 d 
of NO3

– rich BR juice 
supplementation (~5.2 mmol NO3

–

·d-1) 

Cycling 2 x moderate-intensity bouts at 
90%GET after 2.5h, 5 d, and 15 d of 

supplementation 

↑ Plasma [NO2
–] ↓ VO2 during moderate-

intensity exercise 

Bescós et al., (2011) 11 TR male 
cyclists/triathletes 

65 ± 6 3h prior to exercise ingestion of 
NaNO3 (10 mg·kg-1) 

Cycling 6 min bouts at work rates equivalent to 
2, 2.5, 3, and 3.5 W·kg-1 

↑ Plasma [NO2
–] ↔ VO2 at all exercise 

bouts 
 

Lansley et al., 
(2011b) 

9 UT male 55 ± 7 6 d of NO3
– rich BR juice 

supplementation (~5.1 mmol NO3
–

·d-1) 

Walking/running 2 x 6 min bouts walking at 4 km·h-1 
4 moderate-intensity running bouts at 

80%GET on days 4 and 5 of 
supplementation 

↑ Plasma [NO2
–] ↓ VO2 during walking and 

running 

Larsen et al., (2011) 13 UT 
males/females 

N/A 3 d NaNO3 supplementation (0.l 
mmol·kg-1·d-1) 

Cycling Bout at work rate equivalent to 
50%VO2peak 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↓ VO2 during exercise 

Cermak et al., 
(2012a) 

13 TR male 
cyclists/triathletes 

58 ± 2 6 d of NO3
– rich BR juice 

supplementation (8.0 mmol NO3
–·d-

1) 

Cycling 30 min bout at 45% and 65% PPO ↑ Plasma [NO3
–] ↓ VO2 during exercise at 

both intensities 

Peacock et al., 
(2012) 

10 TR male skiers 70 ± 5 2.5h prior to exercise ingestion of 
KNO3 (9.9 mmol NO3

–) 
Running 5 min bouts at 10 and 14 km·h-1 ↑ Plasma [NO2

–] ↔ VO2 at all exercise 
bouts 

 
Wilkerson et al., 

(2012) 
8 TR male cyclists 63 ± 8 2.5h prior to exercise ingestion of 

NO3
– rich BR juice (~6.2 mmol 

NO3
–) 

Cycling 50 km TT ↑ Plasma [NO2
–] ↔ VO2 

Breese et al., (2013) 9 UT males/females M: 48 ± 6 
F: 46 ± 9 

6 d NO3
– rich BR juice 

supplementation (8.0 mmol NO3
–·d-

1) 

Cycling 3 x 4 min moderate-intensity bouts at 
80%GET on day 3 to 6 of 

supplementation 

↑ Plasma [NO2
–] ↔ VO2 at all exercise 

bouts 
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Christensen et al., 
(2013) 

10 TR male cyclists 72 ± 4 6 d NO3
– rich BR juice 

supplementation (8.0 mmol NO3
–·d-

1) 

Cycling 3 x 6 min bouts at 70% PPO ↑ Plasma [NOx]  ↔ VO2 at all exercise 
bouts 

 
Muggeridge et al., 

(2013) 
8 TR male kayakers 49 ± 6 2.5h prior to exercise ingestion of 

NO3
– rich BR juice (4.2 mmol NO3

–) 
Kayaking 15 min bout at 60%HRmax  ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↓ VO2 during exercise 

Wylie et al., (2013a) 10 UT males N/A 2.5h prior to exercise ingestion of 
NO3

– rich BR juice (4.2, 8.4, 16.8 
mmol NO3

–) 

Cycling 2 x 5 min bouts at 80%GET Dose-dependent 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↓ VO2 during last 30 s of 
moderate-intensity 

exercise bout 

Boorsma et al., 
(2014) 

8 TR male 1500m 
runners 

80 ± 5 2.5h prior to exercise ingestion of 
NO3

– rich BR (19.5 mmol NO3
–), 8 d 

BR juice supplementation where 
day 1 and 8 subjects consumed 

19.5 mmol NO3
–·d-1 and days 2 to 7 

subjects consumed 13 mmol NO3
–

·d-1) 
 
 

Running 5 to 7 min bout at 50, 65, and 
80%WRpeak 

↑ Plasma [NO2
–] ↔ VO2 at all exercise 

bouts 
 

Kelly et al., (2014) 12 UT males 58 ± 6 6 d NO3
– rich BR juice 

supplementation (8.4 mmol NO3
–·d-

1) 

Cycling 2 x 5 min moderate-intensity bouts at 
80%GET on day 3 to 6 of 

supplementation 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ VO2 at all exercise 
bouts 

 
Muggeridge et al. 

(2014) 
9 TR male cyclists 52 ± 6 3h prior to exercise ingestion of 

NO3
– rich BR juice (~5 mmol NO3

–) 
Cycling 15 min at 60%WRpeak at 2500 m 

simulated altitude 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↓ VO2 

Thompson et al., 
(2014) 

16 UT males 47 ± 6 90 min prior to exercise ingestion of 
NO3

– rich BR juice (5.0 mmol NO3
–) 

Cycling 2 x 20 min bouts at 50% and 
70%VO2peak 

↑ Plasma [NO2
–] Trend ↓ VO2 during 

exercise at 50%VO2peak 
(P=0.110) 

Kuennen et al., 
(2015) 

9 UT males 51 ± 2 6 d NO3
– rich BR juice 

supplementation (8.4 mmol NO3
–·d-

1) 

Desert 
marching 

45 min treadmill walking (1.5% incline at 
4.83 km·h-1) dressed in a military 

ensemble 

↑ Plasma [NO3
–] 

 
↓ VO2 

Muggeridge et al., 
(2015) 

9 TR male cyclists 53 ± 4 2.5h prior to exercise ingestion of 
NO3

– rich gel (~8.1 mmol NO3
–) 

Cycling 10 min bout at 60%WRmax ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

Trend ↓ VO2 during 
exercise (P=0.086) 

Peeling et al., (2015) Study 1: 6 TR male 
kayakers 

N/A Study 1: 2.5h prior to exercise 
ingestion of NO3– rich BR juice (4.8 

mmol NO3
–) 

Kayaking Study 1: 4 min max lab kayak ergometer 
TT 

 
 

↑ Plasma [NO2
–] Study 1: ↓ VO2 

 

Porcelli et al., (2015) 8 UT males 
 

7 moderately-TR 
males 

 
6 TR males 

28-44 
 
 

46-57 
 
 

64-82 

6 d NaNO3 supplementation (5.5 
mmol NO3

–·d-1) 
Running 4 x 6 min moderate-intensity bouts at 

80%GET 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
for all groups, 
dependent on 

fitness 

UT and moderately-TR: ↓ 
VO2 during all exercise 

bouts 
 

TR: ↔ VO2 during all 
exercise bouts 
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Rienks et al., (2015) 10 UT females 37 ± 5 2.5 prior to exercise ingestion of 
NO3

– rich BR juice (~13 mmol NO3
–

) 

Cycling 2 x 20 min TT followed by 5 min at 75W N/A ↔ VO2 at 20 min bout 
↓ VO2 during 5 min at 75 W 

 
Sandbakk et al., 

(2015) 
9 TR male cross-

country skiers 
69 ± 6 2.5h prior to exercise ingestion of 

KNO3 (9.9 mmol NO3
–) 

Running 2 x 5 min bouts at 10 km·h-1 and 14 
km·h-1 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ VO2 at all exercise 
bouts 

 
Betteridge et al., 

(2016) 
8 UT males 46 ± 3 2.5h prior to exercise ingestion of 

NO3
– rich BR juice (8.0 mmol NO3

–) 
Cycling 60 min bout at 65%VO2peak ↑ Plasma [NO2

–] ↔ VO2 during exercise 
 

Carriker et al., 
(2016) 

5 UT males 
 

6 TR males 

UT: 42 ± 3 
 

TR: 60 ± 5 

 4 d NO3
– rich BR juice 

supplementation (6.2 mmol NO3
–·d-

1) 

Running 5 min bouts at 45, 60, 70, 80, and 
85%VO2peak 

↑ Plasma [NO2
–] ↓ VO2 during exercise at 45 

and 60%VO2peak in UT 
subjects only 

Flueck et al., (2016) 12 UT males 59 3h prior to exercise ingestion of 
NO3

– rich BR juice or NaNO3 (3.0, 
6.0, 12.0 mmol NO3

–) 

Cycling 5 min at 50%VO2peak and 8 min at 
80%VO2peak 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↓ VO2 during severe-
intensity exercise only in 

BR but not NaNO3 
Porcelli et al., (2016) 7 UT males 41 ± 5 6 d NO3

– rich diet (~8.2 mmol NO3
–

·d-1) 
Cycling 2 x 6 min moderate-intensity bouts at 

50%WRpeak 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↓ VO2 during exercise bout 

Shannon et al., 
(2016) 

6 UT males 
6 TR male 

triathletes/1500 m 
runners 

 

47 to 77 3h prior to exercise ingestion of 
NO3

– rich BR juice supplementation 
(15.2 mmol NO3

–·d-1) 

Running 15 min bouts at 45 and 60%VO2peak at 
2500 m stimulated altitude 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exhaled NO 

↓ VO2 during exercise at 45 
and 60%VO2peak in UT only 

Whitfield et al., 
(2016) 

10 UT male 50 ± 1 7 d NO3
– rich BR juice 

supplementation (26.0 mmol NO3
–

·d-1) 

Cycling 10 min bout at 50% and 70%VO2peak ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ at 50%VO2peak 

↓ VO2 during exercise at 
70%VO2peak 

Wylie et al., (2016) 34 UT 
males/females 

N/A 2h prior to exercise, 7 d, 28 d, 30 d 
NO3

– rich dry BR extract 
supplementation ~3.0 mmol NO3

–

·d-1 and 
6.0 mmol NO3

–·d-1 

Cycling 2 x 5 min moderate-intensity bouts at 
80%GET 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 
Greater increase 

following 6.0 
mmol 

↔ VO2 during exercise 
following supplementation 

with 3.0 mmol NO3
–·d-1 

 

↓ VO2 during exercise 
following 7 d & 28 d and ↔ 
VO2 during exercise 2h 

post-ingestion of 6.0 mmol 
NO3

–·d-1 
Christensen et al., 

(2017) 
9 TR male cyclists 

 
8 UT males 

TR: 64 ± 3 
 

UT: 46  3 

2.5h prior to exercise ingestion of 
NO3

– rich BR juice supplementation 
(9 mmol NO3

–·d-1) 

Incremental leg 
cycling and arm 

cranking 
 
 

N/A N/A ↔ VO2 in both exercise 
protocols 

Ghiarone et al., 
(2017) 

11 UT males 39 ± 10 2.5h prior to exercise ingestion of 
NaNO3 (~8.8 mmol NO3

–·d-1) 
Cycling 10 min moderate-intensity bout at 

90%GET 
15 min heavy-intensity at 40%∆ 

 

N/A ↔ VO2 at all exercise 
bouts 

Nyakayiru et al., 
(2017c) 

17 TR male cyclists 65 ± 4 1 & 6 d NaNO3 supplementation 
(~12.9 mmol NO3

–·d-1) 
Cycling 30 min bouts at 45% and 65%WRpeak ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↔ VO2 at all exercise 
bouts 
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Thompson et al., 
(2017) 

36 UT 
males/females 

M: 50 ± 
11 

 
F: 40 ± 6 

28 d NO3
– rich BR juice 

supplementation (13.0 mmol NO3
–

·d-1) with and without sprint training 

Cycling 5 min moderate-intensity bout at 
80%GET 

 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↓ VO2 during exercise with 
BR regardless of sprint 

training 

Balsalobre-
Fernández et al. 

(2018) 

12 TR runners 72 ± 5 15 d NO3
– rich BR juice 

supplementation (~800 mg NO3
–·d-

1) 

Running TTE N/A ↔ VO2 

Oskarsson et al., 
(2018) 

7 UT males 
2 UT females 

M: 59 ± 3 
F: 53 ± 11 

2.5h prior to exercise ingestion of 
NO3

– rich BR juice supplementation 
(7.3 mmol NO3

–·d-1) 

Running 2 x 5 min bouts at 70 and 80%VO2peak N/A 
 

↔ VO2 at all exercise 
bouts 

 
Kocoloski et al., 

(2018) 
8 UT males 34 ± 4 2h prior to exercise ingestion of 

NO3
– rich BR (0.4g NO3

–·d-1) 
Cycling 45 min at 38%WRpeak N/A ↔ VO2 at all exercise 

bouts 
 

Thompson et al., 
(2018) 

18 UT males 
12 UT females 

M: 46 ± 8 
F: 40 ± 4 

28 d KNO3 and BR juice 
supplementation (both 6.4 mmol 

NO3
–·d-1) with sprint interval training 

Cycling 5 min moderate-intensity bout at 
80%GET 

↑ Plasma [NO2
–] ↓ VO2 during exercise with 

BR and KNO3 

Mosher et al., (2019) 11 TR cyclists 61 ± 7 3 d BR juice supplementation (12.8 
mmol NO3

–·d-1) 
Cycling 40 km TT N/A ↔ VO2 

Wickham et al., 
(2019) 

12 UT females N/A 2.5h prior to exercise and 8 d BR 
juice supplementation (26 mmol 

NO3
–) 

Cycling 10 min at 50% and 70%VO2peak ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ VO2 at all exercise 
bouts 

 
[ ] = concentration; ↑ = significant increase; ↓ = significant decrease; ↔ = no difference; BR = beetroot; d = days; ∆ = difference between power output at GET and VO2peak plus the power output at GET; GET = 
gas exchange threshold;  HRmax = maximal heart rate; KNO3 = potassium nitrate; NaNO3 = sodium nitrate; NO3

– = nitrate; NO2
– = nitrite; NOx = nitrate and nitrite; NO = nitric oxide; TR = trained; UT = untrained; 

VO2 = oxygen uptake; VO2peak = peak aerobic capacity; WRpeak = maximum work rate 
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2.7. Mechanisms for improved exercise efficiency following dietary NO3
– 

supplementation 
The potential candidate mechanisms underpinning the lowering of the O2 cost of 

exercise following dietary NO3
– supplementation include the independent or combined 

improvements to mitochondrial efficiency and/or contractile efficiency (Fig. 2.9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Schematic diagram on the mechanistic bases of dietary NO3

– supplementation in 

improving exercise efficiency. 

 
2.7.1.  Mitochondrial efficiency 
It has been postulated that dietary NO3

– supplementation increases the ATP yield per 

O2 molecule (mitochondrial P/O ratio) by reducing the ATP lost in uncoupling 

processes such as mitochondrial proton pump leakage (Brand, 2005; Echtay et al., 

2002). In addition, NO can act as an alternative terminal electron acceptor in the 

electron transport chain, thereby competing with O2 for ATP production (Basu et al., 

2008; Brown & Cooper, 1994; Cleeter et al., 1994). Larsen et al. (2011) sought to 

investigate the potential influence of NO3
– supplementation on mitochondrial efficiency 

by having healthy humans undergo 3 days of NaNO3 supplementation (0.1 mmol of 

NO3
– per kg per day) then have muscle biopsies taken from the vastus lateralis for the 

assessment of mitochondrial P/O ratio. NaNO3 supplementation improved indices of 

mitochondrial efficiency by increasing the P/O ratio, maximal rate of ATP production, 

and improved the ratio between coupled (i.e. state 3) and uncoupled (i.e. state 4) 
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respiration (Larsen et al., 2011, Fig. 2.10). Specifically, uncoupled respiration was 

reduced by 48% which was attributed to a reduction in ANT protein expression 

although UCP3 was unchanged (Larsen et al., 2011). The reduction in ANT could be 

expected to contribute to an improved P/O ratio given that ANT is a protein located on 

the inner mitochondrial membrane and contributes to uncoupling activity via proton 

leakage (Larsen et al., 2011; Parker et al., 2008). Importantly, the change in P/O ratio 

was correlated to whole body steady-state exercise VO2 (Larsen et al., 2011). 

Therefore, these data indicate that NO3
– supplementation lowers the O2 cost of 

exercise by improving mitochondrial efficiency through the lowering of uncoupling 

protein expression (Larsen et al., 2011).  

 

Despite the elegant study by Larsen et al. (2011) who demonstrated that a lower O2 

cost following NO3
– supplementation could be attributed to improved mitochondrial 

efficiency, recent findings challenge this mechanism (Whitfield et al., 2016). Whitfield 

et al. (2016) observed a lowered VO2 during whole-body exercise following 7 days of 

BR juice supplementation (~26 mmol of NO3
– per day) but without any modulations to 

uncoupling proteins ANT and UCP3 or changes to the P/O ratio. The authors 

speculated that changes to redox status may have underpinned the effect of a lowered 

VO2 during exercise given that they observed an elevated emission of H2O2 levels 

(Andrade et al., 1998; Whitfield et al., 2016). ROS have an important role in skeletal 

muscle force production (Andrade et al., 1998; Lawler et al., 1997; Oba et al., 1996; 

Reid et al., 1993) and interact with NO in a complex fashion to induce cell signalling 

(Powers & Jackson, 2008; Smith & Reid, 2006). It is possible that ROS-signalling has 

a role in the favourable effects observed with NO3
– supplementation (Reid, 1998); 

however, the influence of redox status on the efficacy of NO3
– remains to be 

investigated. Therefore, this equivocal literature suggests that changes to 

mitochondrial efficiency are not the only explanation for enhanced exercise efficiency 

following NO3
– supplementation. 
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Figure 2.10. Oxidative phosphorylation efficiency (panel A), maximal ATP production (panel 

B), O2 cost of exercise (panel C), state 4 respiration (panel D) was improved following NO3
– 

supplementation compared to placebo (adapted from Larsen et al., 2011). 

 
2.7.2.  Contractile efficiency 
Using 31P magnetic resonance spectroscopy (31P-MRS) for non-invasive in vivo 

assessment of intramuscular metabolites, Bailey et al. (2010) was the first to report 

that a lowering in the O2 cost of exercise following 6 days of NO3
– supplementation 

(0.5 L of BR juice containing 5.1 mmol NO3
– per day) was accompanied by a reduced 

ATP cost of force production. Specifically, ATP turnover from PCr hydrolysis and 

oxidative phosphorylation were lower following NO3
– supplementation which 

consequently indicated that the total ATP cost of force production was lower for the 

same given force output (Bailey et al., 2010, Fig. 2.11). In addition, the changes in 

intramuscular metabolites (i.e. PCr depletion and accumulation of ADP and Pi) were 

attenuated following NO3
– which provides a mechanistic basis for the lowering of VO2 

(Bailey et al., 2010) given that there would be less metabolites to stimulate oxidative 

phosphorylation (Chance & Williams, 1955; Mahler, 1985). Mechanistically, NO 

potentially influenced crossbridge kinetics (Gross et al., 1996) or contractile protein 

function (Reid et al., 1998). It is also possible that a reduction in fatigue-associated 

metabolites could also be related in part to NO-mediated improvements to blood flow 

(Stamler & Meissner, 2001). For example, NO may reversibly inhibit O2 from binding 

to cytochrome c oxidase, enabling greater diffusion of O2 from the capillaries to distal 
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muscle fibres (Hagen et al., 2003) which could improve matching local O2 delivery to 

the O2 requirement. Thus, the result is that working skeletal muscle have better 

homogeneity in muscle perfusion and oxygenation, thereby offsetting fatigue-related 

metabolite production (Bailey et al., 2010). Together, these results provide evidence 

indicating that improvements in mitochondrial efficiency (e.g. Larsen et al., 2011) are 

not required to explain the reduced O2 cost of exercise following NO3
– 

supplementation. Therefore, the data from Bailey et al. (2010) indicate that this 

improvement may not be related to changes to the P/O ratio and could be due to 

changes to improved ATP hydrolysis and muscle force production coupling. 

Figure 2.11. ATP resynthesis averaged over the entire low-intensity knee-extension exercise 

(panel A) as well as the pulmonary VO2 response (panel B) and intramuscular [PCr] response 

(panel C) to high- and low-intensity knee-extension exercise. Abbreviations: ATPtotal = total 

ATP turnover; ATPOx = ATP derived from oxidative phosphorylation; ATPPCr = ATP derived 

from PCr hydrolysis; ATPGly = ATP derived from glycolysis (adapted from Bailey et al., 2010).  

 

In summary, NO-mediated improvements to both contractile efficiency (Bailey et al., 

2010) and/or mitochondrial efficiency (Larsen et al., 2011) may contribute, either 

independently or in combination, to the reduction in VO2 during exercise following 

dietary NO3
– supplementation. In addition, recent advances suggest that changes to 

redox status could also contribute to lowering the O2 cost of exercise given that NO3
– 

supplementation elevated ROS levels (Whitfield et al., 2016) and that ROS can 

influence force production (Andrade et al., 1998) and/or signalling (Reid et al., 1998). 
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Collectively, these physiological effects following dietary NO3
– supplementation have 

important implications for exercise performance and remain to be established. 

 

2.8.  The effects of dietary NO3
– supplementation on exercise performance 

Given that dietary NO3
– supplementation has been shown to improve exercise 

efficiency (Bailey et al., 2009; 2010; Larsen et al., 2011) and that exercise efficiency 

is an important determinant of exercise performance (Bassett & Howley, 2000), it could 

be expected that dietary NO3
– supplementation would elicit an ergogenic effect. 

Recently published reviews support NO3
– supplementation as an ergogenic aid (Jones 

et al., 2014; 2018; Maughan et al., 2018; McMahon et al., 2017; Van de Walle et al., 

2018). In addition, dietary NO3
– supplementation was recently classified by the 

International Olympic Committee as one of only five dietary supplements with strong 

evidence for enhancing performance (Maughan et al., 2018). However, despite the 

conclusions of these publications, it is important to note that caution should be used 

when interpreting the conclusions and language used within these literature reviews. 

For example, Maughan et al. (2018) has classified NO3
– supplementation as having 

‘good evidence’ supporting it as an ergogenic aid and introduces NO3
– under headings 

such as ‘supplements that directly improve sports performance’ (Maughan et al., 

2018). Although Maughan et al. (2018) provides suggestions on how athletes could 

decide on whether to use supplements or not, language and phrases, such as the 

aforementioned examples, may be misinterpreted (i.e. that NO3
– always works). The 

importance of critcal and balanced analysis is further highlighted as at the onset of this 

thesis, 68 published studies have investigated the potential ergogenic effect of dietary 

NO3
– supplementation but have yielded equivocal results in both tests of exercise 

capacity and exercise performance (Table 2.3). Therefore, to understand when and 

who should take part in NO3
– supplementation, it is important to remain critical of all 

available literature, and be cautious when interpreting the results of literature reviews. 

 

2.8.1.  Exercise capacity 
At the onset of this thesis, 29 investigations have examined the ergogenic potential of 

dietary NO3
– supplementation using tests of exercise capacity (i.e. time to exhaustion 

or total work performed) with 22 studies that have reported an ergogenic effect (Table 

2.3). Exercise capacity has been reported to be enhanced in multiple modes of 

exercise, including severe-intensity cycling (+16%, Bailey et al., 2009; +22% during 
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115 rpm only, Bailey et al., 2015; +22%, Breese et al., 2013; +12 to 17%, Kelly et al., 

2013; +16%, Thompson et al., 2014;; +12%, Wylie et al., 2013a), running (+8%, 

Balsalobre-Fernández et al., 2018; +15%; Lansley et al., 2011b), knee extensions 

(+25%, Bailey et al., 2010; +37%, Husmann et al., 2019; +41%, Porcelli et al., 2016; 

+21%, Vanhatalo et al., 2011a), severe-intensity cycling following sprint interval 

training combined with NO3
– supplementation (SIT+BR) compared to SIT alone 

(+~9%, Muggeridge et al., 2017; +14% Thompson et al., 2017) severe-intensity cycling 

following SIT+BR compared to SIT combined NO3
– salt supplementation (+24%, 

Thompson et al., 2018), intermittent sprint tests (+19%, Aucouturier et al., 2015; +3%, 

Nyakayiru et al., 2017a; +3%, Thompson et al., 2015; +4%, Thompson et al., 2016; 

+4%, Wylie et al., 2013b), as well as incremental exercise (+4%, Lansley et al., 2011b; 

+5%, Masschelein et al., 2012; +3%, Vanhatalo et al., 2010a). In contrast, 7 studies 

have reported no significant effect of NO3
– supplementation on exercise capacity in 

both trained (Arnold et al., 2015; Bescós et al., 2011; Handzlik & Gleeson, 2013) and 

untrained individuals (Buck et al., 2015; Ghiarone et al., 2017; Kelly et al., 2014; 

Larsen et al., 2010). 

 

2.8.2.  Exercise performance 
Although the ergogenic effect of dietary NO3

– supplementation during tests of exercise 

capacity range have been reported to be large, particularly during open-ended cycling 

tests (12% to 25%, Bailey et al., 2009; Breese et al., 2013), a 15% improvement to 

exercise capacity would only be expected to enhance a test of exercise performance 

such as time trials (i.e. completing a set distance in the shortest amount of time) by 

~1-2% (Hopkins et al., 1999). This is supported by Lansley et al. (2011a) who was the 

first to report that acute NO3
– supplementation (0.5 L of BR juice, ~6.2 mmol of NO3

– 

per day) enhanced 4 km and 16.1 km cycling TT performance by ~2.7% and ~2.8%, 

respectively, in untrained individuals. Since then, NO3
– supplementation has been 

reported to enhance performance of rowing TT (Bond et al., 2012; Hoon et al., 2014b), 

8 km cycling TT (Jo et al., 2017), 10 km cycling TT (Cermak et al., 2012a; Rokkedal-

Lausch et al., 2019), 16 km cycling TT at altitude (Muggeridge et al., 2014), kayaking 

TT (Peeling et al., 2015), 3 km running TT (Porcelli et al., 2015), 5 km running TT 

(Murphy et al., 2012), 1500 m running TT (Shannon et al., 2016a), as well as 1500 m 

running TT in altitude (Shannon et al., 2016b). However, while 12 studies have 

observed a positive influence of dietary NO3
– supplementation on TT performance, 27 
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studies have not found significant performance effects (Table 2.3). Several factors 

may contribute to the divergent evidence regarding the ergogenic effect of dietary 

NO3
– supplementation such as the supplementation strategy, subject training status, 

the mode of exercise. 

 

2.8.3.  The potential influence of supplementation strategy 
One of the factors that could account for disparate results could be the dosing 

supplementation strategy. Indeed, there are many studies that have employed acute 

NO3
– ingestion which have not observed performance enhancements (Boorsma et al., 

2014; Cermak et al., 2012b; de Castro et al., 2019; Glaister et al., 2015; Hoon et al., 

2014a; Lane et al., 2014; Lowings et al., 2017; MacLeod et al., 2015; Muggeridge et 

al., 2015; Nybäck et al., 2017; Oskarsson et al., 2018; Peacock et al., 2012; Sandbakk 

et al., 2015; Wickham et al., 2019; Wilkerson et al., 2012) although short-term (3 to 7 

days) NO3
– supplementation has also been shown to be ineffective in some studies 

(Bescós et al., 2012; Bourdillon et al., 2015; Callahan et al., 2017; Christensen et al., 

2013; Esen et al., 2018; Fan et al., 2018; Jonvik et al., 2018; Kent et al., 2018; 

McQuillan et al., 2017a; 2018; Mosher et al., 2019; Nyakayiru et al., 2017b).  

 

The magnitude of increase in plasma [NO2
–] following NO3

– supplementation has been 

shown to be associated with performance (Dreissigacker et al., 2010; Porcelli et al., 

2015; Wilkerson et al., 2012, Fig. 2.12). In addition, Wylie et al. (2013a) observed a 

dose-response relationship between the magnitude of increase in plasma [NO2
–] and 

exercise performance. Specifically, healthy untrained individuals consumed 70 ml, 140 

ml, and 280 ml of concentrated NO3
–-rich BR juice (i.e. 4.2 mmol, 8.4 mmol, and 16.8 

mmol of NO3
–, respectively) 2.5 h prior to exercise and subsequent severe-intensity 

cycling TTE was enhanced by 12% and 14% following 8.4 mmol and 16.8 mmol of BR 

juice, but not following 4.2 mmol (Wylie et al., 2013a). Together, these data suggest a 

role for the dose of the bolus ingested and the relative magnitude of change in plasma 

[NO2
–]. However, Boorsma et al. (2014) demonstrated that a high acute dosage of 

NO3
– (19.5 mmol of NO3

–) had no effect on 1500 m running TT performance, 

suggesting that administering a NO3
– bolus with a high NO3

– concentration does not 

necessarily provide a greater magnitude of effect. In contrast, prolonging the total 

supplementation period could be a contributing factor as 15 days of NO3
– 

supplementation (~5.2 mmol of NO3
– per day) tended to increase exercise tolerance 
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but acute ingestion 2.5 h prior to the exercise test did not induce any ergogenic effect 

(Vanhatalo et al., 2010). It is possible that long-term NO3
– supplementation (i.e. ≥ 7 

days) could evoke protein modifications beneficial to exercise performance (e.g. 

modulations to Ca2+ handling proteins; Hernández et al., 2012) whereas short-term 

NO3
– supplementation (i.e. ≤ 3 days) may induce physiological modulations through 

cGMP signalling (Maréchel & Gailly, 1999; Stamler & Meissner, 2001). In summary, 

these data indicate that the ergogenic potential of NO3
– supplementation might be 

more likely to occur if the supplementation period is extended rather than administered 

as an acute bolus.  

 

 
 
Figure 2.12. Individual change in plasma [NO2

–] (expressed as fold of placebo) compared to 

time percentage change in time to complete 3 km TT (panel A) and changes to plasma [NO2
–

] (expressed as fold of placebo) in low-, moderate-, and high-aerobic fitness groups after NO3
– 

supplementation vs. individual VO2peak values (panel B). Dotted lines define the low-, 

moderate-, and high-aerobic fitness groups (adapted from Porcelli et al., 2015).  
 

2.8.4.  The potential influence of subject training status 
Of the 27 studies that have reported no effect of NO3

– supplementation on TT 

performance, 19 studies were performed in trained individuals (VO2peak ≥ 60 ml·min-

1·kg-1) which cumulatively suggests that training status may be an important 

determinant in the efficacy of NO3
– supplementation on exercise performance (Table 

2.3). As previously discussed (see section: The effects of dietary NO3
– 

supplementation on exercise efficiency), highly trained populations have a higher 

baseline endogenous NO production due to greater NOS expression (McConnell et 
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al., 2007) and consequently exhibit higher baseline plasma [NO2
–] compared to 

subjects with low- to moderate- aerobic fitness (Bescós et al., 2012; Christensen et 

al., 2017; Jungersten et al., 1997; Porcelli et al., 2015). In addition, NO3
– ingestion has 

been reported to preferentially augment type II muscle fibres in terms of contractile 

function (Coggan et al., 2015; Hernández et al., 2012) and blood flow distribution 

(Ferguson et al., 2013; Jones et al., 2016). Given that a higher	VO2peak is correlated 

with a greater proportion of type I muscle fibres, and that the reduction of NO2
– to NO 

occurs in hypoxic environments (Castello et al., 2006) such as in type II muscle fibres 

(Behnke et al., 2003), the ergogenic potential of NO3
– may be reduced in elite athletes 

due to differences in fibre type composition (Ivy et al., 1980). Lastly, recent evidence 

indicates that redox signalling could be important in the efficacy of NO3
– 

supplementation (Whitfield et al., 2016). Therefore, training adaptations in elite 

athletes (e.g. increased antioxidant enzyme content and activity) would render their 

endogenous antioxidant buffering system to be superior compared to their untrained 

counterparts, and potentially contribute to the lack of effect of NO3
– by quenching ROS 

and any ROS-induced favourable effects on contractile function (Andrade et al., 1998; 

Powers & Jackson, 2008). 

 

2.8.5.  The potential influence of exercise modality 
Recent advances suggest that NO3

– supplementation induces effects in an fibre 

specific manner (see section: Mechanisms for improved exercise performance 

following dietary NO3
– supplementation) by potentiating blood flow (Ferguson et al., 

2013) and contractile protein modulations (Hernández et al., 2012) in muscle groups 

predominantly comprised of type II muscle fibres. Therefore, it could be reasoned that 

the mode of exercise could be an important determinant in the efficacy of NO3
– 

supplementation on exercise performance. For example, several investigations have 

reported enhanced TT performance in exercise modalities requiring a greater 

proportion of type II muscle fibres such as upper body sports (Polgar et al., 1973) in 

kayaking (Hoon et al., 2014; Peeling et al., 2015) and rowing (Bond et al., 2012) 

whereas TT performance during cycling is equivocal (Cermak et al., 2012a; 2012b; 

Lansley et al., 2011b; Christensen et al., 2013). Therefore, the mode of exercise 

should be considered when administering dietary NO3
– supplementation. 
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Collectively, current literature suggests that the ergogenic potential of dietary NO3
– 

supplementation depends on several factors which include supplementation strategy, 

training status, and mode of exercise. In agreement, several recent meta-analyses 

have indicated that dietary NO3
– supplementation is more likely (small to moderate 

significant effect) to improve performance tasks assessing exercise capacity (Hoon et 

al., 2013; McMahon et al., 2017; Van de Walle et al., 2018) in untrained individuals 

(Campos et al., 2018). However, further research is required to understand the 

determinants to the efficacy of NO3
– supplementation to guide its application. Future 

studies should consider that the test sensitivity (i.e. reliability) of exercise performance 

protocols is critical (Jeukendrup & Currell, 2005). Measurement error, assessed by the 

coefficient of variation (CV), is reported to be markedly less using TT (~1 to 3%) 

compared to TTE (~10 to 30%) for assessing exercise performance (Jeukendrup et 

al., 1996; Jeukendrup & Currell, 2005; McLellan et al., 1995). However, it is possible 

that improvements to performance are magnified in TTE tasks which may compensate 

for the larger CV (Hinckson et al., 2005; Hopkins et al., 2001). Other authors suggest 

that assessing performance is similar between the TT and TTE (Amann et al., 2008). 

Importantly, TTE tasks are effective at assessing endurance capacity, whereas TT 

tasks are effective at assessing exercise performance (Jeukendrup & Currell, 2005). 

This difference should be considered when creating the experimental design. 
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Table 2.3. Description of studies that have investigated the effect of dietary NO3
– supplementation on exercise performance protocols in humans. 

Author Participants !O2peak 
(ml·min-

1·kg-1) 

Supplementation Exercise mode Protocol NO indices Performance change 

Bailey et al., (2009) 8 UT males 49 ± 5 6 d of NO3
– rich BR juice supplementation 
(~5.6 mmol NO3

–·d-1) 
Cycling TTE at severe-intensity 

70%∆ on day 4 of 
supplementation 

↑ Plasma [NO2
–] ↑ exercise tolerance 

Bailey et al., (2010) 7 UT males N/A 6 d of NO3
– rich BR juice supplementation 
(~5.1 mmol NO3

–·d-1) 
Two-legged knee-

extension 
TTE at high-intensity (30% 
MVC iEMG signal) on day 

4 of supplementation 

↑ Plasma [NO2
–] ↑ exercise tolerance 

Larsen et al., (2010) 9 UT males/females N/A 2 d NaNO3 supplementation (0.1 mmol·kg-

1·d-1) 
Leg/arm cycling Incremental test to 

exhaustion 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
Trend ↑ exercise tolerance 

(P=0.13) 
Vanhatalo et al., 

(2010a) 
8 UT males 47 ± 8 2.5h prior to exercise, 5 d, and 15 d of 

NO3
– rich BR juice supplementation (~5.2 

mmol NO3
–·d-1) 

Cycling Incremental test to 
exhaustion following 2.5h, 

5 d, and 15 d of 
supplementation 

↑ Plasma [NO2
–] ↑ PPO after 15 d but not 2.5h or 

5 d of supplementation 

Bescós et al., 
(2011) 

11 TR male 
cyclists/triathletes 

65 ± 6 3h prior to exercise ingestion of NaNO3 
(10 mg·kg-1) 

Cycling Incremental test to 
exhaustion 

↑ Plasma [NO2
–] ↔ exercise tolerance 

Lansley et al., 
(2011a) 

9 TR male cyclists 56 ± 6 2 to 2.5h prior to exercise ingestion of 
NO3

– rich BR juice (~6.2 mmol NO3
–) 

Cycling 4 km and 16.1 km TT ↑ Plasma [NO2
–] ↑ 4 km and 16.1 km TT 

performance 
Lansley et al., 

(2011b) 
9 UT males 55 ± 7 6 d of NO3

– rich BR juice supplementation 
(~5.1 mmol NO3

–·d-1) 
Running/single-

legged knee-
extension 

TTE at severe-intensity 
75%∆ and TTE 

incremental single-legged 
knee-extension on days 4 
to 6 of supplementation 

↑ Plasma [NO2
–] ↑ exercise tolerance on both 

tests 

Vanhatalo et al., 
(2011a) 

7 UT males 
 

2 UT females 

N/A 24h prior to exercise ingestion of NO3
– rich 

BR (0.75 L of ~9.3 mmol NO3
–) 

Single-legged knee 
extension 

TTE at 14.5% FiO2 ↑ Plasma [NO2
–] ↑ exercise tolerance 

Bescós et al., 
(2012) 

13 TR male 
cyclists/triathletes 

60 ± 7  3 d NaNO3 supplementation (10 mmol·kg-

1·d-1) 
Cycling 40 min TT ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↔ performance 

Bond et al., (2012) 14 TR male rowers N/A 6 d of NO3
– rich BR juice supplementation 
(5.5 mmol NO3

–·d-1) 
Ergometer rowing 6 x 500 m TT ↔ Plasma 

[NO2
–] 

↑ performance 

Cermak et al., 
(2012a) 

13 trained M 
cyclists/triathletes 

58 ± 2 6 d of NO3
– rich BR juice supplementation 
(8.0 mmol NO3

–·d-1) 
Cycling 10 km TT ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↑ performance 

Cermak et al., 
(2012b) 

20 TR male cyclists 60 ± 1 2.5h prior to exercise ingestion of NO3
– 

rich BR juice (8.7 mmol NO3
–) 

Cycling 1 h TT ↑ Plasma [NO3
–] ↔ performance 

Masschelein et al., 
(2012) 

15 UT males 62 ± 2 6 d of NO3
– rich BR juice supplementation 

(0.07 mmol NO3
–·kg-1BW) 

Cycling TTE at 5000m ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exercise tolerance 

Murphy et al., 
(2012) 

5 UT males 
6 UT females 

N/A 75 min prior to exercise of baked beetroot 
(~500 mg or 8 mmol of NO3

–) 
Running 5 km TT ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↔ performance 

Peacock et al., 
(2012) 

10 trained M skiers 70 ± 5 2.5h prior to exercise ingestion of KNO3 
(9.9 mmol NO3

–) 
Running 5 km TT ↑ Plasma [NO2

–] ↔ performance 

Wilkerson et al., 
(2012) 

8 TR male cyclists 63 ± 8 2.5h prior to exercise ingestion of NO3
– 

rich BR juice (~6.2 mmol NO3
–) 

Cycling 50 km TT ↑ Plasma [NO2
–] ↔ performance 

Breese et al., (2013) 9 UT males/females M: 48 ± 
6 

6 d NO3
– rich BR juice supplementation 

(8.0 mmol NO3
–·d-1) 

Cycling TTE at severe-intensity 
70%∆ following moderate-

↑ Plasma [NO2
–] ↑ exercise tolerance 
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F: 46 ± 
9 

intensity bout on day 6 of 
supplementation 

Christensen et al., 
(2013) 

10 TR male cyclists 72 ± 4 6 d NO3
– rich BR juice supplementation 

(8.0 mmol NO3
–·d-1) 

Cycling 400 kcal TT following pre-
load 120 min  

↑ Plasma NOx ↔ performance 

Handzlik & 
Gleeson, (2013) 

14 TR males 63 ± 10 ~2.5h prior to exercise ingestion of NO3
– 

rich BR juice (~8.0 mmol NO3
–) 

Cycling TTE at 80%VO2max ↑ Salivary [NO3
–

] 
↑ Salivary [NO2

–

] 

↔ exercise tolerance 

Kelly et al., (2013)  9 UT males 55 ± 8 7 to 12 d of NO3
– rich BR juice 

supplementation (8.2 mmol NO3
–·d-1) 

Cycling TTE at severe-intensity 
60, 70, 80%∆ and 

100%PPO 

↑ Plasma [NO2
–] ↑ exercise tolerance at 60, 70, 

and 80%∆  
 

↔ exercise tolerance at 
100%PPO 

Wylie et al., (2013a) 10 UT males N/A 2.5h prior to exercise ingestion of NO3
– 

rich BR juice (4.2, 8.4, 16.8 mmol NO3
–) 

Cycling 70%∆ TTE Dose-
dependent ↑ 

Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exercise tolerance with 8.4 
and 16.8 mmol of NO3

– 

Wylie et al., (2013b) 14 UT males 52 ± 7 1 d NO3
– rich BR juice supplementation 
(16.4 mmol NO3

–·d-1) 
Cycling Yo-Yo IR1 intermittent 

recovery test 
↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↑ exercise tolerance 

Boorsma et al., 
(2014) 

8 TR male 1500m 
runners 

80 ± 5 2.5h prior to exercise ingestion of NO3
– 

rich BR (19.5 mmol NO3
–), 8 d BR 

supplementation where day 1 and 8 
subjects consumed 19.5 mmol NO3

–·d-1 
and days 2 to 7 subjects consumed 13 

mmol NO3
–·d-1) 

Running 1500 m TT ↑ Plasma [NO3
–] ↔ performance 

Hoon et al., (2014a) 26 TR cyclists N/A 150 min or 75 min prior to exercise 
ingestion of NO3

– rich BR juice (~6.2 
mmol NO3

–) and 35 ml top up dose 

Cycling 2 x 4 min TT separated by 
75 min rest 

↑ Plasma [NO2
–] ↔ performance 

Hoon et al., (2014b) 10 TR male rowers N/A 3h prior to exercise ingestion of NO3
– rich 

BR juice (~4.2 or 8.4 mmol NO3
–) 

Rowing 2000m TT ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ performance for 4.2 mmol 
dose 

↑ performance for 8.4 mmol 
dose 

Kelly et al., (2014) 12 UT males 58 ± 6 6 d NO3
– rich BR juice supplementation 

(8.4 mmol NO3
–·d-1) 

Cycling TTE at severe-intensity 
70%∆  

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ exercise tolerance 

Lane et al., (2014) 12 TR male cyclists 
12 TR female 

cyclists 

M: 72 ± 
5 

F: 60 ± 
5 

1 d NO3
– rich BR juice supplementation 

(8.4 mmol NO3
–·d-1) 

 

Cycling M: 43.83 km TT 
F: 29.35 km TT 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ performance for M & F 

Muggeridge et al. 
(2014) 

9 TR male cyclists 52 ± 6 3h prior to exercise ingestion of NO3
– rich 

BR juice (~5 mmol NO3
–) 

Cycling 16.1 km TT at 2500 m 
simulated altitude 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ performance 

Thompson et al., 
(2014) 

16 UT males 47 ± 6 90 min prior to exercise ingestion of NO3– 
rich BR juice (5 mmol NO3

–) 
Cycling TTE at severe-intensity 

90%VO2peak 
↑ Plasma [NO2

–] ↑ exercise tolerance 

Arnold et al., (2015) 10 TR male runners 66 ± 7 2.5h prior to exercise of NO3
– rich BR juice 

(~7 mmol NO3
–) 

Running TTE and 10 km TT at 
simulated 2500 m 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ performance and exercise 
tolerance 

Aucouturier et al., 
(2015) 

12 UT males 47 ± 3 3 d NO3
– rich BR juice supplementation 

(680 mg NO3
–·L-1) 

Cycling Repeated sprints ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exercise tolerance 
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Bailey et al., (2015) 7 UT males N/A 9 d NO3
– rich BR juice supplementation 

(8.4 mmol NO3
–·d-1) 

Cycling TTE at severe-intensity 
80%∆ at 35 rpm and 115 

rpm 

↑ Plasma [NO2
–] ↑ exercise tolerance at 115 rpm 

Bourdillon et al., 
(2015) 

12 TR male cyclists N/A 3 d NaNO3 supplementation (0.1 mmol 
NO3

–·kg-1·d-1) 
Cycling 15 km TT ↑ Expired NO ↔ performance 

Buck et al., (2015) 13 UT females N/A 3h prior to exercise ingestion of NO3– rich 
BR juice (6 mmol NO3

–) 
Running Repeated sprints ↑ Plasma [NO3

–] ↔ performance 

Glaister et al., 
(2015) 

14 TR female 
cyclists 

N/A 3h prior to exercise ingestion of NO3– rich 
BR juice (~7.3 mmol NO3

–) 
Cycling 20 km TT ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↔ performance 

MacLeod et al., 
(2015) 

11 TR males 68 ± 6 2h prior to exercise ingestion of NO3– rich 
BR juice (6.5 mmol NO3

–) 
Cycling 10 km TT at normoxia and 

2500 m simulated altitude 
↑ Plasma [NO3

–] 
↑exhaled NO 

↔ performance for both TT 

Muggeridge et al., 
(2015) 

9 TR male cyclists 53 ± 4 2.5h prior to exercise ingestion of NO3
– 

rich gel (~8.1 mmol NO3
–) 

Cycling 16.1 km TT ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ performance 

Peeling et al., 
(2015) 

Study 1: 6 TR male 
kayakers 

 
Study 2: 5 TR 

female kayakers 

N/A Study 1: 2.5h prior to exercise ingestion of 
NO3– rich BR juice (4.8 mmol NO3

–) 
 

Study 2: 2.5h prior to exercise ingestion of 
NO3– rich BR juice (9.6 mmol NO3

–) 

Kayaking Study 1: 4 min max lab 
kayak ergometer TT 

 
Study 2: 500 m on water 

kayak TT 

↑ Plasma [NO2
–] Study 1: ↔ performance 

 
Study 2: ↑ performance 

 

Porcelli et al., 
(2015) 

8 recreationally 
active M 

 
7 moderately-

trained M 
 

6 trained M 

28-44 
 
 

46-57 
 
 

64-82 

6 d NaNO3 supplementation (5.5 mmol 
NO3

–·d-1) 
Running 3 km TT ↑ Plasma [NO3

–

]/ [NO2
–] for all 

groups 
dependent on 

fitness 

UT: ↑ performance 
 

Mod-TR: ↑ performance 
 

TR: ↑ performance 

 

Sandbakk et al., 
(2015) 

9 TR male cross-
country skiers 

69 ± 6 2.5h prior to exercise ingestion of KNO3 
(9.9 mmol NO3–) 

Running 5 km TT ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↔ performance 

Thompson et al. 
(2015) 

16 UT males 50 ± 7 7 d NO3
– rich BR juice supplementation 
(12.8 mmol NO3

–·d-1) 
Cycling Repeated sprints ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
↑ exercise capacity 

Porcelli et al., 
(2016) 

7 UT males 41 ± 5 6 d NO3
– rich diet (~8.2 mmol NO3

–·d-1) Knee-
extensions/repeated 

sprint test 

Fatiguing submaximal 
knee-extension 

TTE/Repeated sprints 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exercise tolerance/↑ 
performance 

Shannon et al., 
(2016a) 

8 TR male 
runners/triathletes 

62 ± 8 3h prior to exercise ingestion of NO3
– rich 

BR juice supplementation (~12.0 mmol 
NO3

–) 

Running 1500 m & 10 000 m TT ↑ Plasma [NO2
–] ↑ performance during 1500 m 

TT 
↔ performance during 10 000m 

TT 
Shannon et al., 

(2016b) 
6 UT males 
6 TR male 

triathletes/1500 m 
runners 

 

47 to 77 3h prior to exercise ingestion of NO3
– rich 

BR juice supplementation (15.2 mmol 
NO3

–·d-1) 

Running 1500 m TT at 2500 m 
simulated altitude 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

↑ exhaled NO 

↑ performance 

Thompson et al., 
(2016) 

36 UT males N/A 5 d NO3
– rich BR juice supplementation 

(6.4 mmol NO3
–·d-1) 

Running 20 m sprints & Yo-Yo IR1 
intermittent recovery test 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↑ exercise capacity 

Callahan et al., 
(2017) 

8 TR males 65 ± 4 3 d NO3
– rich crystal supplementation (15 

g NO3
–·d-1) 

Cycling 4 km TT ↔ Plasma 
[NO2

–] 
↔ performance 



 
 

	 69 

Ghiarone et al., 
(2017) 

11 UT males 39 ± 10 2.5h prior to exercise ingestion of NaNO3 
(~8.8 mmol NO3

–·d-1) 
Cycling TTE at severe-intensity 

80%∆ 
N/A ↔ exercise capacity 

Jo et al., (2017) 29 UT 
males/females 

N/A 2h prior to exercise ingestion and 14 d of 
NO3

– rich supplementation (~8.0 mmol 
NO3

–·d-1) 

Cycling 8 km TT N/A ↑ performance following 14 d of 
NO3

– rich supplementation only 

Lowings et al., 
(2017) 

10 TR male/female 
swimmers 

N/A 3h prior to exercise ingestion of NO3
– rich 

BR juice supplementation (~12.5 mmol 
NO3

–) 

Swimming 168 m TT ↑ exhaled NO ↔ performance 

McQuillan et al., 
(2017a) 

9 TR male cyclists 68 ± 3 7 d NO3
– rich BR juice supplementation 

(8.0 mmol NO3
–·d-1) 

Cycling 1 and 4 km TT ↔ Plasma 
[NO2

–] 
↔ performance 

Muggeridge et al., 
(2017) 

27 UT males 42 ± 7 2.5h prior to exercise ingestion of NO3
– 

rich gel (8.0 mmol NO3
–) 

Cycling Repeated sprints ↑ Plasma [NO2
–] ↑ performance 

Nyakayiru et al., 
(2017a) 

32 TR male soccer 
players 

N/A 6 d NO3
– rich BR juice supplementation 

(800 mg NO3
–·d-1) 

Running Yo-Yo IR1 intermittent 
recovery test 

↑ Plasma & 
salivary [NO3

–]/ 
[NO2

–] 

↑ exercise capacity 

Nyakayiru et al., 
(2017b) 

17 TR male cyclists 65 ± 4 1 & 6 d NaNO3 supplementation (~12.9 
mmol NO3

–·d-1) 
Cycling 10 km TT ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↔ performance 

Nybäck et al., 
(2017) 

5 TR male skiers 
4 TR female skiers 

M: 72 ± 
5 

F: 58 ± 
3 

2.5h prior to exercise ingestion of NO3
– 

rich BR juice supplementation (13.0 mmol 
NO3

–)  

Roller ski treadmill 1000 TT ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ performance 

Thompson et al., 
(2017) 

36 UT 
males/females 

M: 50 ± 
11 

 
F: 40 ± 

6 

28 d NO3
– rich BR juice supplementation 

(13.0 mmol NO3
–·d-1) with and without 

sprint training 

Cycling TTE at severe-intensity 
80%∆/incremental test 

↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↔ exercise tolerance/ 
↑ performance during 

incremental test 

Balsalobre-
Fernández et al. 

(2018) 

12 TR runners 72 ± 5 15 d NO3
– rich BR juice supplementation 

(~800 mg NO3
–·d-1) 

Running TTE N/A ↑ performance 

Esen et al., (2018) 10 moderately TR 
swimmers 

N/A 3 d NO3
– rich BR juice supplementation 

(~800 mg NO3
–·d-1) 

Swimming 100 m and 200 m TT ↑ Plasma [NO2
–] ↔ performance 

Fan et al., (2018) 12 UT male cyclists N/A 3 d NaNO3 supplementation (0.1 mmol 
NO3

–·kg-1·d-1) 
Cycling 15 km TT ↑ Expired NO ↔ performance 

Jonvik et al. (2018) 20 UT cyclists 
 

22 moderately-TR 
 

10 TR 

N/A 6 d NO3
– rich BR juice supplementation 

(~800 mg NO3
–·d-1) 

Cycling Repeated sprints ↑ Plasma [NO3
–] 

↑ Plasma [NO2
–] 

 

↑ performance in all fitness 
levels 

Kent et al., (2018) 12 TR male cyclists 66 ± 6 3 d NO3
– rich BR juice supplementation 

(6.5 mmol NO3
–·d-1) 

Cycling TT ↑ Salivary [NO3
–

]/ [NO2
–] 

↔ performance 

McQuillan et al., 
(2018) 

8 TR male cyclists 64 ± 5 3 d NO3
– rich BR juice supplementation 
(~8.0 mmol NO3

–·d-1) 
Cycling 4 km TT in the heat ↑ Serum [NO2

–] ↔ performance 

Oskarsson et al., 
(2018) 

7 UT males 
2 UT females 

M: 59 ± 
3 

2.5h prior to exercise ingestion of NO3
– 

rich BR juice supplementation (7.3 mmol 
NO3

–·d-1) 

Cycling 1 km TT N/A ↔ performance 
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F: 53 ± 
11 

Thompson et al., 
(2018) 

18 UT males 
12 UT females 

M: 46 ± 
8 

F: 40 ± 
4 

28 d KNO3 and BR juice supplementation 
(both 6.4 mmol NO3

–·d-1) with sprint 
interval training 

Cycling TTE at severe-intensity 
85%∆ 

↑ Plasma [NO2
–] ↑ exercise tolerance in all 

conditions but with the greatest 
improvement following BR and 

sprint training 
de Castro et al., 

(2019) 
14 UT males 45 ± 6 2 h prior to exercise and 3 d BR juice 

supplementation (8.4 mmol NO3
–·d-1) 

Running 10 km TT N/A ↔ performance 

Husmann et al., 
(2019) 

12 UT males N/A 2 h prior to exercise and 5 d BR juice 
supplementation (6.5 mmol NO3

–·d-1) 
Single-legged knee 

extension 
TTE N/A ↑ exercise tolerance 

Mosher et al., 
(2019) 

11 TR cyclists 61 ± 7 3 d BR juice supplementation (12.8 mmol 
NO3

–·d-1) 
Cycling 40 km TT N/A ↔ performance 

Rokkedal-Lausch 
et al., (2019) 

12 TR cyclists N/A 7 d BR juice supplementation (12.4 mmol 
NO3

–·d-1) 
Cycling 10 km TT  ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↑ performance 

Wickham et al., 
(2019) 

12 UT females N/A 2.5h prior to exercise and 8 d BR juice 
supplementation (26 mmol NO3

–) 
Cycling TT (4 kJ·kg body mass-1) ↑ Plasma [NO3

–] 
↑ Plasma [NO2

–] 
 

↔ performance 

[ ] = concentration; ↑ = significant increase; ↓ = significant decrease; ↔ = no difference; BR = beetroot; d = days; ∆ = difference between power output at GET and VO2peak plus the power output at GET;  GET = 
gas exchange threshold; kcal = kilocalories; KNO3 = potassium nitrate; NaNO3 = sodium nitrate; NO3

– = nitrate;  NO2
– = nitrite;  NOx = nitrate and nitrite;  NO = nitric oxide; PPO = peak power output;  rpm = 

revolutions per minute; TR = trained; UT = untrained; VO2 = oxygen uptake; VO2peak = peak aerobic capacity; WRpeak = maximum work rate 
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2.9.  Mechanisms for improved exercise performance following dietary NO3
–

supplementation 
The potential ergogenic effect of dietary NO3

– supplementation may be underpinned 

by NO-mediated improvements to skeletal muscle contractile function (Coggan et al., 

2015; Haider & Folland, 2014; Hernández et al., 2012; Whitfield et al., 2017) and fibre-

type specific augmentations to type II muscle fibres (Ferguson et al., 2013; Hernández 

et al., 2012; Fig. 2.13). 

 

In murine models, Hernández et al. (2012) demonstrated that 7 days of 

supplementation with NaNO3 enriched water (~3.75 µmol of NO3
– per day) increased 

the rate of force development at 100 Hz by 35% and force production at 50 Hz 

compared to age-matched controls. The increase in contractile function was attributed 

to increased expression of Ca2+ handling proteins calsequestrin 1 (CASQ1) and DHPR 

(Hernández et al., 2012). Interestingly, these physiological changes occurred in the 

extensor digitorum longus, a muscle group predominantly comprised of type II muscle 

fibres, but not the soleus which is comprised mainly of type I muscle fibres (Hernández 

et al., 2012). Moreover, crossbridge sensitivity may have been improved given that 

myoplasmic free Ca2+ was not different between controls and NO3
–-fed mice despite 

an increased force production in NO3
–-fed mice only (Hernández et al., 2012). These 

data indicate that NO3
– supplementation can enhance contractile force production at 

low stimulation frequencies and may specifically target type II muscle fibres. 

Interestingly, several other reports also observed that NO3
– supplementation 

increased force production at low stimulation frequencies (Haider & Folland, 2014; 

Whitfield et al., 2017). However, Whitfield et al. (2017) had healthy individuals 

supplement with NO3
– for 7 days (26 mmol of NO3

– per day) and observed increased 

peak force during evoked isometric twitches and accelerated rate of force production 

following NO3
– supplementation, but this was not accompanied by changes to Ca2+ 

handling proteins SERCA, CASQ1 or DHPR, nor were there changes to muscle redox 

status. The reason for the divergent responses between humans and rodent models 

is unclear and whether NO3
– supplementation induces changes to protein expression 

in human skeletal muscle requires further investigation. 

 

Dietary NO3
– supplementation may also induce fibre-type specific effects to blood flow 

distribution (Ferguson et al., 2013; 2015). Ferguson et al. (2013) reported that in 
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rodents, 5 days of NO3
– supplementation (1 mmol of NO3

– per kg per day) increased 

blood flow by 38% in hind limb muscles with a higher proportion of type II muscle 

fibres. The same research group demonstrated that NO3
– supplementation enhanced 

metabolic control by observing that 5 days of NO3
– supplementation (1 mmol of NO3

– 

per kg per day) in Sprague-Dawley rats had greater blood-to-myocyte O2 driving force 

compared to placebo, particularly in the type II muscle fibres (Ferguson et al., 2015). 

Given that the reduction of NO2
– into NO is facilitated by low microvascular O2 pressure 

(Castello et al., 2006) and low pH environments (Modin et al., 2001), such as in muscle 

groups comprised predominantly of type II fibres during exercise (Richardson et al., 

1995), it could be speculated that NO-mediated mechanisms preferentially augment 

type II muscle fibres by improving muscle oxygenation and force production which 

contribute to its ergogenic effect. 

 

To investigate the potential fibre-type specific influence of NO3
– supplementation in 

humans, several studies employed interventions designed to modify muscle fibre 

recruitment patterns by manipulating movement frequency (i.e. cycling pedalling 

cadence; Bailey et al., 2015), altering muscle contraction velocity (Coggan et al., 2015) 

and incorporating work rate transitions from low to higher work rates (Breese et al., 

2013). These interventions provide insight to NO-mediated fibre-type specific effects 

given that type II muscle fibres are likely to provide a greater proportional contribution 

at higher work rates (Henneman, 1965) and higher velocities of contraction (Sargeant, 

1999). Breese et al. (2013) reported that in humans, 4 to 6 days of NO3
– 

supplementation (~8 mmol of NO3
– per day) improved O2 utilization, assessed by 

muscle deoxyhaemoglobin kinetics, during the transition from moderate- to severe-

intensity exercise (where type II fibres are likely to be recruited), but not during the 

transition from low- to moderate-intensity exercise. In addition, Bailey et al. (2015) 

reported that in humans, 9 days of NO3
– supplementation (~8.4 mmol of NO3

– per day) 

increased muscle oxygenation of the vastus lateralis using near-infrared spectroscopy 

system and accelerated the adjustment in metabolism during faster pedalling rates 

(115 rpm), wherein a greater proportion of type II fibres activation would occur, but not 

at slower pedalling rates (35 rpm). Moreover, Coggan et al. (2015) observed that acute 

NO3
– ingestion (11.2 mmol of NO3

–) enhanced voluntary maximal force and velocity of 

isometric knee extensor exercise performed at an angular velocity that is expected to 

activate a greater proportion of type II fibres (Coyle et al., 1979). In all, these data 
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indicate that dietary NO3
– supplementation may augment the physiological responses 

during exercise protocols requiring a greater proportional contribution of type II fibres 

and provide insight to the mechanistic bases underpinning enhanced NO-mediated 

contractile function.  

Figure 2.13. Putative mechanisms by which dietary NO3
– supplementation enhances exercise 

performance in type II muscle fibres: improved rate of force development (panel A); improved 

peak power and peak velocity; increased blood flow (BF) towards muscle comprised of a 

greater proportion of type II fibres (panel C). (Adapted from Coggan et al., 2015; Ferguson et 

al., 2013; Hernández et al., 2012). 
 

2.10. The potential effects of dietary NO3
– supplementation in prolonged 

exercise lasting > 1 h 
At the onset of this thesis, dietary NO3

– supplementation has been reported to 

enhance exercise efficiency and performance by improving contractile function (Bailey 

et al., 2010), mitochondrial function (Larsen et al., 2011; cf. Whitfield et al., 2016), and 

tissue perfusion (Ferguson et al., 2013). Moreover, dietary NO3
– supplementation has 

been evidenced to induce fibre-type specific effects on fatigue-sensitive type II fibres 

(Ferguson et al., 2013; 2015; Hernández et al., 2012). Collectively, these data  provide 

a rationale to explore the efficacy of NO3
– supplementation in exercise modalities 

expected to require a greater proportional contribution from type II muscle fibres. 

Accordingly, many recent publications have focused on the effects of dietary NO3
– 

supplementation in high-intensity intermittent type exercise (Jonvik et al., 2018; 

Muggeridge et al., 2017; Nyakayiru et al., 2017a; Thompson et al., 2015; Wylie et al., 

2013b) whereby a relatively greater proportion of type II muscle fibres are expected to 

be recruited (Krustrup et al., 2004). However, it can also be reasoned that dietary NO3
– 

supplementation may influence the physiological responses during prolonged type 
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exercise given that a progressive decline in physiologic function may occur over time 

(Hermansen et al., 1967; Hopker et al., 2017). Specifically, during long duration 

constant work rate exercise, contractile efficiency (i.e. ATP cost of force production) 

and/or mitochondrial efficiency (i.e. the O2 cost of ATP resynthesis) could decline over 

time (Hopker et al., 2017). In addition, muscle fibre activation could change over time 

such that a progressive recruitment of type II muscle fibres are recruited to replace or 

work alongside fatigued fibres (Vøllestad et al., 1984). Thus, in light of recent 

advances in understanding the mechanistic bases of NO3
– supplementation, NO3

– 

supplementation could potentially attenuate the decline in physiological function 

during prolonged type exercise. Despite this, there are few published reports that have 

employed long duration exercise ≥ 1 h (Betteridge et al., 2016). In addition, recent 

advances suggest that NO bioavailability is important in the efficacy of dietary NO3
– 

supplementation (Dreissigacker et al., 2010; Porcelli et al., 2015; Wilkerson et al., 

2012). Given that NO bioavailability is represented by the elevation in plasma [NO2
–] 

(Webb et al., 2008; Wylie et al., 2013a), and that the decline in plasma [NO2
–] during 

exercise is presumed to reflect a reduction of NO2
– to NO (Kelly et al., 2014; Thompson 

et al., 2015; Wylie et al., 2013b), preserving NO bioavailability during prolonged type 

exercise may be important. Accordingly, supplementation strategies which aim to 

enhance or preserve NO bioavailability during prolonged exercise may further improve 

or maintain potential physiological augmentations following dietary NO3
– 

supplementation. Therefore, the current thesis aims to explore the influence of dietary 

NO3
– supplementation on physiological responses in prolonged endurance-type 

exercise and supplementation strategies to enhance NO bioavailability.  

 
2.10.1. The potential fibre-type specific effects of dietary NO3

– supplementation 
in prolonged exercise 

It is well established that the decline in force-generating capacity is associated with 

fatigue in type II muscle fibres (Greenhaff et al., 1994; Soderlund et al., 1992) and that 

they are less efficient compared to their type I counterparts (Behnke et al., 2003; Crow 

& Kushmerick, 1982a; Reggiani et al., 1997; Willis & Jackman, 1994). Type II muscle 

fibre recruitment contributes to loss of skeletal muscle force production, which are in 

part due to a greater utilization of glycogen and PCr in these fibres compared to their 

type I muscle fibres (Greenhaff et al. 1994; Casey et al. 1996). Furthermore, 

progressive activation and recruitment of type II muscle fibres further increase the 



Chapter 2: Literature Review 
 

	 75 

metabolic demand given their greater reliance on anaerobic energy systems (Krustrup 

et al., 2004). Consequently, the increased metabolic cost of the additional type II fibres 

is in addition to fatigued fibres that are still contributing to force production and have 

an elevated O2 cost (Jones et al., 2011; Krustrup et al., 2004). It could be possible that 

increased type II muscle fibre activation during prolonged exercise requires 

progressively increased ATP production from PCr hydrolysis, which would be 

detrimental for subsequent exercise performance (Casey et al., 1996). Dietary NO3
– 

supplementation has been evidenced to enhance contractile function by reducing the 

PCr cost of force production (Bailey et al., 2010; Fulford et al., 2013), attenuating the 

accumulation of [ADP] and [Pi] (Bailey et al., 2010), and promoting blood flow and 

oxygenation towards type II fibres (Ferguson et al., 2013). Indeed, type II fibres have 

a lower microvascular oxygen pressure compared to type I fibres which may facilitate 

the reduction of NO2
– to NO (Behnke et al., 2003; Castello et al., 2006). Therefore, 

given that the progressive recruitment of type II fibres could contribute to a progressive 

decline in contractile function over prolonged durations, it could be anticipated that 

NO3
– ingestion may be particularly effective during prolonged continuous exercise in 

preserving skeletal muscle function. Therefore, an overarching theme of this thesis is 

to investigate whether NO3
– supplementation improves or attenuates the decline in 

physiological responses in prolonged type exercise. 

 

2.10.2. The potential effects of dietary NO3
– supplementation on muscle 

glycogen stores in prolonged exercise 
Skeletal muscle glycogen depletion during prolonged exercise is associated with 

impaired SR Ca2+ release (Hermansen et al., 1967; Nielsen et al., 2011; Ørtenblad et 

al., 2011) and Na+-K+ pump activity (Nielsen et al., 2009). Consequently, low 

intramuscular glycogen stores lead to impaired excitation-contraction coupling (Allen 

et al., 2008). Therefore, muscle glycogen depletion is an important factor in contractile 

efficiency particularly during prolonged moderate- and heavy-intensity exercise (Black 

et al., 2017; Ørtenblad et al., 2011). Indeed, one of the many functions of NO is in the 

regulation of skeletal muscle glucose uptake (McConell, Rattigan, Lee-Young, Wadley 

& Merry, 2012). Earlier studies showed that NOS inhibition attenuated glucose uptake 

in men (Bradley et al., 1999) and in rodents (Ross et al., 2007). These data suggest 

that NO-mediated uptake of extramyocyte glucose may spare intramyocyte reserves, 

preserve contractile function and reduce additional motor unit recruitment (Ørtenblad 
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et al., 2011).  

 

Only a few studies to date have observed changes to carbohydrate metabolism 

following NO3
–  supplementation. Two studies have reported that the respiratory 

exchange ratio (RER) was increased following NO3
– supplementation during 

submaximal exercise following NaNO3 supplementation (Larsen et al., 2011) and 

concentrated BR juice supplementation (Wylie et al., 2013a). These results indicate 

that energy production was being produced relatively more by carbohydrate stores. In 

addition, Wylie et al. (2013b) reported that blood [glucose] was lower following NO3
– 

supplementation during exhaustive intermittent exercise suggesting an increase in 

glucose uptake by skeletal muscle. A potential mechanism by which NO3
– 

supplementation influences carbohydrate metabolism during exercise is through 

increased glucose transporter protein translocation (Jiang et al., 2014). However, a 

recent investigation observed that an acute dose of BR juice (8.0 mmol of NO3
–) prior 

to a 1 h cycle at 65%VO2peak did not significantly influence VO2, blood glucose, blood 

lactate, or muscle glycogen (Betteridge et al., 2016). It is possible that the single bolus 

of NO3
– administered was not sufficient to induce physiological modulations 

(Betteridge et al., 2016) given that extended periods of supplementation may induce 

changes to contractile protein expression (Hernández et al., 2012).  Further research 

is required to elucidate the potential influence of NO3
– supplementation on indices of 

carbohydrate metabolism during prolonged exercise.  

 
2.10.3. The potential effects of ROS production and dietary NO3

– 
supplementation in prolonged exercise 

During prolonged or heavy-intensity exercise bouts, endogenous ROS may 

accumulate to levels that impair skeletal muscle contractile function (Allen et al., 2008; 

Bruton et al., 2008; Ferreira & Reid, 2008). The accumulation of ROS could be 

detrimental to the efficacy of dietary NO3
– supplementation given that ROS can inhibit 

eNOS activity (Jaimes et al., 2001) and spontaneously react with NOS and/or NO2
– 

derived NO to form ONOO– (Halliwell, 1994; Pattwell et al., 2004), thus potentially 

reducing NO bioavailability. These detrimental effects could be expected to occur 

during the latter stages of prolonged exercise given that ROS production increases as 

exercise duration and intensity increases (Powers & Jackson, 2008). Moreover, type 
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II muscle fibres produce ROS relatively more than type I muscle fibres, which could 

further exacerbate disrupted contractile function during prolonged exercise as type II 

fibres become progressively activated (Anderson & Neufer, 2006). Therefore, it could 

be anticipated that environments facilitating excessive ROS production, such as 

prolonged and/or heavy-intensity exercise (Alessio et al., 1988; Davies et al., 1982; 

Dillard et al., 1978; Duthie et al., 1990; Reid et al., 1992), also exhibit a greater decline 

in NO bioavailability as ROS increases. Dietary NO3
– supplementation could preserve 

contractile function in the face of ROS accumulation given that NO can induce a 

protective effect by reacting with ROS to form less damaging ROS and by undergoing 

reversible post-translational redox modifications of proteins (Morrison et al., 1996; 

Wink et al., 1993). Contractile function, blood flow and oxygenation are increased in 

type II fibres following NO3
– supplementation (Bailey et al., 2015; Breese et al., 2013; 

Ferguson et al., 2013; Hernández et al., 2012), which may also contribute to 

preserving skeletal muscle function and offsetting oxidative damage to contractile 

proteins by ROS. Taken together, it could be reasoned that dietary NO3
– 

supplementation may improve the physiological responses during prolonged exercise; 

however, this has yet to be explored. 

 

2.10.4. The potential effects of dietary NO3
– supplementation on neuromuscular 

function in prolonged exercise  
The accumulation of ROS activates group IV muscle afferents which inhibit 

motorneurons (Delliaux et al., 2009) consequently reducing skeletal muscle force 

production (Enoka & Duchateau, 2007; Lepers et al., 2002). Group III and IV muscle 

afferent feedback provides input from the contracting skeletal muscle to the central 

nervous system to maintain homeostasis of the metabolic milieu (Mitchell et al., 1983; 

Rotto & Kaufman, 1988). Motor units are activated to elicit a given force output and to 

control the activation of muscle groups but several factors may cause a decline in firing 

rates (Enoka & Heckman, 2012). These include a decrease in muscle excitability over 

time (Taylor et al., 2016), increased group III and IV muscle afferent activation which 

decrease motorneuron firing (Darques et al., 1997; 1998), and/or interactions between 

group III and IV muscle afferents and the cardiorespiratory system that regulates blood 

flow and O2 distribution to exercising muscle (Taylor et al., 2016). The potential 

favourable effects of NO3
– ingestion on neuromuscular function may arise from 

improved K+ handling (Wylie et al., 2013b) given that NO has a role in regulating Na+-
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K+ ATPase (Pirkmajer et al., 2016). In addition, NO3
– supplementation has been 

shown to reduce the PCr cost of force production and intramuscular metabolite 

accumulation (Bailey et al., 2010), preserve skeletal muscle force production (Tillin et 

al., 2018), enhance the rate of force development (Coggan et al., 2015; Haider & 

Folland, 2014; Whitfield et al., 2017) and improve both vascular and metabolic control 

(Ferguson et al., 2013; 2015). Therefore, given that dietary NO3
– supplementation may 

attenuate the accumulation of metabolites, it could be anticipated that group III and IV 

muscle afferent firing would be reduced and muscle excitability would be preserved 

as a consequence. Moreover, it could be anticipated that dietary NO3
– 

supplementation offsets the decline in skeletal muscle contractile function and 

enhance excitation-contraction coupling processes. Accordingly, the present thesis 

aims to address the potential effect of dietary NO3
– supplementation on neuromuscular 

function over prolonged continuous exercise. 

 
2.10.5. The potential effects of dietary NO3

– supplementation on respiratory 
muscle fatigue in prolonged exercise  

Respiratory muscle fatigue has been demonstrated to negatively affect whole body 

exercise performance (Mado & Acevedo, 1991; Romer & Polkey, 2008; Taylor et al., 

2006) due to a reduction in blood flow to locomotor working limbs via the muscle 

metaboreflex phenomenon (Dempsey et al., 2006; Harms et al., 1997; Ichinose et al., 

2008; Smith et al., 2014; Stark-Leyva et al., 2004). Respiratory muscle fatigue is 

induced with glycogen depletion as well as the accumulation of H+ and ROS (Barreiro 

et al., 2006; Davies et al., 1982; Reid et al., 1994). This is exacerbated during 

prolonged and intense exercise given that ROS production at the skeletal (Powers & 

Jackson, 2008) and respiratory muscles (Shindoh et al., 1990; Supinski et al., 1997) 

may activate group III and IV muscle afferent feedback to stimulate redirection of blood 

flow away from locomotor muscle and towards respiratory muscles instead (Romer & 

Polkey, 2008). Decreasing ROS through administering antioxidant supplementation 

has been shown to attenuate exercise-induced respiratory muscle fatigue (Kelly et al., 

2009; Smith et al., 2014); however, there are no published reports investigating the 

potential influence of dietary NO3
– supplementation on respiratory muscle fatigue. In 

addition to its potential antioxidant effects, dietary NO3
– supplementation has been 

reported to attenuate the accumulation of intramuscular metabolites (Bailey et al., 

2010) which could contribute to reducing the group III and IV muscle afferent feedback 
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and thus reduce the redirection of blood flow. Moreover, NO3
– supplementation could 

attenuate fatigue in locomotor muscle groups by increasing blood flow to more 

fatigable type II muscle fibres (Ferguson et al., 2013) as well as enhance contractile 

force production (Fulford et al., 2013; Hernández et al., 2012; Tillin et al., 2018) which 

could contribute to offsetting the metaboreflex. Given that increased ROS and muscle 

metabolite accumulation may occur during prolonged exercise, the present thesis 

aims to explore the potential influence of dietary NO3
– supplementation on respiratory 

muscle fatigue during prolonged exercise. 

 

2.10.6. The potential effects of combining dietary NO3
– and antioxidant 

supplementation in prolonged exercise 
During prolonged and intense exercise, increasing ROS production could offset 

benefits induced by NO3
– ingestion given that ROS facilitate damage to key contractile 

proteins (Debold, 2015; Gutierrez-Martin et al., 2004; McKenna et al., 2006; Moopanar 

& Allen, 2005; Scherer & Deamer, 1986) and may quench NO (Powers & Jackson, 

2008). Therefore, co-ingestion of NO3
– and an antioxidant supplement could 

potentially increase NO bioavailability compared to NO3
– ingestion alone. However, 

there are currently no studies that have combined dietary NO3
– supplementation and 

a supplement with antioxidant properties to optimize NO bioavailability.  

 

The most important non-enzymatic antioxidant to buffer oxidative damage caused by 

ROS accumulation is the thiol glutathione (Leeuwenburgh et al., 1997; Meister & 

Anderson, 1983). Glutathione is the most abundant thiol and has numerous roles, 

including quenching H2O2 through the enzymatic action of glutathione peroxidase 

(Meister & Anderson, 1983). Glutathione synthesis may be augmented with N-

Acetylcysteine (NAC) administration.  NAC is a reduced thiol donor providing cysteine, 

which is the rate-limiting step to glutathione generation (Sen, 1999). In addition to 

increasing glutathione synthesis, NAC itself has nonspecific antioxidant properties 

(Ferriera & Reid, 2008). To date, NAC is the only antioxidant supplement reported to 

delay muscle fatigue (Goldfarb, 1999; Powers et al., 2004; Sen, 1995a) and enhance 

exercise performance (Cobley et al., 2011; Medved et al., 2004; McKenna et al., 

2006). Given the importance of an elevated NO bioavailability for the efficacy of NO3
– 

ingestion (Porcelli et al., 2015), it could be possible that NAC ingestion would increase 

glutathione and thus increase the endogenous antioxidant buffering system to reduce 
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oxidative damage and preserve NO bioavailability.  

 

Interestingly, both NO and ROS are critical redox signalling molecules for normal 

physiological function as well as physiological responses during exercise and 

therefore are highly interrelated (Ferreira & Reid, 2008; Gómez-Cabrera et al., 2015; 

Mason et al., 2016; Merry & McConnell, 2010; Reid, 2016b; Smith & Reid, 2006; 

Stamler & Meissner, 2001). Increasing NO bioavailability through NO3
– 

supplementation during prolonged exercise could stimulate NO-ROS interactions (i.e. 

redox signalling) such as reversible post-translational redox modifications of cysteine 

thiols on key contractile proteins associated to exercise (Biswas et al., 2006; Jackson, 

2009; Lo Conte et al., 2013; Powers et al., 2011). Such processes include S-

nitrosylation (i.e. NO attachment to a cysteine thiol; Marozkina et al., 2012), and S-

glutathionylation (i.e. glutathione attachment with cysteine sulfhydryls of proteins; 

Dalle-Donne et al., 2009) which increase or decrease protein activity in response to 

changing NO and ROS levels (Biswas et al., 2006; Dalle-Donne et al., 2009). In 

addition, formation of ONOO– from NO reacting with O2
•– could induce ONOO– 

signalling (Merry & McConnell, 2010). The derivatives of NO and ROS are involved in 

complex redox signalling and thus involved in the regulation of proteins integral to 

exercise-induced responses (Mason et al., 2016). In summary, combining NO3
– with 

a supplement with antioxidant properties holds the potential to induce synergistic 

effects compared to NO3
– ingestion alone; however, this has yet to be investigated. 

 

2.10.7. The ergogenic potential of dietary NO3
– supplementation ingested during 

prolonged exercise 

Lastly, central to the efficacy of dietary NO3
– supplementation is the elevation of 

plasma [NO2
–] as NO2

– could reflect a substrate pool for NO production (Cosby et al., 

2003). Indeed, plasma [NO2
–] has been evidenced to be correlated to exercise 

performance (Dreissigacker et al. 2010; Porcelli et al., 2015; Wilkerson et al., 2012). 

In addition, plasma [NO2
–] has been reported to decline during short duration constant 

work rate exercise (Kelly et al., 2014) and high-intensity sprint interval exercise 

(Thompson et al., 2015; 2016; Wylie et al., 2013b). However, with longer duration 

exercise bouts, it could be possible that plasma [NO2
–] substantially declines such that 

the associated positive physiological effects from NO3
– supplementation are no longer 

elicited during the latter stages of exercise. It is possible that ingestion of an additional 
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supplement, or a ‘top-up’ dose, during prolonged exercise could preserve the elevation 

of plasma [NO2
–] and maintain any beneficial physiological effects throughout the 

exercise bout, subsequently enhancing exercise performance. Whether NO3
– 

ingestion during exercise can modulate physiological function remains to be 

investigated and has important implications for supplementation strategies in 

endurance athletes. 

 

2.11. Summary 
In summary, NO is a molecule that is fundamental for physiological function. 

Supplementing with dietary NO3
– has been shown to elevate NO bioavailability, as 

reflected by increased plasma [NO2
–]. Improvements to exercise efficiency and 

exercise performance following NO3
– supplementation may be underpinned by the 

independent or a combined effect of enhanced mitochondrial efficiency, contractile 

efficiency, and/or augmentation of blood flow and O2 delivery in type II muscle fibres. 

These recent advances in our understanding of the mechanistic bases of NO3
– 

supplementation provided a rationale to explore exercise modalities by which NO3
– 

could be expected to be efficacious (i.e. exercise protocols recruiting a greater 

proportion of type II muscle fibres and where a decline in skeletal muscle efficiency 

occurs). In light of these findings, the majority of recent studies have focused on the 

effects of dietary NO3
– supplementation during intense intermittent type exercise. 

However, the decline in muscle efficiency and potential for progressive type II muscle 

fibre activation during prolonged exercise may be another type of exercise in which 

NO3
– is particularly effective, although limited data are available. Moreover, given that 

the elevation of NO bioavailability is thought to be important in the efficacy of NO3
– 

supplementation, and that there is potential for NO bioavailability to decline over time 

during exercise, preserving NO bioavailability during prolonged exercise may be 

critical. Therefore, the current thesis aims to further extend the current knowledge 

firstly by elucidating the potential influence of dietary NO3
– supplementation on the 

physiological responses during prolonged exercise, and secondly by exploring 

potential supplementation strategies to enhance NO bioavailability.  

 

2.12. Aims and hypotheses 
The aim of the current thesis is to provide novel insight to the effects of dietary NO3

– 

supplementation on physiological responses during prolonged exercise and to 
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investigate potential supplementation strategies to optimize NO bioavailability. This 

thesis will address the following research questions in recreationally active 

participants:  

 

1) What is the effect of NO3
–-depleted beetroot juice compared to nitrate-rich 

beetroot juice and a control intervention on NO bioavailability and VO2 and what is the 

effect of the number of transitions on the pulmonary VO2 responses during moderate-

intensity exercise following NO3
–-rich beetroot juice supplementation? 

 

It was hypothesized that NO3
–-depleted beetroot juice supplementation would not 

elevate NO biomarkers or influence the O2 cost of exercise compared to a negative 

control (i.e. water) and that NO3
–-rich beetroot juice supplementation would lower 

VO2 during moderate-intensity exercise when four step-transitions were averaged 

but not with when fewer than four step-transitions were averaged. 

 

2) What are the effects of dietary NO3
– supplementation before and during 

moderate-intensity prolonged exercise on physiological responses and exercise 

performance? 

 

It was hypothesized that an additional dose of dietary NO3
– supplementation 

consumed during a prolonged exercise bout, in addition to pre-exercise NO3
– 

supplementation, would maintain the elevation of plasma [NO3
–] and [NO2

–], attenuate 

the decline in muscle [glycogen] and the O2 cost of prolonged exercise which would 

enable enhanced subsequent exercise performance of a 4 km TT. 

 

3) How does contractile and mitochondrial efficiency change over a prolonged 

exercise bout and how does pre-exercise dietary NO3
– supplementation influence 

these physiological responses? 

 

It was hypothesized that contractile and mitochondrial efficiency would decline over 

time during prolonged exercise, and that pre-exercise dietary NO3
– supplementation 

would attenuate the decline in contractile and mitochondrial efficiency.  
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4) What are the physiological and performance effects of co-ingesting pre-

exercise dietary NO3
– and NAC supplementation during prolonged exercise?  

 

It was hypothesized that combining dietary NO3
– and NAC supplementation would 

increase indices of NO and thiols while concomitantly attenuating the elevation in 

biomarkers of oxidative stress, attenuating the decline in neuromuscular function, 

lowering the O2 cost of exercise, attenuating the increase in respiratory muscle fatigue, 

and subsequently enabling greater exercise capacity compared to independent 

ingestion of dietary NO3
– and NAC. 
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Chapter 3: General Methods 

The four experimental studies in this thesis (Chapters 4 to 7) that comprise this 

thesis required 291 exercise tests, totalling 1,180 hours in duration. All exercise 

tests took place in an air-conditioned exercise physiology laboratory (Chapter 4, 

6 and 7) or MRI suite (Chapter 5) at sea level with an ambient temperature of 18-

22ºC.  

 

3.1.  Ethics approval and informed consent 
The procedures employed in each of these experimental Chapters were 

approved by the University Ethics Committee prior to the commencement of data 

collection (See Appendix IV). Participants were provided with a Participant 

Information Sheet, an explanation of the potential risks and benefits of 

participation, data storage safety, publication, and anonymity by a certified 

informed consent personnel prior to providing their written informed consent (See 

Appendix I and II).  

 

3.2.  Health and Safety 
All procedures during the experimental testing followed the health and safety 

guidelines established by the School of Sport and Health Sciences at the 

University of Exeter to ensure safety of the human subjects. This included 

sterilization of ergometers, work surfaces, and floors using dilute Virkon 

disinfectant following each test. Routine safety checks on all testing areas and 

equipment were also conducted by members of the technical staff. Muscle 

biopsies were taken using Bergström needles that had undergone sterilisation 

procedures and confirmed as sterile prior to sampling. Researchers involved in 

the collection of muscle biopsies wore disposable sterile gloves during sampling 

and when dressing the wound. Participants who took part in the muscle biopsy 

procedure were provided with a Post-Procedure Care for your Biopsy Site 

information sheet (See Appendix V). All sharps and biohazardous waste 

materials were disposed of immediately and later incinerated. 

 

3.3.  Subjects 
The subjects who participated for all experiments were recruited from the student 

University population and from the local community of Exeter. All volunteers were 
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screened prior to recruitment to ensure they were non-smokers, free from 

disease, did not have contraindications to exercise and not using dietary 

supplements (See Appendix III, VI and XI). The subjects were recreationally 

active at the point of recruitment, which included regular structured exercise and 

competitive sport, though none were elite-level athletes. Subjects were instructed 

to arrive to the laboratory for exercise testing having avoided strenuous exercise 

and alcohol in the 24 h preceding, and caffeine 8 h preceding each experimental 

visit. Subjects recorded in a dietary and exercise log 24 h prior to experimental 

testing and was repeated prior to each visit (See Appendix IX and X). Subjects 

recorded in a supplementation log during each experimental condition (See 

Appendix VIII). Subjects refrained from using antibacterial mouthwash and other 

dietary supplements throughout the entire duration of the experimental testing 

(See Appendix VII). Subjects underwent experimental procedures at the same 

time of day (± 2 h). All subjects were familiarised to the exercise protocols and 

procedures prior to the commencement of the experimental testing.  

 

3.4.  Supplementation 
For all experimental Chapters, subjects ingested inorganic NO3

– using 

concentrated NO3
–-rich BR juice (Beet it, James White Drinks, Ipswich, UK) and 

concentrated NO3
–-depleted BR juice (PL). Subjects were allocated in a double-

blind, randomized crossover design, with a minimum of a 5-day washout period 

between each condition. NO3
– ions were removed by having the passage of juice 

through a column with an ion-exchange resin. The result is a product identical in 

appearance, taste, smell, and texture (Lansley et al. 2011b). 

 

In Chapters 4-7, the supplements were NO3
–-rich BR (2 x 70 mL/day providing 

~12.4 mmol of NO3
–/day) and/or NO3

–-depleted PL (2 x 70 mL/day providing 

~0.04 mmol of NO3
–/day). For these investigations, subjects consumed 1 x 70 

mL of supplement each morning and evening for the duration of the 

supplementation period. On experimental days, subjects consumed 2 x 70 mL of 

their supplement 2.5 h prior to the commencement of the exercise test. In Chapter 

4, an additional supplement (1 x 70 mL) was consumed half-way during the 2 h 

exercise test.  
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Subjects were informed of potential beeturia (red urine) and red stool due to 

supplementation. No adverse effects were reported for Chapters 4 to 7. 

 

3.5.  Measurements 

Prior to the commencement for all experimental testing, descriptive data were 

measured and recorded of each subject including height, weight, and age. Cycle 

ergometry was employed for Chapter 4, 6 and 7, in which peak power output, 

VO2peak, were recorded, as well as the VO2 and power output at GET (see below). 

 

3.5.1.  Blood sampling 
For Chapters 4, 5 and 6, venous blood samples were obtained at rest and during 

exercise from an antecubital vein using venous cannulation. At the start of all 

experimental visits, a cannula (20g; BD Venflon, Becton Dickinson, Helsingborg, 

Sweden) was inserted into the antecubital vein and kept patent with an infusion 

of 0.9 saline at 10 ml/h. For Chapter 7, venous blood samples were obtained at 

rest from using venipuncture (21G, Becton-Dickinson, NJ, USA). All blood 

samples were collected into 6 mL lithium-heparin tubes (Vacutainer, Becton-

Dickinson, NJ, USA). The blood collected in Chapter 4 was immediately analysed 

for blood [glucose] and [lactate]. The blood collected in Chapter 6 was 

immediately derivatized for later analysis of plasma [cysteine] and [glutathione]. 

All blood samples in Chapters 4-7 were centrifuged within 1 min of collection at 

4000 rpm at 4ºC for 8 minutes and were immediately extracted and frozen at -

80ºC. These plasma samples were used for later analysis of plasma [NO3
-] and 

[NO2
-] in Chapters 4-7, as well as plasma [MDA] analysis in Chapter 6. 

 

3.5.2.  Measurement of plasma nitrate and nitrite concentrations 
For all investigations, plasma samples were analysed for plasma [NO3

–] and 

[NO2
–] via gas phase chemiluminescence. This procedure causes NO3

– and NO2
– 

to reduce into NO. Subsequently, the NO gas reacts with ozone to yield nitrogen 

dioxide, causing an infrared light to be emitted. This light is quantified by a red-

sensitive photomultiplier tube and amplified to produce an analogue millivolt 

output signal. These millivolt signals are compared to calibration plot values 

obtained from standard concentrations of 25 nM to 1 µM of sodium NO2
- and from 
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250 nM to 50 µM of sodium NO3
-. The coefficient of variation for duplicate 

samples of [NO3
–] and [NO2

–] were ~2% and ~6%, respectively. 

 

All glassware, utensils, and surfaces used for the following procedures were 

regularly rinsed with fresh deionized water to remove residual NO2
–. All plasma 

samples were deproteinized using cold ethanol precipitation. Thawed samples 

were centrifuged at 14 000 G for 10 min, before 200 µL of sample was added to 

400 µL of ice-cold ethanol and incubated on ice for 30 min. Subsequently, 

samples were centrifuged at 14 000 G for 10 min again, and the supernatant was 

removed for NO2
– analysis. For NO2

– reduction, this supernatant was injected 

(100 µL) into the gas sealed purge vessel containing 4 mL glacial acetic acid and 

1 mL sodium iodide (NaI; 4% w/v) at 35ºC. Before the determination of plasma 

[NO3
–], the deproteinized supernatant was diluted by adding 100 µL of 

supernatant to 400 µL of deionized water. For NO3
– reduction, an additional gas 

bubbler containing 1 M sodium hydroxide was used to prevent acid vapor from 

the assay in damaging the NO analyser (Sievers NOA 280i, Analytix Ltd, Durham, 

UK). The diluted supernatant was injected into the gas sealed purge vessel 

containing 0.8% (w/v) vanadium trichloride in 1 M HCl at 95ºC. 

 

3.6.  Exercise testing procedures 

3.6.1. Cycle ergometry 
All cycling exercise tests in Chapters 4, 6 and 7 were performed on an 

electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, 

Netherlands). Ramp incremental tests to volitional exhaustion were performed 

during baseline visits to the laboratory for the determination of peak work rate, 

VO2peak, and gas exchange threshold (GET). Individualized work rates were 

subsequently determined.  

 

3.6.2.  Ramp incremental test 
In Chapters 4, 6 and 7, ramp incremental tests were employed by having a 3 min 

baseline period where subjects pedalled at 20 W at a self-selected cadence 

between 75 and 90 rpm. Following this, the work rate linearly increased at a rate 

of 30 W·min-1 until task failure. Task failure occurred when the pedal rate fell by 
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>10 rpm below the target cadence. The self-selected cadence, seat height and 

handle bar configuration were recorded and reproduced on subsequent visits. 

 

3.6.3.  Pulmonary gas exchange and the determination of "O2peak and GET 

For all investigations, breath-by-breath pulmonary gas exchange data were 

collected continuously during all exercise tests and averaged over 10 s periods. 

Gas analysis was measured using a metabolic cart system of a bidirectional 

TripleV digital transducer and differential paramagnetic (O2) and infrared 

absorption (CO2) (Jaeger Oxycon Pro, Hoechberg, Germany). Gases with 

known concentrations were used to calibrate the gas analyser. Volume sensor 

calibration was conducted using a 3-L syringe (Hans Rudolph, Kansas City, 

MO). Subjects wore a nose clip and breathed through a low resistance, turbine 

volume transducer (Triple V, Jaeger, The Netherlands). Gas was continuously 

drawn down a capillary line which sampled for VO2, carbon dioxide (VCO2), and 

minute ventilation (VE). Raw breath-by-breath gas exchange and ventilation 

data were exported for later analysis. The VO2peak was taken as the highest 30 s 

average value attained before the subject’s volitional exhaustion. The GET was 

determined by identifying the first disproportionate increase in VCO2 from visual 

inspection of plots of VCO2 compared to VO2 (V-slope method; Beaver et al. 

1986) and an increase in VE/VO2 with no increase in VE/VCO2 with account 

taken of the mean response time for VO2 during ramp exercise (i.e., two-thirds 

of the ramp rate was deducted from the power output at GET and peak; Whipp 

et al., 1981).  

3.6.4.  Constant work rate calculation 
In Chapters 4, 6 and 7, constant work-rate exercise was employed to assess 

individual physiological responses following supplementation. Individualized 

work rates for these experimental visits were calculated from the peak work rate 

and GET determined from the initial ramp incremental tests. In addition, work 

rates were adjusted for the initial VO2 ‘lag’ time or mean VO2 response (Whipp et 

al. 1981). Therefore, the peak work rate and GET used were 20 W less than the 

work rates that coincide with the appearance of the GET and VO2peak. 
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In Chapter 4 and 7, the moderate-intensity work rates used were calculated as 

80% of the GET. For Chapter 4, the resistance for the 100 kJ time trial (TT) was 

set by using the linear mode such that the subject would attain the power output 

associated with GET plus 65% of the difference between GET and peak power 

output (65%∆) on reaching a pedal cadence of 90 rpm. In Chapter 6, the heavy- 

and severe-intensity work rates used were calculated as 20%∆ and 70%∆, 

respectively. 

 

The reliability of measuring steady-state pulmonary gas exchange during 

moderate-intensity exercise in Chapter 4 was determined by repeat assessments 

on two separate days in four individuals, yielding a coefficient of variation of 2.9%. 

The reliability of measuring pulmonary gas exchange during heavy-intensity 

exercise in Chapter 6 was determined by repeat assessments on two separate 

days in five individuals, yielding a coefficient of variation of 1.7%. The reliability 

of measuring pulmonary gas exchange during moderate-intensity exercise in 

Chapter 7 was determined in a pilot experiment from repeat assessments on two 

separate days in five individuals, yielding a coefficient of variation of 1.6%. 

 

3.6.5.  Reliability of exercise performance/tolerance measurements 
In Chapter 4, exercise performance was assessed as the time to complete a 100 

kJ TT during severe-intensity cycling exercise. The reliability of this measure was 

determined by repeat assessment on two separate days in four individuals, 

yielding a coefficient of variation of 2.9%. 

 

In Chapter 6, exercise tolerance was assessed as the time-to-exhaustion (TTE) 

during severe-intensity constant work-rate cycling exercise. The reliability of this 

measure was determined by repeat assessment on two separate days in five 

individuals, yielding a coefficient of variation of 3.6%. 

 

3.7.  Statistical analyses 

For all investigations, statistical analyses were performed using the Statistical 

Package for Social Sciences (SPSS v.22). The statistical procedures specific to 

each chapter are outlined in the according sections below. All data are presented 
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as mean ± SD unless otherwise stated. Statistical significance was accepted at 

P≤0.05. 
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Dietary nitrate supplementation and the oxygen cost of exercise: 

the influence of nitrate-depleted beetroot juice and the number 

of transitions  

  

The first aim of the present thesis was to investigate the potential effects of 

nitrate-depleted beetroot juice (i.e. placebo juice) on nitric oxide bioavailability 

and oxygen uptake parameters given that nitrate-depleted beetroot juice contains 

compounds other than nitrate such as bioactive constituents with antioxidant-like 

properties. Understanding the potential influence of nitrate-depleted beetroot 

juice could provide insight into whether previous literature may have yielded 

equivocal results in part due to potential effects of nitrate-depleted beetroot juice 

in obscuring any results of nitrate-rich beetroot juice.   

 

Introduction 

Dietary nitrate (NO3
–) supplementation, from pharmacological (i.e. NO3

– salts) 

and vegetable juice sources (i.e. beetroot juice), is the only nutritional aid shown 

to improve exercise economy by lowering steady-state pulmonary O2 uptake 

(VO2) during submaximal exercise (Bailey et al., 2009; Cermak et al., 2012; 

Larsen et al., 2007; Whitfield et al., 2016;) although not all studies have observed 

this effect (Betteridge et al., 2016; Boorsma et al., 2014; Oskarsson et al., 2018; 

Sandbakk et al., 2015). Improvements following inorganic NO3
– supplementation 

have been largely ascribed to the elevation of nitric oxide (NO), nitrite (NO2
–), 

and/or S-nitrosothiol bioavailability and subsequent nitroso signalling (Bryan et 

al., 2005; Ignarro et al., 1981; Lundberg et al., 2008; Stamler, 1994). The 

candidate mechanisms responsible include the independent or combined 

improvements to mitochondrial efficiency (i.e. O2 cost per ATP production; Larsen 

et al., 2011; cf. Whitfield et al., 2016) and/or contractile efficiency (i.e. ATP cost 

of contraction; Bailey et al., 2010).  

 

To date, the plethora of investigations that have administered NO3
–-rich beetroot 

juice products to investigate the influence of NO3
– supplementation either 

provided commercially available blackcurrant juice cordial (Bailey et al., 2009; 

Carriker et al., 2016; Haider & Folland, 2014; Vanhatalo et al., 2010), or 

concentrated NO3
–-depleted beetroot juice (Kelly et al., 2013; Lansley et al., 
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2011; Wylie et al., 2013a; 2016) to serve as the placebo. However, in addition to 

NO3
–, beetroot (Beta vulgaris) contains an array of phytochemicals (Clifford et al., 

2017; Wootton-Beard & Ryan, 2012) such as flavonoids and betalains (Shepherd 

et al., 2015). These bioactive polyphenolic compounds are found in both NO3
–-

rich and NO3
–-depleted beetroot juice (e.g. commonly used as placebo), and 

could exert protective antioxidant properties (Davies et al., 1982; Mason et al., 

2016; Reid et al., 1992) as well as facilitate the NO3
–-NO2

–-NO pathway to elevate 

NO bioavailability (Gago et al., 2007; Lundberg et al., 2008; Peri et al., 2005). 

Indeed, indirect markers of NO bioavailability (e.g. arterial flow-mediated dilation) 

have been increased following polyphenol supplementation such as apple (Peri 

et al., 2005), dark chocolate (Engler et al., 2004; Hooper et al., 2012), 

blackcurrant (Cook et al., 2017), blueberry (Rodriguez-Mateos et al., 2013), 

grape (Chaves et al., 2009; Li et al., 2013), pomegranate (Crum et al., 2017; 

Roelofs et al., 2017) and montmorency cherry supplementation (Aboo Bakkar et 

al., 2019; cf: Keane et al., 2018). These data suggest the potential for polyphenol 

compounds in beetroot juice to increase NO bioavailability and to induce 

subsequent NO-mediated physiological effects. However, given that NO3
–-rich 

beetroot juice has been reported to induce more pronounced favourable 

physiological effects compared to NO3
– salts (Flueck et al., 2016; Thompson et 

al., 2018) and that the influence of NO3
– supplementation on the O2 cost of 

exercise is equivocal, further research is required to understand the potential 

influence of the polyphenol content of NO3
– provided in vegetable juice form. 

 

Current literature suggests that dietary NO3
– supplementation may improve VO2 

kinetics (i.e. phase II kinetics; VO2 #p) when O2 delivery is impaired (Kelly et al., 

2014) and during exercise protocols that require a relatively greater recruitment 

of type II muscle fibres such as during step transitions from moderate- to severe-

intensity cycling (Breese et al., 2013) or when performing a step transition at a 

higher cadence (Bailey et al., 2015). This is supported by studies that have not 

observed changes to VO2 kinetics following NO3
– supplementation during step 

transitions from unloaded cycling to moderate-intensity exercise (Bailey et al., 

2009; Bescós et al., 2011; Breese et al., 2013; Ghiarone et al., 2017; Kelly et al., 

2014) given that transitioning to moderate-intensity exercise would be expected 

to have a relatively lower reliance on type II muscle fibre recruitment compared 
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to higher intensities (Bottinelli et al., 2000) and that there would not be an 

impairment to O2 availability (Poole & Jones, 2012). Although there is no 

evidence to suggest that NO3
– supplementation influences VO2 #p during 

moderate-intensity exercise, whether NO3
– supplementation lowers the O2 cost 

of exercise remains equivocal. An important consideration that may have 

contributed to disparate results is that the measurement of pulmonary VO2 

responses inherently contains noise (i.e. variability) such that experimental 

designs employing only a one-step transition may be insufficient to characterize 

an accurate response (Linnarsson, 1974; Özyener et al., 2001; Whipp et al., 

1982). A high signal-to-noise ratio can be achieved by repeating the exercise 

protocol and averaging the responses of all transitions to enhance the underlying 

VO2 (Lamarra et al., 1987). Some earlier studies that have observed a reduced 

VO2 used four transitions (Bailey et al., 2009; Lansley et al., 2011; Porcelli et al., 

2015) or two transitions (Porcelli et al., 2016; Rienks et al., 2015; Wylie et al., 

2013; 2016; Vanhatalo et al., 2010) whilst many studies that have reported no 

effect only employed one transition (Bescós et al., 2011; Betteridge et al., 2016; 

Boorsma et al., 2014; Flueck et al., 2016; Kocoloski et al., 2018; Muggeridge et 

al., 2015; Nyakayiru et al., 2017; Wickham et al., 2019; Wilkerson et al., 2012). 

These studies highlight that since dietary NO3
– supplementation is expected to 

lower VO2 by ~3% and that the typical noise in the VO2 response with one 

transition is high, pulmonary VO2 measurements need to be accurate to observe 

an effect. However, there is currently no data on whether the number of step 

transitions influences the VO2 response (i.e. steady-state VO2 and VO2 #p) 

following NO3
–-rich beetroot juice supplementation. 

 

Therefore, the purpose of this study was two-fold: 1) to investigate whether PL 

supplementation would influence indices of NO bioavailability or the pulmonary 

VO2 response compared to a water control condition (CON); and 2) to investigate 

whether the number of transitions to a moderate work rate would influence the 

pulmonary VO2 response outcome following NO3
–-rich beetroot juice 

supplementation (BR) compared to NO3
–-depleted beetroot juice 

supplementation (PL). We hypothesized that firstly, PL supplementation would 

not significantly increase resting plasma [NO3
–] and [NO2

–] or influence VO2 or 
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VO2 #p during moderate-intensity exercise compared to CON. Secondly, we 

hypothesized that the O2 cost of exercise would be significantly lower following 

BR supplementation when 4 step transitions were averaged but not when 

averaged with fewer than 4 step transitions and that BR supplementation would 

not influence the VO2 kinetics response with any number of transitions.  

 

Methods 

Subjects  

Twelve recreationally active males and females (mean ± SD: age 29 ± 7 years, 

body mass 71 ± 11 kg, height  1.72 ± 0.09 m, VO2peak 44 ± 9 mL·kg-1·min-1, 

females n=4) volunteered to participate for this study. A priori power analysis 

showed that a sample size of twelve would provide a power = 0.80, alpha = 

0.05, an effect size = 0.92. The protocols, risks, and benefits of participating 

were explained prior to obtaining written informed consent. This study was 

approved by the Institutional Research Ethics Committee and conformed to the 

code of ethics of the Declaration of Helsinki. 

 

Experimental overview 

Subjects reported to the laboratory on 7 separate occasions over a ~4 to 5 week 

period. Prior to experimental testing, subjects completed a ramp incremental 

cycling exercise test for the determination of VO2peak and gas exchange threshold 

(GET). Breath-by-breath pulmonary gas exchange was measured continuously 

during the incremental test and averaged over consecutive 10 s periods. The data 

collected during the incremental tests were used to calculate individualized work 

rates at 80%GET for subsequent moderate-intensity step tests. Over the 

remaining six laboratory visits, subjects completed moderate-intensity step 

exercise tests during three separate 4-day supplementation periods with water 

supplementation (CON), NO3
–-depleted placebo (PL) or NO3

–-rich beetroot juice 

(BR) for the determination of the O2 cost of moderate-intensity exercise and VO2 

kinetics response. The three supplementation periods were administered in a 

randomized, double-blinded, crossover experimental design.  

 

Subjects completed two moderate-intensity step tests on days 3 and 4 of each 
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dietary condition (CON, PL and BR). The step tests comprised 3 min of baseline 

cycling at 20 W, followed by a step increment to a moderate-intensity (80%GET) 

constant work rate bout for 6 min, followed by a period of 7 min rest. 

Subsequently, subjects performed another 3 min of baseline cycling at 20 W, 

followed by a step increment to a moderate-intensity (80%GET) constant work 

rate bout, totalling two moderate-intensity step exercise bouts over day 3 and 4 

during each condition. In total, subjects completed four bouts of transitions to 

average the pulmonary VO2 responses in the same experimental condition to 

enhance signal-to-noise ratio (Lamarra et al., 1987). 

 

Supplementation 

Following the initial ramp test, subjects underwent three 4-day supplementation 

periods in which they consumed 2 x 70 mL doses per day of CON (negligible 

NO3
– content per 50 mL; Buxton Natural Still Water, Nestlé UK Ltd., UK), PL 

(~0.04 mmol of NO3
– per 70 mL; Beet It Sport, James White Drinks Ltd., Ipswich, 

UK) or BR (~6.2 mmol of NO3
– per 70 mL; Beet It Sport, James White Drinks Ltd., 

Ipswich, UK) separated by at least a 5-day wash-out period. Each 70 mL beetroot 

juice beverage contained 72 kcal energy and 15.4 g of carbohydrate. The CON 

was provided in 50-mL plastic tubes which were placed in a small transparent 

plastic bag. On day 1 and 2 of each supplementation period, subjects consumed 

one 70 mL beverage in the morning and one in the evening, whereas on the 

experimental days (days 3 and 4), subjects consumed 2 x 70 mL of their allocated 

beverage in the morning ~2.5 h prior to the exercise (Webb et al., 2008; Wylie et 

al. 2013a). For the duration of the study, subjects were asked to maintain their 

habitual physical activity and dietary intake. However, subjects were instructed to 

avoid consuming foods high in dietary nitrate such as beetroot, kale, spinach, and 

rocket, and to refrain from taking any other dietary supplements or using 

antibacterial mouthwash (Govoni et al., 2008). Experimental visits were 

performed at the same time of day (± 2 h). Subjects recorded their activity and 

diet during the 24 h prior to the first experimental visit and were asked to repeat 

these for subsequent visits. Subjects were also instructed to arrive at the 

laboratory having avoided strenuous exercise and alcohol in the 24 h preceding, 

and caffeine in the 8 h preceding, each experimental visit.  
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+	

Measurements 

On days 3 and 4 of each supplementation period, subjects completed two 

identical exercise bouts interspersed by a 7 min period of rest. The exercise 

protocol consisted of a one-step transition from 3 min of unloaded (20 W) 

pedalling followed by 6 min of moderate-intensity cycling (80%GET) for the 

determination of steady-state VO2 and the VO2 kinetics response. Venous blood 

samples were drawn into a 6-mL lithium-heparin tube (Vacutainer, Becton-

Dickinson, New Jersey, USA) and centrifuged at 4000 rpm and 4°C for 8 min, 

within 2 min of collection. Plasma was subsequently extracted and frozen at -

80°C for later deproteinization and analysis of [NO3
–] and [NO2

–] as described 

previously (Tan et al., 2018). The [NO3
–] in CON was analyzed using methods as 

described previously (Tan et al., 2018). 

 

During all tests, breath-by-breath pulmonary gas exchange was measured with 

subjects wearing a nose clip and breathing through a low-dead-space, low-

resistance mouthpiece and impeller turbine assembly (Jaeger Triple V). The 

inspired and expired gas volume and gas concentration signals were 

continuously sampled at 100 Hz, the latter with paramagnetic O2 and infrared 

CO2 analyzers (Jaeger Oxycon Pro, Hoechberg, Germany) via a capillary line 

connected to the mouthpiece. The gas analyzers were calibrated before each test 

with gases of known concentration, and the turbine volume transducer was 

calibrated with a 3-L syringe (Hans Rudolph, Kansas City, MO). The volume and 

concentration signals were time aligned by accounting for the delay in the 

capillary gas transit and the analyzer rise time relative to the volume signal.  

 

Data analysis procedures  

The breath-by-breath VO2 data from each test were analyzed as previously 

described (Bailey et al., 2009). Briefly, a single-exponential model was used to 

characterize the VO2 responses to moderate-intensity exercise as described in 

the following equation:  

 

VO% & = 	VO%baseline

						

01

	

1 − 45(7589:/<:  

 

where VO2 (t) represents the absolute VO2 at a given time t; VO2baseline 
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represents the mean VO2 in the baseline period; Ap, TDp, and #p	the amplitude, 

time delay, and time constant, respectively, describing the phase II increase in 

VO2 above baseline. 

 

Figure 1. Example VO2 kinetics fit of one subject. 

 

VO2baseline was defined as the mean VO2 measured over the final 60 s of 

baseline pedaling. The end-exercise VO2 was defined as the mean VO2 

measured over the final 60 s of exercise.  

 

Statistical analyses  

A one-way analysis of variance (ANOVA) was used to analyze differences in the 

O2 uptake responses and plasma [NO3
–] and [NO2

–] between CON, PL, and BR.  

The coefficient of variation (CV%) for plasma [NO3
–] and [NO2

–] were calculated 

between duplicate samples and between trials. Significant main and interaction 

effects were further explored using Fisher’s LSD post hoc comparisons. A one-

way ANOVA was used to analyze differences in the VO2 responses between 

CON, PL, and BR. In addition, a paired t-test was used to analyze differences in 

the end-exercise steady-state VO2 response between BR vs. PL to provide a 

comparable approach to literature which commonly test only two conditions. Data 

for VO2 kinetics were analyzed for n=9 due to n=3 containing high noise and 

unreliable data. The CV% for steady-state VO2 using the average results of 1, 2, 

3, and 4 transitions were calculated using data from CON and PL provided that 

there was no significance between conditions. Statistical significance was 
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accepted at P<0.05. Results are presented as mean ± SD unless otherwise 

stated.  

 

Results 

All subjects reported consuming all servings of each supplement at the correct 

times and confirmed that they had maintained their exercise and dietary habits 

prior to each testing visit. There were no reports of adverse reactions, 

gastrointestinal distress or discomfort following the ingestion of supplements. 

 

Plasma [NO3
–] and [NO2

–] 

The CV% for duplicate samples was 6.0 ± 3.2% and 3.0 ± 0.2% for plasma [NO3
–

] and [NO2
–], respectively. The CV% for between day 3 and day 4 injections was 

16.7 ± 35.5% and 18.9 ± 55.2% for plasma [NO3
–] and [NO2

–], respectively. There 

was a main effect by condition (P<0.01), but no effect by time (P>0.05) on plasma 

[NO3
–] and [NO2

–] (Fig. 2A and B). Plasma [NO3
–] was higher in BR (831 ± 225 

µM) compared to PL (45 ± 53 µM, P<0.01) and CON (45 ± 8 µM, P<0.01) and 

there was no significant difference between PL and CON (P>0.05). Plasma [NO2
–

] was higher in BR (569 ± 225 nM) compared to PL (117 ± 53 nM, P<0.01) and 

CON (107 ± 24 nM, P<0.01) and there was no significant difference between PL 

and CON (P>0.05).  
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Figure 2. Mean ± SE plasma nitrate (NO3
–; panel A) and nitrite (NO2

–; panel B) at rest 

following: 1) CON, water supplementation consumed before exercise (solid circle and solid 

line); 2) PL, nitrate-depleted beetroot juice consumed before exercise (open circle and 

dashed line); and 3) BR, nitrate-rich beetroot juice consumed before exercise (solid triangle 

and dotted line). * = significantly different from CON and PL (P<0.05). 
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Figure 3. Individual responses of plasma nitrate (NO3
–; panel A, B, C) and nitrite (NO2

–; panel 

D, E, F) on day 1 and 2 following: 1) CON, water supplementation consumed before exercise; 

2) PL, nitrate-depleted beetroot juice consumed before exercise; and 3) BR, nitrate-rich 

beetroot juice consumed before exercise. 

 

Pulmonary gas exchange 

There was no effect by condition (CON, PL, BR) on the pulmonary VO2 responses 

at baseline or during moderate-intensity cycling exercise when data were 

averaged over 4 step transitions (Table 1 and 3.). The CV% for steady-state VO2 

was 2.5 ± 2.6%, 2.8 ± 2.4%, 2.2 ± 1.7%, and 2.1 ± 1.7% when results were 

averaged over 1, 2, 3, and 4 transitions, respectively. The end-exercise VO2 

response was significantly different between BR and PL following the average 

over 4 transitions (P<0.05) but not over 1, 2, or 3 transitions (P>0.05, Table 2.). 

The VO2 #p was not significantly different between BR and PL following the 

average over 1, 2, 3 or 4 transitions (P>0.05, Table 3.). The baseline and end-

exercise values of VCO2, minute ventilation (VE), and respiratory exchange ratio 

were not significantly different between conditions (P>0.05, Table 1.).  
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Table 1. Mean ± SD ventilatory and gas exchange dynamics during moderate-
intensity exercise following supplementation with water (CON), nitrate-depleted 
beetroot juice (PL), and nitrate-rich beetroot juice (BR) over 4 step transitions. 

 CON PL BR 
    

VO2    
   Baseline (L·min-1) 0.90 ± 0.13 0.90 ± 0.14 0.89 ± 0.13 

   End-exercise (L·min-1) 1.33 ± 0.34 1.33 ± 0.34 1.31 ± 0.34 

   Phase II time constant (s) 18 ± 10 15 ± 6 19 ± 9 

   Mean response time (s) 38 ± 13 36 ± 8 37 ± 11 

   Primary amplitude (L·min-1) 0.47 ± 0.30 0.46 ± 0.28 0.46 ± 0.26 

   Gain (ml·min-1·W-1) 8.26 ± 1.28 8.06 ± 0.94 8.31 ± 0.57 

VCO2    

   Baseline (L·min-1) 0.83 ± 0.12 0.85 ± 0.13 0.83 ± 0.13 

   End-exercise (L·min-1) 1.26 ± 0.30 1.28 ± 0.33 1.27 ± 0.30 

VE    

   Baseline (L·min-1) 23 ± 3 23 ± 4 22 ± 4 

   End-exercise (L·min-1) 32 ± 8 32 ± 10 32 ± 9 

Respiratory exchange ratio    

   Baseline  0.93 ± 0.06 0.95 ± 0.04 0.94 ± 0.05 

   End-exercise    0.96 ± 0.04 0.97 ± 0.03 0.97 ± 0.04 

Values are means ± SD. VO2, oxygen uptake; VCO2, expired carbon dioxide; VE, minute 
ventilation. Data for VO2 kinetics data were analyzed for n=9. 
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Table 2. Mean ± SD steady-state end-exercise >O2 response averaged over 1, 2, 3, and 4 step 
transitions from unloaded to moderate-intensity exercise following supplementation with nitrate-rich 
beetroot juice and nitrate-depleted beetroot juice 

 1 transition 2 transitions 3 transitions 4 transitions 
     

Nitrate-rich beetroot juice     
   End-exercise VO2 (L·min-1) 1.31 ± 0.34 1.31 ± 0.34 1.31 ± 0.34 1.31 ± 0.34* 

Nitrate-depleted beetroot juice     

   End-exercise VO2 (L·min-1) 1.32 ± 0.33 1.33 ± 0.33 1.33 ± 0.33 1.33 ± 0.34 

P value 0.30 0.32 0.13 0.04 

Values are means ± SD. VO2, oxygen uptake. * = Significantly different to nitrate-depleted beetroot juice 
(P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Mean ± SD >O2 kinetics response averaged over 1 and 4 step 
transitions from unloaded to moderate-intensity exercise following 
supplementation with nitrate-rich beetroot juice and nitrate-depleted 
beetroot juice 

 1 transition 4 transitions 
   

Nitrate-rich beetroot juice   
   VO2 #p (s) 22 ± 15 19 ± 9 

Nitrate-depleted beetroot juice   

   VO2 #p (s) 20 ± 9 15 ± 6 

Values are means ± SD. VO2 #p, phase II time constant.  
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Figure 4. Mean ± SE and individual responses of pulmonary O2 uptake averaged over 4 step 

transitions (panel A) following: 1) CON, water supplementation consumed before exercise; 

2) PL, nitrate-depleted beetroot juice consumed before exercise; and 3) BR, nitrate-rich 

beetroot juice consumed before exercise. 

 

Discussion 

This study investigated the effect of NO3
–-depleted beetroot juice on NO 

bioavailability and pulmonary VO2 responses during moderate-intensity exercise 

compared to a water control condition in healthy humans, as well as the influence 

of the number of transitions on the pulmonary VO2 responses during moderate-

intensity exercise following NO3
–-rich and NO3

–-depleted beetroot juice. The 

principal novel findings of the present study were that: 1) PL supplementation did 

not elevate NO bioavailability or influence the pulmonary VO2 responses 

compared to a water control condition (CON); and 2) NO3
–-rich beetroot juice 

(BR) lowered the O2 cost of exercise compared to NO3
–-depleted beetroot juice 

(PL) when 4 step transitions were averaged but not with 1, 2, or 3 transitions. 

These findings indicate that despite NO3
–-depleted beetroot juice containing 

bioactive polyphenolic compounds (i.e. flavonoids, betalains, ascorbic acid; 

Shepherd et al., 2015), NO3
–-depleted beetroot juice is an appropriate placebo 

control for scientific investigations examining the influence of concentrated NO3
–
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-rich beetroot juice on physiological responses to exercise. In addition, these 

results are consistent with our hypotheses and indicate that the number of 

transitions may be important in detecting any influence of NO3
– on the O2 cost of 

submaximal exercise.  

 

The effect of NO3
–-depleted beetroot juice supplementation on indices of NO 

bioavailability and pulmonary O2 responses during moderate-intensity exercise 

Short-term NO3
–-depleted beetroot juice supplementation (i.e. placebo) did not 

influence plasma [NO3
–] and [NO2

–] which is consistent with previous reports 

(Lansley et al., 2011). Importantly, there was no difference in plasma [NO3
–] and 

[NO2
–] between PL and CON, suggesting that concentrated NO3

–-depleted 

beetroot juice is not effective at altering indices of NO bioavailability despite 

beetroot juice containing phytochemical compounds (Georgiev et al., 2010; 

Ninfali & Angelino, 2013; Shepherd et al., 2015; Wootton-Beard & Ryan, 2012). 

However, consistent with previous studies, NO3
–-rich beetroot juice 

supplementation increased plasma [NO3
–] and [NO2

–] by ~1750% and ~420%, 

respectively, compared to CON and PL (Wylie et al., 2013a). Recent evidence 

suggests that more pronounced effects may occur following NO3
– 

supplementation administered in vegetable juice form (i.e. beetroot juice) 

compared to a pharmaceutical form (i.e. NO3
– salts) which could indicate an 

influence of polyphenols within the juice form (Flueck et al., 2016; Jonvik et al., 

2016; McIlvenna et al., 2017; Thompson et al., 2018). For example, Thompson 

et al. (2018) reported that 4 weeks of sprint training combined with NO3
–-rich 

beetroot juice supplementation lowered systolic blood pressure by ~5% and 

increased exercise tolerance by ~71% whereas in contrast, 4 weeks of sprint 

training combined with NO3
– salt supplementation only lowered systolic blood 

pressure by ~2% and increased exercise tolerance by ~42%. Although it is 

possible that physiological effects following NO3
–-rich beetroot juice 

supplementation may be partly to phytochemicals interacting synergistically with 

NO3
– (Kanner et al., 2001; Simon et al., 1993), the data from the present study 

provide evidence that NO3
–-depleted beetroot juice does not contribute to the 

elevation of plasma [NO3
–] and [NO2

–] and thus is not likely to induce NO-

mediated effects.  

 



Chapter 4: Dietary nitrate supplementation and the oxygen cost of exercise: 
the influence of nitrate-depleted beetroot juice and the number of transitions  
 

	 105 

A possible explanation for the lack of effect of NO3
–-depleted beetroot juice 

supplementation on NO bioavailability could be due low phytochemical 

bioavailability (Clifford et al., 2015). To our knowledge, only two studies that have 

investigated polyphenol supplementation have measured plasma [NO3
–] and/or 

[NO2
–] and these found no influence of montmorency tart cherry powder (~256 

mg·d-1 anthocyanins; Aboo Baker et al., 2019) or concentrate (74 mg cyanidin-3-

glucoside and 179 mg gallic acid; Keane et al., 2016; 2018) on plasma [NO3
–] 

and/or [NO2
–]. However, the relative concentration and type of each 

phytochemical within beetroot juice could be important for any potential 

physiological effects to occur. In support of this interpretation, a meta-analysis 

concluded that ~500 mg of flavonoids was required to influence vascular function 

(Kay et al., 2012), which is an indirect measure of NO bioavailability given that 

improved vascular function is an NO-mediated process. However, beetroot juice 

contains drastically less, containing only ~4 mg of flavonoids per 100 ml 

(Shepherd et al., 2015). Therefore, although it is acknowledged that 

phytochemicals may impact physiological responses to exercise through NO-

mediated mechanisms (Bowtell & Kelly, 2019), it is likely that NO3
–-depleted 

beetroot juice (i.e. placebo) and its type and concentration of bioactive 

constituents, do not independently contribute to NO bioavailability following NO3
–

-rich beetroot juice supplementation.  

 

The lack of effect of NO3
–-depleted beetroot juice supplementation on the 

pulmonary VO2 responses during moderate-intensity exercise is not surprising 

given that NO3
–-depleted beetroot juice supplementation did not elevate 

biomarkers of NO bioavailability. Indeed, the increase in plasma [NO2
–] following 

NO3
–-rich beetroot juice supplementation is important for inducing subsequent 

favourable physiological and ergogenic effects (Dreissigacker et al., 2010; 

Porcelli et al., 2015; Wilkerson et al., 2012; Wylie et al., 2013a). Elevated NO 

bioavailability could induce NO-mediated effects such as reversible inhibition of 

O2 binding on cytochrome C oxidase (Brown & Cooper, 1994) which could 

subsequently increase homogeneity of oxygenation in muscle fibres more distal 

to the capillaries (Hagen et al., 2003) and/or improve mitochondrial function by 

downregulating uncoupling protein content (Larsen et al., 2011; Li et al., 2006). 

In addition, NO may induce reversible S-nitrosylation to impact structure and 
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function of key contractile proteins (Aghdasi et al., 1997; Galler et al., 1997; 

Stoyanovsky et al., 1997). 

 

The influence of the number of transitions on the pulmonary O2 responses during 

moderate-intensity exercise following NO3
–-rich beetroot juice supplementation 

We observed that BR supplementation significantly lowered the O2 cost of 

exercise by ~2% compared to PL supplementation when averaged over 4 step 

transitions but not when averaged over 1, 2, or 3 step transitions. These results 

are consistent with earlier studies but are slightly less than the previously reported 

3 to 5% reduction in VO2 (Bailey et al., 2009; Larsen et al., 2007; Lansley et al., 

2011; Vanhatalo et al., 2010) which could be due to differences in cohort muscle 

fibre-type composition (Jones et al., 2016), fitness (Porcelli et al., 2015) and/or 

muscle redox status (Whitfield et al., 2016). Mechanistically, the lowering of the 

O2 cost of exercise following NO3
– ingestion may be underpinned by decreased 

mitochondrial uncoupling (Larsen et al., 2011), reduced ATP cost of force 

production (Bailey et al., 2010), and/or redox signalling (Whitfield et al., 2016). 

Interestingly, significance was only detected following the averaged response of 

4 step transitions, which could be related to an improvement in the amount of 

error (i.e. improved CV%) with each additional transition. Together, our findings 

indicate that inherent noise from the pulmonary O2 response may be a factor 

which obscures identifying any significant physiological effect following NO3
– 

supplementation (Lamarra et al., 1987). Accordingly, it could be possible that 

previous investigations that employed few (Breese et al., 2013; Christensen et 

al., 2013; Kelly et al., 2014) and especially one transition (Bescós et al., 2011; 

Kocoloski et al., 2018; Wickham et al., 2019) who did not observe a significant 

effect on steady-state VO2 required at least four-step transitions to accurately 

characterize the response.  

 

The  VO2 kinetics during the step transition from unloaded to moderate-intensity 

exercise were not influenced by BR compared to PL which is consistent with 

previous studies (Bailey et al., 2009; Bescós et al., 2011; Breese et al., 2013; 

Ghiarone et al., 2017; Kelly et al., 2014). Moreover, increasing the averaged 

number of transitions from 1 to 4 had no effect on the influence of NO3
– 

supplementation on VO2 #p. These results are in agreement with the “tipping 
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point” theory, which suggests that when O2 delivery is sufficient (e.g. healthy 

individuals performing moderate-intensity exercise), increases to O2 delivery (e.g. 

following NO3
– supplementation) would not be expected to influence VO2 #p 

(Poole & Jones, 2012). In addition, given that NO3
– supplementation improves 

blood flow and contractile function specifically in type II muscle fibres (Ferguson 

et al., 2013; Hernández et al., 2012) or exercise protocols which require a greater 

proportional contribution of type II muscle fibres (Bailey et al., 2015; Breese et 

al., 2013; Coggan et al., 2015) and that moderate-intensity exercise would be 

expected to recruit a relatively lower proportion of type II muscle fibres (Bottenelli 

et al., 2000), the lack of effect of NO3
– supplementation on VO2 kinetics could be 

partly underpinned by the relatively smaller contribution of type II muscle fibres 

required when transitioning to low work rates (i.e. unloaded to moderate-intensity 

exercise).  

 

Strengths and limitations 

Although the results of this Experimental Chapter suggest that NO3
–-depleted 

beetroot juice does not influence NO bioavailability or physiological responses 

during exercise, the design of the study has an important limitation that should 

be addressed in future investigations. This Experimental Chapter is lacking a 

condition that administers NO3
– in a pharmaceutical form, which would not 

contain other antioxidant constituents such as beetroot juice. The addition of this 

condition would provide further confidence in the interpretation of the results of 

this Experimental Chapter. 

 

Conclusion 

In conclusion, NO3
–-depleted beetroot juice supplementation did not significantly 

influence NO bioavailability, as reflected by plasma [NO3
–] and [NO2

–] or the 

pulmonary VO2 responses measured during moderate-intensity exercise when 

compared to a water control condition. In addition, short-term NO3
–-rich beetroot 

juice supplementation lowered the O2 cost of moderate-intensity cycling exercise 

when averaged over four-step transitions but not 1, 2, or 3 step transitions. These 

data have important methodological and practical implications which suggest that 

NO3
–-depleted beetroot juice is an effective placebo for investigating the potential 

physiological effects following NO3
– supplementation and also indicate that 
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numerous step transitions (i.e. 4) may be required to detect significant changes 

to the O2 cost of exercise following NO3
– supplementation. 

 

Experimental Chapter 4 achieved the first aim of the thesis as results suggest 

that NO3
–-depleted beetroot juice does not have any impact on NO bioavailability 

or any VO2 responses, and that potential favourable effects following NO3
–-rich 

beetroot juice may be ascribed to the NO3
– content in the juice. Therefore, all 

subsequent Experimental Chapters in the present thesis have administered NO3
–

-rich beetroot juice to investigate the potential physiological responses during 

prolonged exercise following NO3
– supplementation. 
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Beetroot juice ingestion during prolonged moderate-intensity exercise 1	

attenuates progressive rise in O2 uptake  2	

 3	

The second aim of the present thesis was to investigate the potential 4	

physiological effects of nitrate-rich beetroot juice before and during prolonged 5	

moderate-intensity exercise. Given that intramuscular metabolite concentrations 6	

are important for prolonged exercise and that the elevation of nitric oxide 7	

bioavailability is thought to be crucial in the efficacy of nitrate supplementation, 8	

Experimental Chapter 5 provided an additional dose of nitrate during the 9	

prolonged exercise bout and measured intramuscular muscle metabolic 10	

variables.  11	

 12	

Introduction 13	

Nitric oxide (NO) is recognized as a ubiquitous signaling molecule fundamental 14	

to regulating many physiological functions including vasodilation (Cosby et al., 15	

2003), skeletal muscle contraction (Reid, 1998), mitochondrial respiration (Brown 16	

& Cooper, 1994), and glucose uptake (Balon & Nadler, 1997). In humans, NO 17	

bioavailability can be increased through exogenous consumption of inorganic 18	

nitrate (NO3
-) which can be reduced to nitrite (NO2

-) by bacterial NO3
- reductases 19	

in the oral cavity and further reduced into NO and other reactive nitrogen species 20	

under appropriate physiological conditions (Lundberg et al., 2008). In addition to 21	

reducing resting blood pressure (Webb et al., 2008), dietary NO3
- 22	

supplementation has been reported to reduce the O2 cost of exercise (Bailey et 23	

al., 2009; Lundberg et al., 2008; Vanhatalo et al., 2010) and to enhance skeletal 24	

muscle contractile function (Haider & Folland, 2014; Hernánadez et al., 2012; 25	

Whitfield et al., 2017), effects which might be expected to result in improved 26	

exercise performance.  27	

 28	

Several studies indicate that NO3
- supplementation can enhance short duration 29	

(<30 min) exercise performance (Bailey et al., 2009; 2010; Cermak et al., 2012, 30	

Lansley et al., 2011; Porcelli et al., 2016). However, the efficacy of NO3
- 31	

supplementation in improving longer duration exercise performance is less clear 32	

(Betteridge et al., 2016; Cermak et al., 2012; Coggan et al., 2015; Lane et al., 33	

2014; Wilkerson et al., 2012). This disparity in the efficacy of NO3
- 34	
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supplementation in shorter vs. longer endurance exercise may be related to the 35	

metabolism of NO3
- and NO2

- during exercise. The pre-exercise elevation in 36	

plasma [NO2
-] following NO3

- supplementation has been shown to be associated 37	

with the magnitude of performance enhancement during long duration cycling 38	

(Wilkerson et al., 2012). However, following NO3
- supplementation, plasma [NO2

- 39	

] declines over the course of short duration moderate- and severe-intensity 40	

exercise (Kelly et al., 2014; Shannon et al., 2017), as well as during repeated 41	

sprints (Thompson et al., 2015; 2016; Wylie et al., 2013b). Indeed, this decline in 42	

plasma [NO2
-] with time during exercise, which may reflect the use of nitrite as a 43	

‘substrate’ for NO production, is correlated with enhanced high-intensity exercise 44	

performance following NO3
- supplementation (Thompson et al., 2015; Wylie et 45	

al., 2013b). It is possible, therefore, that long duration endurance exercise results 46	

in a progressive, and perhaps substantial, depletion of plasma [NO2
-] such that 47	

the potential benefits of NO3
- supplementation on performance later in exercise 48	

are no longer elicited (Christensen et al., 2013; Wilkerson et al., 2012). Ingesting 49	

NO3
- during longer duration exercise might maintain plasma [NO2

-] at an elevated 50	

level and provide the potential for performance to be improved.  51	

 52	

During prolonged, constant-work-rate exercise, an upward drift in pulmonary O2 53	

uptake (VO2) is typically observed (Brueckner et al., 1991; Hopker et al., 2017). 54	

The O2 cost of such exercise may increase with time due to a shift in substrate 55	

utilization towards fat oxidation, a progressive recruitment of type II muscle fibers, 56	

or a decline in skeletal muscle mitochondrial and/or contractile efficiency (Jones 57	

et al., 2011). Muscle glycogen depletion during prolonged exercise may also 58	

contribute to the loss of efficiency over time (Ørtenblad et al., 2011). Dietary NO3
- 59	

supplementation has the potential to lower O2 demand during prolonged exercise 60	

(Bailey et al., 2009; Jones, 2014). Specifically, NO3
- supplementation has been 61	

reported to enhance the mitochondrial P/O ratio (Larsen et al., 2011; cf. Whitfield 62	

et al., 2017) and to reduce the ATP cost of muscle force production (Bailey et al., 63	

2010). In animal studies, NO3
- supplementation has been reported to improve 64	

intracellular calcium (Ca2+) handling and increase force production at low 65	

frequencies of contraction in type II muscle fibers (Hernández et al., 2012) and to 66	

lead to preferential blood flow (and O2) distribution to type II muscle (Ferguson et 67	

al., 2013; 2015). Given that: 1) fatigue development and the progressive increase 68	
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in VO2 during prolonged exercise may be related, at least in part, to the 69	

recruitment of type II muscle fibers (Krustrup et al., 2004); and that 2) NO3
- 70	

supplementation positively impacts muscles comprised predominantly of type II 71	

fibers (Jones et al., 2016); it is possible that ingesting NO3
- during as well as 72	

before such exercise may be better than pre-exercise NO3
- ingestion alone in 73	

limiting fatigue development, minimizing VO2 and enhancing performance. 74	

 75	

Another mechanism by which NO3
- supplementation might potentially alter the O2 76	

cost of exercise is via effects on carbohydrate metabolism. NO has been shown 77	

to play an important role in regulating skeletal muscle glucose uptake (Balon & 78	

Nadler, 1997). Wylie et al. (2013b) reported lower blood [glucose] during high- 79	

intensity intermittent exercise following NO3
- supplementation, which might 80	

suggest enhanced skeletal muscle glucose uptake; however, this was not 81	

confirmed during longer duration moderate-intensity exercise (Betteridge et al., 82	

2016). It therefore remains unclear whether dietary NO3
- supplementation before, 83	

and especially during, prolonged exercise can affect carbohydrate metabolism or 84	

muscle glycogen utilization. A lower metabolic cost of exercise as reflected by a 85	

lower VO2 and/or increased muscle glucose uptake from the blood might reduce 86	

muscle glycogen utilization during prolonged exercise and enhance endurance 87	

performance.     88	

 89	

The purpose of the present study was, therefore, to investigate whether ingestion 90	

of NO3
--rich beetroot juice (BR) before, and also during, 2 h of moderate-intensity 91	

cycle exercise influences physiological responses and improves performance in 92	

a subsequent target-work (100 kJ) cycling performance test relative to a placebo 93	

condition. We hypothesized that BR supplementation before and during 2-h 94	

moderate-intensity exercise would: 1) preserve an elevated plasma [NO2
-]; 2) 95	

attenuate the expected progressive increase in VO2 with time; 3) reduce muscle 96	

glycogen depletion; and, therefore, 4) improve TT performance. 97	

 98	

Methods 99	

 100	

Subjects  101	

Twelve recreationally-active males (mean ± SD: age 21 ± 1 years, body mass 78 102	
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± 11 kg, height 1.77 ± 0.07 m, VO2peak, 45 ± 4 mL·kg-1min-1) volunteered to 103	

participate in this study, nine of whom volunteered for invasive measurements 104	

(muscle biopsies and blood sampling). The protocol, risks, and benefits of 105	

participating were explained prior to obtaining written informed consent. This 106	

study was approved by the Institutional Research Ethics Committee and 107	

conformed to the code of ethics of the Declaration of Helsinki. A priori power 108	

analysis showed that a sample size of nine would provide a power = 0.80, alpha 109	

= 0.05, an effect size = 0.50.  110	

 111	

Experimental overview 112	

Subjects reported to the laboratory on 5 separate occasions over a 5-week 113	

period. On the first visit, subjects completed a ramp incremental exercise test for 114	

the determination of VO2peak and gas exchange threshold (GET). During the 115	

second visit, subjects were familiarized to the exercise testing procedures, 116	

including completion of a moderate-intensity exercise bout (at a work rate of 80% 117	

of the GET) for 30 min before completing a target-work (100 kJ) cycling 118	

performance test designed to simulate a 4-km TT. 119	

 120	

For the duration of the study, subjects were asked to avoid consuming NO3
--rich 121	

foods such as spinach, rocket (arugula), kale, and beetroot, and to refrain from 122	

taking any other dietary supplements or using antibacterial mouthwash as the 123	

latter affects the commensal bacteria in the oral cavity, resulting in the inhibition 124	

of NO3
- reduction into NO2

- (Govoni et al., 2008). In a double-blind, randomized, 125	

crossover design, subjects were assigned to receive dietary supplementation for 126	

3 days. On day 3 of each supplementation period (See Supplementation), 127	

subjects reported to the laboratory to complete the experimental protocol. 128	

Experimental visits were performed at the same time of day (± 2-h). Subjects 129	

recorded their activity and diet during the 24-h prior to the first experimental visit 130	

and were asked to repeat these for subsequent visits. Subjects were also 131	

instructed to arrive at the laboratory following a 10-h overnight fast, having 132	

avoided strenuous exercise and alcohol in the 24-h preceding, and caffeine in the 133	

8-h preceding, each experimental visit. The subjects were provided with a 134	

standardized breakfast consisting of 2 porridge oats sachets (Quaker Oats Ltd, 135	

Leicester, UK; containing 54 g of oats, 200 kcal, 4.2 g fat, 31.8 g carbohydrate, 136	
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5.6 g fibre, 6.0 g protein) mixed with 180 mL of water, 1-h prior to exercising. 137	

 138	

Supplementation 139	

Subjects were randomly assigned to three 3-day supplementation periods in 140	

which they consumed 2 x 70 mL doses per day of either NO3
--rich BR: (~6.2 mmol 141	

NO3
- per 70 mL; Beet it, James White Drinks Ltd., Ipswich, UK) or a NO3

--depleted 142	

placebo (PL: ~0.04 mmol NO3
- per 70 mL; Beet it, James White Drinks Ltd., 143	

Ipswich, UK) separated by a 5-day wash-out period. The three supplementation 144	

conditions were: 1) BR supplementation both before and at 1-h into exercise 145	

(BR+BR); 2) BR supplementation before and PL at 1-h into exercise (BR+PL); 146	

and 3) PL before and at 1-h into exercise (PL+PL). Each 70 mL beverage 147	

contained 72 kcal energy and 15.4 g of carbohydrate. On the first two days of 148	

each supplementation period, subjects consumed one 70 mL beverage in the 149	

morning and one in the evening, whereas on the experimental day, subjects 150	

consumed 2 x 70 mL of their allocated beverage in the morning 2.5-h prior to the 151	

exercise and 1 x 70 mL of their allocated beverage at 1-h into exercise. This 3- 152	

day protocol was chosen to simulate the approach to supplementation that an 153	

athlete might take prior to competition with the time frame for supplement 154	

ingestion on the final morning selected because peak plasma [NO2
-] occurs ~2- 155	

3-h following NO3
- intake (Webb et al., 2008; Wylie et al., 2013a).    156	

 157	

Exercise procedures 158	

All exercise tests were performed on an electronically-braked cycle ergometer 159	

(Lode Excalibur Sport, Groningen, The Netherlands). On the first visit, subjects 160	

completed a ramp incremental test, involving 3 min of baseline cycling at 20 W, 161	

after which the work rate was increased by 30 W/min until task failure. Task failure 162	

was recorded once the pedal rate fell by >10 rpm below the target cadence. The 163	

self-selected cadence (70-90 rpm) and seat height and handle bar configuration 164	

were recorded and reproduced on subsequent visits. Breath-by-breath 165	

pulmonary gas exchange data were collected continuously during the 166	

incremental test and averaged over 10-s periods. VO2peak and GET were 167	

determined as previously described (Vanhatalo et al., 2010). Heart rate (HR) was 168	

measured during all tests using short-range radio telemetry (Polar S610, Polar 169	

Electro, Kempele, Finland). 170	
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 171	

During the experimental visits, subjects performed baseline cycling at 20 W for 3 172	

min. Following this, subjects completed 2-h of cycling at 80% GET (91 ± 24 W) 173	

at their self-selected cadence. A 1-min rest period followed the end of the 2-h 174	

bout during which a muscle biopsy was obtained (see Muscle Biopsy). The 100 175	

kJ TT commenced immediately after the 1-min period. Subjects were provided 176	

with a 5-s countdown prior to the commencement of all cycling trials. The 177	

resistance on the pedals during the TT was set for each individual using the linear 178	

mode of the Lode ergometer so that the subject would attain the power output 179	

associated with GET plus 65% of the difference between GET and peak power 180	

output (65%Δ) on reaching a cadence of 90 rpm (Lansley et al., 2011). Subjects 181	

were deprived of visual performance cues and did not receive notification on 182	

elapsed time but they received consistent verbal encouragement for each TT and 183	

were informed when 75, 50, 25 and 10 kJ of work remained to be completed. 184	

Pulmonary gas exchange was measured for discrete 6-min time periods (from 0- 185	

6 min, 27-33 min, 60-66 min, 87-93 min, and 114-120 min) during the 2-h exercise 186	

bout (the first 2 min of each period was not used in analysis), and continuously 187	

during the TT.    188	

 189	

Measurements 190	

Muscle biopsy 191	

Skeletal muscle samples were obtained from two incisions made in the m. vastus 192	

lateralis under local anesthesia (1% lidocaine) using the percutaneous Bergström 193	

needle biopsy technique with suction (Bergstrom, 1962). Muscle samples were 194	

obtained at rest (10 min prior to the start of the 2-h moderate-intensity exercise 195	

bout), within 15 s of the completion of the 2-h exercise bout and within 15 s of the 196	

completion of the TT. Muscle samples were immediately snap-frozen in liquid 197	

nitrogen before being stored at -80°C for subsequent analysis.  198	

 199	

Muscle metabolites 200	

Muscle samples were freeze-dried and dissected to remove visible fat, blood, and 201	

connective tissue using forceps. 200 µL of 3 M perchloric acid was added to ~2 202	

mg dry weight (DW) of muscle tissue. Samples were incubated on ice for 30 min, 203	

then centrifuged for 3 min at 4000 rpm. 170 µL of supernatant was transferred 204	
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over to a fresh microcentrifuge tube, and 255 µL of cooled 2 M potassium 205	

hydrogen carbonate (KHCO3) was added. This was centrifuged, and the 206	

supernatant was analyzed for [PCr], [ATP], and [lactate] by fluorometric assays 207	

as described by Black et al. (2017).  208	

 209	

Muscle glycogen 210	

~ 1 mg DW  muscle tissue was hydrolysed in 500 µL of 1 M hydrochloric acid at 211	

100	°C for 3-h to release glycosyl units, and immediately measured using an 212	

automated glucose analyzer (YSI 2900 Biochemistry Analyzer, Yellow Springs 213	

Instruments, Yellow Springs, OH). The precision of this method of analysis within 214	

this physiological range (0.05 to 0.55 mmol/L) was checked by measuring the 215	

glucose concentration across a range of solutions made up using glucose diluted 216	

in hydrochloric acid; the measured vs. expected values lay on the line of identity 217	

with an R2 of 0.99.  218	

 219	

Blood analysis 220	

Venous blood was sampled at baseline, 30, 60, 90 and 120 min during the 2-h 221	

moderate-intensity exercise bout, and immediately following the completion of the 222	

TT. All blood samples were obtained from a cannula (Insyte-WTM Becton- 223	

Dickinson, Madrid, Spain) that was inserted in the subject’s antecubital vein, and 224	

were drawn into 6 mL lithium-heparin vacutainers (Becton-Dickinson, New 225	

Jersey, USA). For blood [lactate] and [glucose] analysis, 200 µL of blood was 226	

immediately hemolyzed into 200 µL of cold Triton X-100 buffer solution (Triton X- 227	

100, Amresco, Salon, OH) and then measured using an automated glucose and 228	

lactate analyzer (YSI 2300, Yellow Springs Instruments, Yellow Springs, OH). 229	

The remaining whole blood samples were centrifuged within 2 min of collection 230	

at 4000 rpm and 4°C for 10 min and then the plasma was immediately extracted 231	

and frozen at -80°C. Before the analysis of plasma [NO3
-] and [NO2

-], samples 232	

were deproteinized using cold ethanol precipitation. Specifically, thawed samples 233	

were centrifuged at 14000 g for 10 min, before 200 µL of sample was added to 234	

400 µL of chilled ethanol and incubated on ice for 30 min. After further 235	

centrifugation at 14000 g for 10 min, the supernatant was removed for the 236	

subsequent determination of [NO3
-] and [NO2

-] via gas phase chemiluminescence 237	

as described by Wylie et al. (2013). 238	
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 239	

Statistical Analysis 240	

A two-way (condition x time) repeated measures analysis of variance (ANOVA) 241	

was used to analyze differences in physiological and performance responses 242	

during the 2-h moderate-intensity exercise bout and the TT. Significant main and 243	

interaction effects were further explored using Fisher’s Least Significant 244	

Difference test. In addition, one-way repeated measures ANOVAs were used to 245	

determine physiological and performance differences in the mean and change 246	

values from pre- to post- 2h moderate exercise, and post-TT. The relationship 247	

between VO2 and muscle [glycogen] was explored using the Pearson product 248	

moment correlation coefficient. Statistical significance was accepted at P≤0.05. 249	

Results are presented as mean ± SD unless otherwise stated.  250	

 251	

Results 252	

All subjects reported consuming all servings of each supplement at the correct 253	

times and confirmed that they had maintained their exercise and dietary habits 254	

prior to each testing visit. There were no reports of gastrointestinal distress or 255	

discomfort following the ingestion of BR or PL either before or during exercise.  256	

 257	

Plasma [NO3
-] and [NO2

-] 258	

There was an interaction effect (condition x time) (P<0.01), main effect of time 259	

(P<0.01), and main effect of condition (P<0.01) for plasma [NO3
-] (Fig. 1A). At 260	

baseline, plasma [NO3
-] was significantly elevated in BR+BR (315 ± 57 µM; 261	

P<0.01) and BR+PL (302 ± 88 µM; P<0.01) compared to PL+PL (16 ± 7 µM). 262	

Plasma [NO3
-] in BR+BR and BR+PL were elevated at all time points compared 263	

to PL+PL. In PL+PL, plasma [NO3
-] was unchanged throughout exercise. In 264	

BR+PL, plasma [NO3
-] was unchanged from baseline to 90 min (P>0.05). 265	

However, compared to baseline, plasma [NO3
-] in BR+PL decreased by ~16% at 266	

120 min (254 ± 56 µM, P<0.05). In BR+BR, plasma [NO3
-] was unchanged from 267	

baseline to 60 min (317 ± 52 µM; P>0.05) but then increased by ~41% at 90 min 268	

(448 ± 51 µM, P<0.0001) and remained elevated until 120 min (463 ± 70 µM, 269	

P>0.05). Plasma [NO3
-] was significantly elevated at 90 min, 120 min, and post- 270	

TT in BR+BR compared to BR+PL (P<0.01). 271	

 272	
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There was an interaction effect (condition x time) (P<0.05) and main effect of 273	

condition (P<0.01) for plasma [NO2
-] (Fig. 1B). At baseline, plasma [NO2

-] was 274	

significantly greater in BR+BR (482 ± 211 nM; P<0.01) and BR+PL (484 ± 188 275	

nM; P<0.01) compared to PL+PL (203 ± 63 nM), with no significant difference 276	

between BR+BR and BR+PL. Plasma [NO2
-] was unchanged throughout exercise 277	

in PL+PL. In BR+PL, plasma [NO2
-] tended to decrease by ~17% from baseline 278	

to 120 min (P=0.07). In contrast, in BR+BR, plasma [NO2
-] increased by ~8% 279	

from baseline to 120 min. Plasma [NO2
-] tended to be elevated at 90 min in 280	

BR+BR (491 ± 157 nM) compared to BR+PL (405 ± 188 nM, P=0.09), and was 281	

significantly elevated at 120 min in BR+BR (519 ± 152 nM) compared to BR+PL 282	

(400 ± 158 nM, P<0.05). Plasma [NO2
-] fell significantly (by ~35%) from 120 min 283	

to post-TT in BR+BR (P<0.001), BR+PL (P<0.01) and PL+PL (P<0.05).  284	

Figure 1. Mean ± SE plasma nitrate (panel A) and nitrite (panel B) concentrations over 120 285	
min of moderate-intensity cycle exercise and a subsequent 4-km TT following: PL+PL: 286	
placebo consumed before and during exercise (solid triangle and dotted line); BR+PL: NO3

- 287	
-rich beetroot juice consumed before and placebo consumed during exercise (open circle 288	
and solid line); and BR+BR: NO3

- -rich beetroot juice before and during exercise (solid circle 289	
and solid line), (n = 9). * = significantly different from PL+PL, ** = BR+BR significantly different 290	
from BR+PL, # = significantly different from 120 min to end of TT in BR+BR, † = significantly 291	
different from 60 min to end of TT in BR+PL, ‡ = significantly different from 90 min to TT in 292	
PL+PL. 293	
 294	
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Pulmonary gas exchange during prolonged moderate-intensity exercise 295	

VO2 measured at baseline was not different between conditions (P>0.05). There 296	

was a main effect of time (P<0.01) and an interaction effect (condition x time) for 297	

VO2 (P<0.05; Fig. 2A). Post hoc analyses revealed that the change in VO2 from 298	

30 min to 120 min (P<0.05) was lower in BR+BR compared to PL+PL (P<0.05) 299	

and tended to be lower compared to BR+PL (P=0.07, Fig. 2B); there was no 300	

difference between BR+PL and PL+PL (P>0.05). At 120 min, VO2 was lower in 301	

BR+BR compared to PL+PL (P<0.01), and tended to be lower than BR+PL 302	

(P=0.08); (P>0.05). There was a main effect of time on RER (P<0.01), with RER 303	

declining from ~0.93 at 30 min to ~0.89 at 120 min, but no effect of condition and 304	

no interaction (P>0.05). Mean RER was not significantly different between 305	

conditions at 30 min (PL+PL: 0.93 ± 0.04 vs. BR+PL: 0.92 ± 0.04 vs. BR+BR: 306	

0.93 ± 0.03), 60 min (PL+PL: 0.90 ± 0.03 vs. BR+PL: 0.89 ± 0.02 vs. BR+BR: 307	

0.89 ± 0.03), 90 min (PL+PL: 0.91 ± 0.04 vs. BR+PL: 0.90 ± 0.06 vs. BR+BR: 308	

0.91 ± 0.04) or 120 min (PL+PL: 0.90 ± 0.04 vs. BR+PL: 0.89 ± 0.03 vs. BR+BR: 309	

0.90 ± 0.04). Similarly, there was a main effect of time (P<0.05) but no effect of 310	

condition or interaction for HR or minute ventilation. There was a main effect of 311	

time (P<0.05) but no effect of condition or interaction for blood [glucose] (P>0.05; 312	

Table 1). There was no effect of time or condition and no interaction effect for 313	

blood [lactate] (P>0.05; Table 1).  314	
 315	
 316	
 317	
 318	
 319	
 320	
 321	
 322	
 323	
 324	
 325	
 326	
 327	
 328	
 329	
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Figure 2. Mean ± SE O2 uptake over 120 min of moderate-intensity cycle exercise (panel A) 330	
and the change in O2 uptake from 30 min to 120 min (panel B) following PL+PL, PL+BR and 331	
BR+BR. * = significantly different in BR+BR compared to PL+PL. 332	
 333	

Muscle metabolic variables 334	

There was a main effect of time (P<0.01) and a trend for an interaction effect 335	

(P=0.06) on muscle [glycogen] measured at baseline, 120 min, and post-TT (Fig. 336	

3). At baseline, there was no significant difference in muscle [glycogen] between 337	

conditions (BR+BR: 383 ± 105 vs. BR+PL: 383 ± 144 vs. PL+PL: 412 ± 121 338	

mmol·kg-1 DW, P>0.05). Post hoc tests revealed that in all conditions, muscle 339	

[glycogen] was significantly lower at 120 min compared to resting baseline 340	

(P<0.01), and at post-TT compared to 120 min (P<0.01). At 120 min, muscle 341	

[glycogen] tended to be greater in BR+BR (283 ± 103 mmol·kg-1 DW) compared 342	

to BR+PL (215 ± 102 mmol·kg-1 DW; P=0.08) and PL+PL (226 ± 90 mmol·kg-1 343	

DW; P=0.08) There was no difference between conditions at post-TT (BR+BR: 344	

161 ± 79 vs. BR+PL: 127 ± 65 vs. PL+PL: 132 ± 69 mmol·kg-1 DW, P>0.05). The 345	

absolute muscle [glycogen] at 120 min was inversely correlated with the absolute 346	

VO2 at 120 min (r = -0.71; P<0.01). There was a tendency for a main effect of 347	

condition in the change in muscle [glycogen] from baseline to 120 min (P=0.09), 348	

where the ~28% decline in BR+BR was significantly less compared to the ~44% 349	

decline in PL+PL (P<0.05) and tended to be less than the ~44% decline in BR+PL 350	
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(P=0.07). The change in muscle [glycogen] from 120 min to post-TT were not 351	

significantly different between conditions (P>0.05).  352	

 353	
Figure 3. Mean ± SE muscle [glycogen] at rest (PRE), after 120 min moderate-intensity 354	
exercise (POST), and after the 4-km time trial (TT), (n = 9). * = significantly different from 355	
PRE to POST, ** = significantly different from POST to TT. There were no significant 356	
differences between the three conditions at any discrete time point but the change in muscle 357	
[glycogen] was significantly less in BR+BR compared to PL+PL (P<0.05; see text for details). 358	
 359	
There was a main effect of time on muscle [PCr] (P<0.01; Fig 4A.), [ATP] (P<0.01; 360	

Fig. 4B) and [lactate] (P<0.01; Fig. 4C). Baseline muscle [PCr] and [ATP] were 361	

not different between conditions (P>0.05). There was no effect of condition and 362	

no interaction for muscle [PCr] or [ATP] (P>0.05). Post hoc tests revealed that in 363	

all conditions, muscle [PCr] declined from baseline to 120 min (P<0.05), and from 364	

120 min to post-TT (P<0.01). The mean [PCr] tended to be greater in BR+BR 365	

compared to PL+PL (P=0.08) but there was no difference between BR+BR and 366	

BR+PL or between BR+PL and PL+PL (P>0.05). Muscle [ATP] declined 367	

significantly from 120 min to post-TT in BR+BR (P<0.01) and BR+PL (P<0.05) 368	

but not PL+PL. Muscle [lactate] was not significantly different between conditions 369	

at 120 min but, compared to 120 min, muscle [lactate] increased significantly 370	

post-TT in all conditions (P<0.01).  371	
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Figure 4.  Mean ± SE muscle [PCr] (panel A), [ATP] (panel b), and [lactate] (panel C) at rest 372	
(PRE), after 120 min moderate-intensity exercise (POST), and after the 4-km time trial (TT), 373	
(n = 9). * = significantly different from PRE to POST, ** = significantly different from POST to 374	
TT. 375	
 376	

TT performance  377	

TT completion time, mean VO2 and mean power output during the TT were not 378	

significantly different between conditions (all P>0.05, Fig. 5). Similarly, maximal 379	

HR, blood [lactate] and blood [glucose] were not different between conditions 380	

(P>0.05; Table 1).  381	
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 390	
Figure 5. Mean ± SE O2 uptake (panel A), power output (panel B), and completion time 391	
(panel C) over the 4-km time trial in PL+PL (black bars), BR+PL (grey bars) and BR+BR 392	
(white bars). Completion times for individual subjects shown in grey lines. 393	
 394	

Discussion 395	

This is the first study to investigate the effect of BR ingestion during exercise, in 396	

addition to pre-exercise, on the physiological responses to prolonged moderate- 397	

intensity exercise, and subsequent TT performance. The major novel findings of 398	

this study were that, compared to pre-exercise BR supplementation alone, a ‘top- 399	

up’ dose of BR consumed during exercise: 1) maintained the elevation of plasma 400	

[NO2
-]; 2) better maintained the lowered O2 cost of exercise; 3) tended to 401	

attenuate the fall in muscle [glycogen] over 2-h of moderate-intensity cycling; but, 402	

4) did not alter simulated 4-km TT performance. Although TT performance was 403	

not significantly improved, our findings indicate that the ingestion of BR during 404	

prolonged exercise, in addition to short-term BR supplementation, may attenuate 405	

the rise in VO2 that typically develops during such exercise.  406	
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Plasma [NO3
-] and [NO2

-] during prolonged moderate-intensity exercise 408	

It is well established that pre-exercise BR supplementation elevates resting 409	

plasma [NO3
-] and [NO2

-] (Bailey et al., 2009; Kelly et al., 2014; Vanhatalo et al., 410	

2010), and the results of the present study were consistent with these previous 411	

reports. After reaching peak values at ~2-3 h following ingestion, plasma [NO2
-] 412	

then declines with time (Webb et al., 2008; Wylie et al., 2013) as well as during 413	

exercise (Kelly et al., 2014; Thompson et al., 2015). Assuming that plasma [NO2
- 414	

] reflects the potential for O2-independent NO synthesis in the vasculature and 415	

skeletal muscle (Gladwin et al., 2000; Webb et al., 2008), a decline in plasma 416	

[NO2
-] over time and during exercise may impact on the efficacy of BR 417	

supplementation in long-duration exercise bouts. Changes in plasma [NO2
-] 418	

during exercise may reflect the utilization of NO2
- to produce NO, conversion of 419	

NO2
- to NO3

- or other reactive nitrogen species, or transport to other body 420	

compartments including skeletal muscle (Piknova et al., 2015). In the present 421	

study, when BR was only consumed pre-exercise (i.e., in the BR+PL condition), 422	

both plasma [NO3
-] (by 16%; P<0.05) and [NO2

-] (by 17%; P=0.07) declined from 423	

baseline to 120 min. However, when BR was also consumed at 60 min into 424	

exercise (i.e. in the BR+BR condition), plasma [NO3
-] was increased above 425	

baseline by 41% at 90 min and 120 min and plasma [NO2
-] was increased above 426	

baseline by 8% at 120 min (Fig. 1). Plasma [NO2
-] was therefore significantly 427	

greater at 120 min in BR+BR compared to BR+PL. These results indicate that, 428	

following pre-exercise BR supplementation, prolonged moderate-intensity 429	

exercise can lead to a substantial reduction in plasma [NO3
-] and [NO2

-], but that 430	

this decline can be negated by BR ingestion during exercise. The results of the 431	

present study demonstrate, for the first time, that BR ingestion during exercise 432	

can lead to relatively rapid changes in plasma [NO3
-] and [NO2

-]. The 433	

pharmacodynamics and pharmacokinetics of plasma [NO3
-] and [NO2

-] following 434	

dietary NO3
- ingestion have been described at rest (Webb et al., 2008; Wylie et 435	

al., 2013a) but not during exercise, and further research is warranted to determine 436	

whether, and to what extent, the NO3
- - NO2

- - NO pathway is impacted by 437	

exercise and its sequelae (including, for example, changes in metabolic rate, core 438	

and oral temperature, distribution of cardiac output, and salivary flow rate).  439	

 440	

Influence of BR on metabolic responses during prolonged moderate-intensity 441	
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exercise 442	

In the present study, VO2 was not significantly different between conditions until 443	

120 min of exercise, at which point it was lower in BR+BR compared to BR+PL 444	

and PL+PL. The increase in VO2 as exercise progressed in BR+PL and PL+PL 445	

was therefore attenuated in BR+BR (Fig. 2). An increasing O2 cost of maintaining 446	

the same work rate during long-duration exercise may be related to an increased 447	

O2 cost of mitochondrial ATP production and/or an increased ATP cost of force 448	

production and could reflect changes over time in substrate utilization, 449	

mitochondrial function and motor unit recruitment (Jones et al., 2011).  450	

 451	

Dietary NO3
- supplementation has been reported to reduce the O2 cost of 452	

exercise in many (Bailey et al., 2009; 2010; Lansley et al., 2011; Larsen et al., 453	

2007; 2011; Vanhatalo et al., 2010; Whitfield et al., 2016), though not all 454	

(Betteridge et al., 2016; Thompson et al., 2015) studies, but the mechanistic basis 455	

for this effect is not fully resolved. Larsen et al. (2011) reported that NaNO3 456	

supplementation enhanced mitochondrial P/O ratio in vitro and found that this 457	

was significantly correlated with the reduction in the O2 cost of cycling in vivo. In 458	

contrast, Whitfield et al. (2016) reported that, while BR reduced the O2 cost of 459	

exercise, it did not alter indices of mitochondrial efficiency. Another explanation 460	

for a lower O2 cost of exercise following NO3
- supplementation is a reduced ATP 461	

cost of muscle contraction. Consistent with this, it has been reported, using 31P 462	

magnetic resonance spectroscopy, that muscle PCr depletion is reduced during 463	

exercise following BR supplementation (Bailey et al., 2010; Fulford et al., 2013). 464	

In the present study, muscle [PCr] determined from biopsy samples tended to be 465	

higher at 120 min of moderate-intensity exercise in BR+BR compared to PL+PL 466	

(P=0.08). Given that the depletion of PCr during exercise reflects the energy cost 467	

of contraction (Jubrias et al., 2008), these results suggest that BR 468	

supplementation may have reduced the metabolic cost of force production. For 469	

the same mitochondrial P/O, a lower ATP requirement at the same power output 470	

would dictate a lower VO2 (Wilson, 2017).    471	

 472	

It has been reported in rodents (Hernández et al., 2012; Ivarsson et al., 2017) 473	

and in humans (Coggan et al., 2015; Haider & Folland, 2014; Whitfield et al., 474	

2017), that muscle contractile force is increased following NO3
- supplementation. 475	
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However, the mechanism responsible for this effect remains to be elucidated 476	

given that modifications to key contractile proteins related to intracellular Ca2+ 477	

handling have been observed in rodents (Hernández et al., 2012) but not humans 478	

(Whitfield et al., 2017). Whitfield et al. (2016) reported an increased emission of 479	

hydrogen peroxide following BR supplementation, suggesting a potential role for 480	

redox signaling in augmenting contractile efficiency (Ferreira & Reid, 2008). 481	

Moreover, at least in rodents, BR supplementation preferentially increases blood 482	

flow to (Ferguson et al., 2013), and increases microvascular O2 pressure 483	

surrounding (Ferguson et al., 2015), type II muscle fibers, which could contribute 484	

to enhanced contractile function. It is possible that, collectively, these effects 485	

lower the O2 cost of long-duration exercise by reducing or delaying the 486	

recruitment of motor units that are higher in the recruitment hierarchy and that 487	

may be less efficient (Barstow et al., 1996; Jones et al., 2011).  488	

 489	

In the present study, we found that muscle glycogen declined by ~28% over 120 490	

min of exercise in BR+BR, compared to ~44% decline in both BR+PL and PL+PL 491	

(Fig. 3). This tendency for muscle glycogen sparing could be reflective of a 492	

reduction in overall metabolic demand (from mitochondrial and/or contractile 493	

efficiency improvements), and therefore a lower absolute requirement for 494	

carbohydrate oxidation. This is supported by the existence of a significant 495	

negative correlation between the absolute VO2 and muscle [glycogen] measured 496	

at 120 min of exercise. It has been reported that muscle glycogen content is 497	

positively correlated with sarcoplasmic reticulum Ca2+ release rate, which may 498	

affect skeletal muscle contractile function (Ørtenblad et al., 2011). The tendency 499	

for muscle glycogen sparing in the BR+BR condition of the present study 500	

suggests a possible new mechanism by which dietary NO3
- might enhance 501	

efficiency during long-duration exercise, with implications for exercise 502	

performance in such events, and is worthy of further investigation.  503	

 504	

There was no difference in RER or blood [glucose] between conditions in the 505	

present study. In some previous studies, RER has been observed to be slightly 506	

(Bailey et al., 2010; Larsen et al., 2011) or significantly (Wylie et al., 2013a) higher 507	

following NO3
- compared to PL supplementation, although most studies have not 508	

found significant differences in RER (Bailey et al., 2009; Betteridge et al., 2016; 509	
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Christensen et al., 2013; Vanhatalo et al., 2010; Whitfield et al., 2016). Wylie et 510	

al. (2013b) reported a lower blood [glucose] during high-intensity intermittent 511	

exercise following BR compared to PL supplementation and suggested that this 512	

may be due to an increased skeletal muscle glucose uptake. It is possible that 513	

this effect is intensity-dependent given that other studies have reported no effect 514	

of BR on glucose handling during moderate-intensity exercise (Betteridge et al., 515	

2016; Christensen et al., 2013). Given that we did not observe differences 516	

between conditions in blood [glucose] or RER, the sparing of muscle glycogen in 517	

BR+BR would appear to be related to a reduced overall muscle metabolic 518	

demand as reflected in the lower O2 cost of exercise. Alternatively, the tendency 519	

for muscle [PCr] to be somewhat better maintained during exercise in BR+BR 520	

compared to PL+PL, which is consistent with the lower VO2 in BR+BR (Bailey et 521	

al., 2010), indicates that muscle energy charge may have been higher when BR 522	

was ingested such that the stimulation of glycogenolysis was reduced 523	

(Hargreaves & Richter, 1988). In contrast to our findings, Betteridge et al. (2016) 524	

reported no effect of pre-exercise BR supplementation on muscle [glycogen] (or 525	

VO2) during 60 min of moderate-intensity cycling. The reason for this difference 526	

is unclear but, in addition to the longer exercise duration and the inclusion of BR 527	

ingestion during as well as pre-exercise, our subjects consumed 12.4 mmol NO3
- 528	

per day for 3 days whereas the subjects in the study of Betteridge et al. (2016) 529	

consumed an acute 8 mmol dose of NO3
- 2.5 hours pre-exercise. The dose and 530	

duration of NO3
- supplementation is one factor that is likely to influence efficacy 531	

(Jones, 2014) since it may influence NO3
- and NO2

- storage in skeletal muscle as 532	

well as blood (Nyakayiru et al., 2017; Piknova et al., 2015; Wylie et al., 2016). 533	

Recent studies indicate that rat (Piknova et al., 2015) and human (Nyakayiru et 534	

al., 2017) skeletal muscle has high [NO3
-] relative to the blood, that the muscle 535	

NO3
- store decreases substantially during exercise in rats (Piknova et al., 2016) 536	

and that muscle [NO3
-] can be modulated by dietary NO3

- content (Gilliard et al., 537	

2018; Nyakayiru et al., 2017).         538	

 539	

Influence of BR on metabolic responses and performance during TT exercise 540	

Plasma [NO2
-] declined markedly during the TT (Fig. 1B). This greater rate of 541	

decline in plasma [NO2
-] from 120 min to post-TT is in contrast to the more gradual 542	

decline in plasma [NO2
-] observed from baseline to 120 min in the BR+PL 543	
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condition, which may suggest an exercise-intensity dependency of plasma [NO2
- 544	

] dynamics. Indeed, previous research has reported significant reductions in 545	

plasma [NO2
-] following high-intensity exercise of shorter duration (Kelly et al., 546	

2014; Shannon et al., 2017; Thompson et al., 2015; Wylie et al., 2013b). It is 547	

possible that the greater degree of hypoxia and acidosis that would be expected 548	

to develop in skeletal muscle during high-intensity exercise, such as TT, 549	

compared to moderate-intensity exercise, facilitates or dictates a greater 550	

reduction of NO2
- to NO (Modin et al., 2001). Moreover, a greater recruitment of 551	

type II muscle fibers, which have a lower microvascular O2 pressure compared 552	

to type I fibers (Ferguson et al., 2015), during higher intensity exercise may also 553	

result in a greater reduction of NO2
- to NO.  554	

 555	

It is perhaps surprising that, despite evidence that the metabolic cost of the initial 556	

long-duration exercise bout was reduced in BR+BR (i.e. lower end-exercise >O2 557	

and trends for a sparing of muscle [PCr] and [glycogen]), subsequent simulated 558	

4-km TT performance was not different between the three conditions. Our results 559	

are consistent, in part, with those of Christensen et al. (2013) who reported that 560	

performance in a 400-kcal cycle TT, which began after a 2-h moderate-intensity 561	

‘pre-load’, was not significantly altered by BR compared to PL in elite cyclists 562	

(18.3 vs. 18.6 min, respectively). The influence of NO3
- supplementation on TT 563	

performance is controversial (Cermak et al., 2012a; Cermak et al., 2012b; 564	

Christensen et al., 2013; Lane et al., 2014; Lansley et al., 2011a; McQuillan et 565	

al., 2017; Peeling et al., 2015; Shannon et al., 2017; Wilkerson et al., 2012) and 566	

whether or not NO3
- ingestion is performance-enhancing appears to depend on 567	

factors such as subject training status, the dose and duration of NO3
- 568	

supplementation, and the intensity,  duration, and modality of exercise (Jones, 569	

2014). Positive effects of NO3
- supplementation are more likely to be exhibited in 570	

tests of exercise capacity rather than TT efforts (McMahon et al., 2017). When 571	

observed, the ergogenic effect of NO3
- supplementation on TT performance, 572	

while relatively small (~2%; Cermak et al., 2012a; Lansley et al., 2011a; Peeling 573	

et al., 2015; Shannon et al., 2017), may be meaningful in terms of competitive 574	

performance. However, as is the case for the majority of putative nutritional 575	

ergogenic aids, the magnitude of this effect is within the sensitivity of most 576	

laboratory tests (Jonvik et al., 2015) and may be obscured by intrinsic variability 577	
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in performance as well as subject motivation. It is possible that the apparently 578	

positive effects of BR on some physiological variables during prolonged exercise 579	

that we found were simply too small to impact on TT performance. However, it is 580	

also possible that a greater exercise pre-load, resulting in greater glycogen 581	

depletion, and/or the inclusion of a longer duration TT, or a higher-sensitivity test 582	

of exercise capacity (McMahon et al., 2017), might have enabled the detection of 583	

a beneficial effects of BR on exercise performance. Administering the top-up dose 584	

of BR earlier than 60 min and/or increasing the duration of the moderate-intensity 585	

exercise bout might have enabled plasma [NO2
-] to reach a higher value prior to 586	

the TT and perhaps resulted in a performance benefit.  587	

 588	

Experimental Considerations 589	

Although there was no significant difference in muscle [glycogen] between 590	

conditions at 120 min of exercise, the decline in muscle [glycogen] between 591	

resting baseline and 120 min was significantly attenuated in BR+BR compared to 592	

PL+PL. The changes in muscle [PCr] and VO2 during exercise were also 593	

significantly smaller in BR+BR compared to PL+PL. Although statistical 594	

significance was not attained, the changes in muscle [glycogen], muscle [PCr] 595	

and VO2 over time also tended to be smaller in BR+BR compared to BR+PL. The 596	

significant inverse correlation across conditions between the absolute >O2 and 597	

the absolute muscle [glycogen] at 120 min lends confidence to the interpretation 598	

that the sparing of muscle glycogen utilization was related to changes in oxidative 599	

metabolic demand following BR ingestion. However, it should be acknowledged 600	

that the extent of the sparing of muscle glycogen utilization between baseline and 601	

120 min in BR+BR (~100 mmol·kg-1 DW) compared to PL+PL (~186 mmol·kg-1 602	

DW) and BR+PL (~168 mmol·kg-1 DW) was much greater than would be 603	

expected based on the comparatively small differences in VO2 and [PCr] we 604	

measured. There is the possibility, therefore, that the differences in muscle 605	

[glycogen] may have been overestimated in the present study. Additional studies 606	

are required to investigate the influence of pre- and in-exercise NO3
- 607	

supplementation on changes in muscle [glycogen] in a larger sample and in 608	

trained as well as untrained participants.              609	

 610	

If a glycogen sparing effect of BR ingestion during exercise can be confirmed, 611	
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this may have important implications not just for single long-endurance events 612	

but also for multi-day endurance events such as cycle tours and expeditions, 613	

wherein muscle [glycogen] may fall progressively over consecutive days of 614	

exercise. It is also possible that consuming BR during arduous endurance training 615	

programs might attenuate fatigue development related to glycogen availability 616	

and enable additional training to be completed.  617	

 618	

Strengths and limitations 619	

This Experimental Chapter provides interesting insight to the muscle metabolic 620	

response during prolonged exercise following NO3
-. However, despite the results 621	

suggesting the potential for NO3
- to preserve intramuscular glycogen and PCr 622	

concentractions, it is important to note that these were statistically trends. 623	

Therefore, it could be possible that limitations associated with the experimental 624	

design need to be considered for future investigations. Firstly, it could be possible 625	

that more pronounced effects of NO3
– would be observed with greater muscle 626	

glycogen depletion. In addition, it could be possible that the exercise performance 627	

task required a longer duration to observe more pronounced effects. Lastly, the 628	

timing in the adminstration of the ‘top up’ dose could influence the physiological 629	

responses measured.  630	

 631	

Conclusion 632	

A single dose of BR ingested during exercise in addition to pre-exercise BR 633	

supplementation increased plasma [NO3
-] and preserved an elevated plasma 634	

[NO2
-] during prolonged moderate-intensity exercise. This was associated with 635	

an attenuated upward drift in the O2 cost of exercise, and a tendency for a sparing 636	

of muscle glycogen and PCr, effects which might be expected to predispose to 637	

enhanced exercise tolerance. In conclusion, BR supplementation during exercise 638	

can modulate plasma [NO3
-] and [NO2

-] dynamics and attenuate the progressive 639	

rise in VO2 during prolonged moderate-intensity exercise. However, under the 640	

conditions of the present study, subsequent TT performance was not enhanced 641	

by BR supplementation. 642	

 643	

The results of Experimental Chapter 5 suggest that NO3
–-rich beetroot juice 644	

ingested before and during exercise have the potential to preserve intramuscular 645	
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glycogen and phosphocreatine although it had no effect on subsequent exercise 646	

performance. Experimental Chapter 5 achieved the second aim of the present 647	

thesis by suggesting that NO3
–-rich beetroot juice could influence prolonged type 648	

exercise and that changing the supplementation strategy may have beneficial 649	

effects. Given that the muscle metabolic cost was improved from Experimental 650	

Chapter 5, Experimental Chapter 6 sought to investigate if the improvements to 651	

muscle metabolic demand were related to changes to skeletal muscle contractile 652	

efficiency.  653	
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The effect of dietary nitrate supplementation on skeletal muscle 654	

contractile efficiency and O2 cost of prolonged single-leg knee 655	

extensor exercise  656	

 657	

The third aim of the present thesis was to investigate whether skeletal muscle 658	

contractile efficiency changed over prolonged exercise and if short-term ingestion 659	

of nitrate had any influence on this physiological response. Given that 660	

Experimental Chapter 5 provided insight to the potential of nitrate in preserving 661	

muscle metabolite concentrations during prolonged exercise, Experimental 662	

Chapter 6 sought to achieve the third aim of the present thesis by measuring 663	

intramuscular phosphocreatine over prolonged knee extensor exercise.  664	

 665	

Introduction 666	

The efficiency of skeletal muscle contraction is an important determinant of 667	

endurance exercise performance (Joyner & Coyle, 2008). Muscle efficiency can 668	

be understood in terms of contractile efficiency, which reflects the adenosine 669	

triphosphate (ATP) cost of muscle force production, and metabolic efficiency, 670	

which reflects the energy or oxygen (O2) cost of resynthesizing ATP (Whipp & 671	

Wasserman, 1969). In humans performing whole body exercise, gross efficiency 672	

(GE), defined as the ratio of mechanical work output to total metabolic cost, is 673	

typically reported to approximate 18-25% (Poole & Richardson, 1997; Joyner & 674	

Coyle, 2008) and this appears to be relatively insensitive to factors such as age, 675	

aerobic fitness and training status (Moseley et al., 2004). There is evidence, 676	

however, that GE declines during both high-intensity exercise (Bangsbo et al., 677	

2001; Krustrup et al., 2003), and prolonged, fatiguing endurance exercise 678	

(Brueckner et al., 1991; Hopker, O’Grady & Pageaux, 2017) as a consequence 679	

of factors such as impaired skeletal muscle contractile function (Allen & 680	

Trajanonovska, 2012; Vøllestad et al., 1990), a progressive recruitment of type II 681	

muscle fibres (Endo et al., 2007; Krustrup et al., 2004), decreased mitochondrial 682	

efficiency (Fernström et al., 2007), reduced muscle glycogen stores and changes 683	

in metabolic substrate (Ørtenblad et al., 2011). It is unclear whether the fall in GE 684	

during prolonged endurance exercise is related more to changes in muscle 685	

contractile efficiency or metabolic efficiency.    686	
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 687	

Supplementation of the diet with inorganic nitrate (NO3
–), which is reduced in vivo 688	

to nitrite (NO2
–) and thence to nitric oxide (NO; Lundberg et al., 2008), lowers the 689	

O2 cost of submaximal exercise (Bailey et al., 2009; Larsen et al., 2007; 690	

Vanhatalo et al., 2010). There are several possible mechanisms, that are not 691	

mutually exclusive, that may contribute to this phenomenon (Jones, 2014). 692	

Dietary NO3
– supplementation may: 1) lower the ATP cost of muscle force 693	

production, reflecting improved skeletal muscle contractile efficiency (Bailey et 694	

al., 2010); 2) lower the O2 cost of ATP resynthesis, indicating improved 695	

mitochondrial efficiency (i.e. P/O ratio; Larsen et al., 2011; cf. Whitfield et al., 696	

2016); and 3) enhance skeletal muscle O2 availability (Ferguson et al., 2013; 697	

Ferguson et al., 2015), thereby offsetting the development of muscular fatigue 698	

and better preserving GE (Grassi et al., 2015).  699	

 700	
31Phosphorus magnetic resonance spectroscopy (31P-MRS) enables non- 701	

invasive quantification of intramuscular high-energy phosphate compounds (i.e. 702	

ATP, adenosine diphosphate (ADP), phosphocreatine (PCr), inorganic 703	

phosphate (Pi) and pH in skeletal muscle with high temporal resolution at rest and 704	

during exercise and subsequent recovery (Arnold et al., 1984; Kemp, Taylor & 705	

Radda, 1993). 31P-MRS can be used to estimate the rate of ATP turnover for a 706	

given external power output, which is proportional to changes in muscle [PCr], 707	

and to estimate muscle mitochondrial oxidative capacity from the time constant 708	

(#) of post-exercise muscle [PCr] recovery kinetics (Arnold et al., 1984; Haseler 709	

et al., 1999). When combined with measurements of pulmonary gas exchange, 710	
31P-MRS has the potential to differentiate between contractile and metabolic 711	

determinants of changes in GE during exercise.  712	

 713	

We have previously reported, using 31P-MRS, that dietary NO3
– supplementation 714	

enabled a higher steady-state muscle [PCr] compared to a placebo condition 715	

during short duration (6-10 min), low-intensity, single-leg knee-extensor exercise 716	

(Bailey et al., 2010; Vanhatalo et al., 2014). The lower PCr cost of exercise 717	

following NO3
– supplementation was proportional to the lower O2 cost of exercise 718	

(Bailey et al., 2010), implying that improvements in GE with NO3
– 719	

supplementation are related to an improved muscle contraction coupling 720	
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efficiency. We have also reported that dietary NO3
– supplementation resulted in 721	

faster muscle [PCr] recovery kinetics, indicative of a greater maximal rate of 722	

mitochondrial ATP resynthesis, in hypoxia but not normoxia (Vanhatalo et al., 723	

2011; 2014). There are contrasting reports on whether NO3
– supplementation 724	

influences ex vivo biomarkers of mitochondrial efficiency (Hezel et al., 2015; 725	

Larsen et al., 2011; 2014; Ivarsson et al., 2017; Whitfield et al., 2016). To date, 726	

the effects of NO3
– supplementation on contractile and/or metabolic efficiency 727	

and mitochondrial function have been investigated under resting conditions or 728	

during short (<10 min) bouts of submaximal exercise. Given that prolonged (1-2 729	

hours) endurance exercise results in a progressive loss of GE, a combined 730	

assessment of muscle energetics using 31P-MRS and pulmonary gas exchange 731	

would facilitate investigation of changes in contractile efficiency, metabolic 732	

efficiency, and muscle oxidative capacity both with respect to exercise duration 733	

and as a consequence of dietary NO3
– supplementation.  734	

 735	

Accordingly, the purpose of the present study was to investigate the influence of 736	

dietary NO3
– supplementation on skeletal muscle contractile efficiency, metabolic 737	

efficiency and oxidative capacity during a 2 h constant-work-rate exercise 738	

protocol. We hypothesised that: 1) over the duration of exercise, GE would 739	

decline, as reflected by a progressive fall in muscle [PCr] and a progressive rise 740	

in pulmonary VO2, and that [PCr] recovery kinetics would become slower; and 2) 741	

dietary NO3
– supplementation would attenuate the decline of GE by enabling a 742	

better maintenance of muscle [PCr] and pulmonary VO2. We also hypothesised 743	

that [PCr] recovery kinetics would become slower over time during the prolonged 744	

exercise bout but that this would be attenuated by dietary NO3
– supplementation.  745	

 746	

Materials and Methods 747	

Subjects  748	

Eleven recreationally active subjects volunteered to take part in this study, 749	

including five males (mean ± SD: age 22 ± 4 years, body mass 83 ± 10 kg, 750	

height 1.82 ± 0.08 m) and six females (mean ± SD: age 21 ± 2 years, body 751	

mass 68 ± 7 kg, height 1.67 ± 0.04 m). The protocols, risks, and benefits of 752	

participating were explained prior to obtaining written informed consent. This 753	

study was approved by the Institutional Research Ethics Committee and 754	
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conformed to the code of ethics of the Declaration of Helsinki. A priori power 755	

analysis showed that a sample size of eleven would provide a power = 0.95, 756	

alpha = 0.05, an effect size = 1.25.  757	

 758	

Experimental Protocol  759	

The subjects reported to the laboratory on seven occasions over a 9-wk period. 760	

MRS-based exercise tests for the determination of in vivo skeletal muscle 761	

energetics were conducted using a custom-designed knee ergometer with 762	

subjects positioned in the prone position inside a whole-body MRS system (1.5T, 763	

Intera, Philips, The Netherlands) at the Exeter MR Research Centre. Subjects 764	

performed knee extensions in which the range of motion was dependent on 765	

individual limb length (Figure 1A). 766	

 767	
Figure 1A. Approximate range of motion of the knee extension exercise protocol. 768	
 769	
Due to restrictions in operating the equipment within a magnetic environment, 770	

pulmonary gas exchange was measured and blood samples were collected using 771	

the same exercise equipment placed within a custom-built simulation of the MRS 772	

system situated in a separate research laboratory. Subjects were secured to the 773	

ergometer bed via Velcro straps at the thigh, buttocks and lower back to minimise 774	

extraneous movement. The right foot was fastened to a padded foot brace, which  775	

was connected to the ergometer load basket using a rope and pulley system. This 776	

allowed for the performance of rhythmic single-leg knee-extension exercise over 777	

a distance of ~ 0.22 m. Subjects lifted the weight in accordance with an auditory 778	

cue at a frequency of 40/min. For the exercise tests conducted inside the whole- 779	

body MRS system, a 6-cm 31P transmit/receive surface coil was placed within the 780	

scanner bed and the subject asked to lie upon it such that the coil was centred 781	

over the quadriceps muscle of the right leg.  782	
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 783	

All subjects were familiarised to the exercise protocol prior to data collection to 784	

minimise learning effects and ensure accurate work rates could be determined 785	

for each individual. During the first visit within the whole-body MRS system, each 786	

subject completed a step incremental exercise test to volitional exhaustion for the 787	

determination of the work rate to be used during the prolonged constant work- 788	

rate exercise bouts of the experimental visits. Following a 1 min period of rest, 789	

subjects commenced single-leg knee extension exercise against an initial basket 790	

load of 2 kg. Thereafter, the basket load was increased by 0.5 kg at the end of 791	

each 5 min stage until the subjects were no longer able to maintain the required 792	

frequency (40/min) with appropriate form (i.e. smooth, continuous movement 793	

over the full range of motion). Pilot experiments indicated that an appropriate 794	

sustainable work rate during a prolonged continuous exercise bout was 1 kg 795	

below the highest work rate at which muscle [PCr] remained stable during the 796	

step incremental test.  797	

 798	

During the second laboratory visit, the work rate to be used for the assessment 799	

of the PCr recovery time constant (#) was determined. This was defined as the 800	

highest work rate that the subject could maintain for 24 s without compromising 801	

the timing and range of motion of the knee-extension task. This approach enables 802	

a marked reduction in [PCr] in a short period of time without pH falling below the 803	

resting baseline (Holliss et al., 2013; Vanhatalo et al. 2011).  804	

 805	

The work rates determined for the prolonged continuous exercise bout and the 806	

24 s high-intensity exercise bouts for each subject during visit 1 and 2 were used 807	

during all subsequent visits. During the third visit to the laboratory, subjects 808	

performed a familiarisation to the 2 h exercise protocol, consisting of prolonged  809	

single-leg knee extensions, to ensure the work rate was sustainable for the entire 810	

duration. In addition, subjects performed four 24 s high-intensity exercise bouts 811	

separated by 2 min 36 s of rest at 1, 53, and 105 min. Due to the exercise being 812	

performed in the prone position, the subject’s ankle was in the plantar-flexed 813	

position and three subjects were unable to complete the full 2 h at their calculated 814	

work rate owing to ankle pain. The work rate for these subjects were reduced by 815	

0.5 kg and the familiarisation repeated to ensure the completion of the exercise. 816	
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Work done was calculated as the product of force and displacement. The work 817	

rates were 19 ± 4 W for the prolonged continuous exercise bout, and 58 ± 13 W 818	

for the 24 s high-intensity exercise bouts. 819	

 820	

Following completion of familiarisation, subjects were randomly allocated in a 821	

double-blind, crossover fashion to receive either NO3
–-rich beetroot juice or a 822	

NO3
–-depleted placebo juice (see Supplementation). Within each condition, 823	

subjects completed two 4-day supplementation periods separated by 7-day 824	

wash-out period such that subjects performed the experimental protocol in the 825	

whole-body MRS for one supplementation period, and in the simulation MRS for 826	

the remaining supplementation period (Fig. 1B).  827	

 828	
Figure 1B. Schematic diagram of the experimental protocol. BR = beetroot supplementation; 829	
PL = placebo supplementation; MRS = magnetic resonance spectroscopy. 830	
 831	
Subjects recorded their activity and diet during the 24-h prior to the first 832	

experimental visit and were asked to repeat these for subsequent visits. Subjects 833	

were also instructed to arrive at the laboratory having avoided strenuous exercise 834	

and alcohol in the 24-h preceding, and caffeine in the 8-h preceding, each 835	

experimental visit. The experimental protocol was performed on day 4 of each 836	

supplementation period. During the experimental visits in the whole-body MRS 837	

system, a resting blood sample was obtained, and 31P-MRS was used to measure 838	

muscle high-energy phosphates and to calculate pH. During the experimental 839	

visits in the simulation MRI, gas exchange was measured and blood samples 840	

were obtained at baseline (1 to 13 min), half-way (53 to 65 min), and end-exercise 841	

(105 to 117 min, Fig. 1C). The experimental protocol consisted of a 1 min period 842	

of rest, followed by a prolonged continuous bout of prone knee extensor exercise 843	



Chapter 6: Dietary nitrate supplementation on contractile efficiency and O2 cost 
of prolonged exercise  

	 137 

for 80-min interspersed with four 24 s bouts of high-intensity exercise at 1, 53, 844	

and 105 min, separated by periods of rest lasting 2 min 36 s. Experimental visits 845	

were performed at the same time of day (± 2 h). Subjects recorded their activity 846	

and diet during the 24 h prior to the first experimental visit and were asked to 847	

repeat these for subsequent visits.  848	
 849	
 850	
 851	

Figure 1C. Schematic diagram of the exercise protocol.  852	
 853	

Supplementation 854	

Subjects were randomly allocated to four 4-day supplementation periods (Fig. 855	

1B) in which they consumed 2 x 70 mL doses per day of either concentrated NO3
- 856	

-rich (BR: ~6.2 mmol NO3
- per 70 mL; Beet It Sport, James White Drinks, Ipswich, 857	

UK) or NO3
--depleted placebo (PL: ~0.04 mmol NO3

- per 70 mL; Beet It Sport, 858	

James White Drinks, Ipswich, UK) separated by a minimum of 7 days for a wash- 859	

out period. On the first three days of each supplementation period, subjects 860	

consumed one 70-mL beverage in the morning and one in the evening, whereas 861	

on the experimental day, subjects consumed 2 x 70 mL of their allocated 862	

beverage in the morning 2.5 h prior to the exercise. This time frame was chosen 863	

because peak plasma [NO2
-] occurs ~2 to 3 h following NO3

- supplementation 864	

(Wylie et al., 2013a). 865	

 866	
31P-MRS data 867	
31P-MRS data, with a spectral width of 1,500 Hz and 1,000 data points, were 868	

acquired every 1.5 s. Phase cycling with four phase cycles led to a spectrum 869	
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being acquired every 6 s. The subsequent spectra were quantified by peak 870	

fitting using the AMARES fitting algorithm in the jMRUI (v3) software package. 871	

Absolute values of [PCr] and [Pi] were subsequently calculated from the PCr-to- 872	

ATP and Pi-to-ATP ratios, with the assumption of 8.2 mM ATP. Intracellular pH 873	

was calculated using the chemical shift of the Pi spectra relative to the PCr 874	

peak. [ADP] was calculated as described by Kemp et al. (27). In all cases, 875	

relative amplitudes were corrected for partial saturation resulting from the short 876	

repetition time relative to T1 relaxation time via a spectrum consisting of 24 877	

averages that was acquired with a TR of 20 s before the commencement of 878	

exercise testing. 879	

 880	

To derive the [PCr] # values following the 24 s exercise bouts, PCr recovery was 881	

fitted with Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA) with a 882	

single exponential of the form: 883	

CDE(7)	 = CDE(FGH) + CDE(J) 1 − 4(57/<  884	

 885	

where PCrend is the value at the end of exercise, PCr(0) is the difference between 886	

the PCr at end exercise and fully recovered, t is the time from exercise cessation 887	

and # is the time constant for the exponential recovery of PCr. After each 24 s 888	

exercise period, recovery kinetics were fitted over the subsequent 150 s and # 889	

determined. The four separate # values for the four 24 s exercise bouts at each 890	

sampling window (baseline, half-way, and end-exercise) were then averaged to 891	

generate a single value. 892	
 893	
 894	
 895	
 896	
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 897	
Figure 1D. Example fit of PCr recovery kinetics of an individual subject. 898	
 899	

Blood data 900	

During experimental visits where 31P-MRS measures were made, a baseline 901	

blood sample was obtained via venepuncture at the antecubital vein prior to the 902	

exercise protocol being completed. During laboratory visits, prior to the 903	

commencement of the exercise protocol, a cannula (Insyte-WTM Becton- 904	

Dickinson, Madrid, Spain) was inserted in the subject’s antecubital vein for blood 905	

sampling at 0, 60 and 120 min of the exercise. Owing to difficulties with drawing 906	

from the cannula, blood data are reported for n=10.  907	

 908	

All blood samples were drawn into 6 mL lithium heparin tubes (Vacutainer, 909	

Becton-Dickinson, New Jersey, USA). The samples were centrifuged at 4000 rpm 910	

and 4°C for 10 min and plasma was then immediately extracted and frozen at - 911	

80°C for [NO3
-] and [NO2

-] analysis via gas phase chemiluminescence as 912	

previously described (Wylie et al., 2013a). Prior to analysis, samples were 913	

deproteinized using procedures outlined in Tan et al. (2018).  914	

 915	

Pulmonary gas exchange and gross efficiency 916	

Subjects wore a nose clip while breathing through a low-dead space mouthpiece 917	

and impeller turbine assembly (Triple V, Jaeger, Hoechburg, Germany) 918	

connected to paramagnetic (O2) and infrared (CO2) analyzers (Oxycon Pro; 919	

Jaeger, Hoechburg, Germany) through a capillary line. Prior to each test, the gas 920	

analysers were calibrated with gases of known concentration, and the volume 921	

transducer was calibrated with a 3 L syringe (Hans-Rudolph, Kansas City, MO). 922	
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The gas exchange data were averaged in 10 s time bins for further analysis. GE 923	

was calculated as the ratio of work done to energy expenditure as described in 924	

Hopker et al. (2017).  925	

 926	

Statistical analyses  927	

A two-way repeated measures analysis of variance (ANOVA) was used to assess 928	

differences between BR and PL conditions and across time for [PCr] recovery #, 929	

pulmonary VO2 and GE at baseline (1 to 13 min), half-way (53 to 65 min), and 930	

end-exercise (105 to 117 min). A two-way repeated measures ANOVA (condition 931	

x time) was used to assess differences between BR and PL conditions an across 932	

time for plasma [NO3
-], [NO2

-] measured at 0, 60, and 120 min. A two-way  933	

repeated measures ANOVA was used to examine any differences between BR 934	

and PL conditions in the muscle metabolic milieu ([PCr], [Pi], pH) and were 935	

analysed in 1 min bouts from 14 to 15 min, 33 to 34 min, 48 to 49 min, 69 to 70 936	

min, 88 to 89 min, and 103 to 104 min. A one-way repeated measures ANOVA 937	

was used to examine the effect of time on the muscle metabolic milieu prior to 938	

the 24 s high-intensity exercise bouts. Significant main and interaction effects 939	

were further explored using one-way repeated measures ANOVA and Fisher’s 940	

Least Significant Difference test. Differences in the change in [NO3
–], [NO2

–] and 941	

pulmonary VO2 between male and females were assessed using Student’s paired 942	

t-tests and an analysis of covariance (ANCOVA). Statistical significance was 943	

accepted at P<0.05. Results are presented as mean ± SD unless otherwise 944	

stated. 945	

 946	

Results 947	

Plasma [NO3
–] and [NO2

–] 948	

Plasma [NO3
–] and [NO2

–] data are shown in Fig. 2. There was a main effect of 949	

condition only (P<0.0001) for plasma [NO3
-]. During the laboratory test, resting 950	

plasma [NO3
-] was significantly elevated in BR (439 ± 173 µM) compared to PL 951	

(75 ± 170 µM, P<0.001, Fig. 2A). Plasma [NO3
–] did not change during the 952	

duration of the exercise protocol (P>0.05). During the MRS test, resting plasma 953	

[NO3
–] was significantly elevated in BR (458 ± 104 µM) compared to PL (20 ± 3 954	

µM, P<0.0001, Fig. 2B). There was an interaction effect (condition x time, 955	

P<0.05) and a main effect of condition (P<0.05) for plasma [NO2
-]. During the 956	
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laboratory test, resting plasma [NO2
–] was elevated in BR (433 ± 299 nM) 957	

compared to PL (149 ± 76 nM, P<0.05, Fig. 2C), and tended to be greater in BR 958	

at half-way (589 ± 496 nM, P=0.06) and at end-exercise (599 ± 481 nM, 959	

P=0.07) compared to at rest. Plasma [NO2
-] did not change during the duration 960	

of the exercise protocol in PL (P>0.05). During the MRS test, resting plasma 961	

[NO2
–] was elevated in BR (529 ± 266 nM) compared to PL (98 ± 31 nM, 962	

P<0.001, Fig. 2D). There was no difference between males and females in the 963	

change in plasma [NO3
–] (M: 347.15 ± 215.33 vs. F: 382.23 ± 232.92 µM, 964	

P>0.05) and [NO2
–] (M: 127.5 ± 104 vs. F: 478.0 ± 384.76 nM, P>0.05); BR – 965	

PL) at rest (Fig. 3). A one-way ANCOVA was conducted to compare the change 966	

in oxygen uptake following BR and PL, whilst controlling for sex. Levene’s test 967	

and normality were carried out and the assumptions met. There was no 968	

significant difference in the change in oxygen uptake between conditions 969	

(P>0.05) although there was a significant effect of sex (P<0.05). 970	

 971	
Figure 2. Mean ± SEM of plasma nitrate concentrations ([NO3

-]) during the laboratory visit 972	
over a 2-h single-leg knee extensor exercise protocol (panel A), and at rest during the MRS 973	
visit (panel B) following nitrate-rich beetroot juice (BR; open circle and bar), and nitrate- 974	
depleted beetroot juice supplementation (PL; solid circle and bar). Mean ± SEM of plasma 975	
nitrite concentrations ([NO2

-]) during the laboratory visit over a 2-h single-leg knee extensor 976	
exercise protocol (panel C), and at rest during the MRS visit (panel D) following BR (open 977	
circle and bar), and PL (solid circle and bar) supplementation. * = significantly different from 978	
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PL. 979	
 980	

 981	
Figure 3. Change in plasma nitrate ([NO3

-]; panel A) and nitrite ([NO2
-]; panel B) following 982	

BR (BR – PL; µM, nM) in males (n=5) and females (n=5) and the change in pulmonary VO2 983	
measured over time in BR (120 – 0 min; ml·kg1·min-1; panel C) between males (n=5) and 984	
females (n=6). 985	
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Muscle metabolic responses during prolonged continuous exercise  

The muscle metabolic responses to prolonged exercise are shown in Fig. 4. 

There was an interaction effect (condition x time, P<0.05) for [PCr] during 

prolonged continuous exercise such that [PCr] declined from 14-15 min to 69-70 

min in placebo only (P<0.05). There was an interaction effect (condition x time, 

P<0.01) and a main effect of time for [Pi] (P<0.01). There was a main effect of 

time only for pH (P<0.0001) where pH decreased in both conditions over the 

prolonged exercise bout (Fig. 4B and 4C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Group mean of representation of a 2-h continuous low-intensity prolonged single-

leg knee extensor exercise protocol for the determination of intramuscular [phosphocreatine] 

([PCr], panel A), [inorganic phosphate] ([Pi], panel B), and pH (panel C), interspersed with 

four 24-s high-intensity bouts for the determination of [PCr] # from baseline (1 to 13 min), 

half-way (53 to 65 min), and end-exercise (105 to 117 min). Intramuscular [PCr], [Pi] and pH 
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were analyzed in 1 min bouts from 14 to 15 min, 30 to 31 min, 48 to 49 min, 69 to 70 min, 88 

to 89 min, and 103 to 104 min. † = significantly different from 14 to 15 min in PL (P<0.05), ** 

= significantly different from 69 to 70 min in PL (P<0.05),  # = significantly different from 88 

to 89 min in PL (P<0.05), ‡ = significantly different from 103 to 104 min in PL (P<0.05),  a = 

significantly different from 103 to 104 min in BR (P<0.05), b = significantly different from 69 

to 70 min in BR (P<0.05), c = significantly different from 30 to 31 min (P<0.01), d = 

significantly different from 30 to 31 min (P<0.05). 

 

[PCr] recovery kinetics 

There was no main effect of time on baseline [PCr] during the rest periods prior 

to the 24 s high-intensity bouts in either condition (P>0.05). The amplitude of 

[PCr] degradation during the 24 s high-intensity bouts were not different between 

conditions (P>0.05) or over time (P>0.05). The amplitude of pH reduction during 

the 24 s high-intensity bouts was not different between conditions (P>0.05) or 

over time (P>0.05). 

 

The [PCr] # measured during recovery is shown in Fig. 5. There was no effect of 

condition on [PCr] recovery # (P>0.05) but [PCr] recovery # decreased over time 

in both conditions (P<0.001). 

 

 

 

 

 

 

 

 
Figure 5. Mean ± SEM of muscle [PCr] recovery kinetics (#) averaged over the four 24-s 

high-intensity bouts during baseline (1 to 13 min), half-way (53 to 65 min), and end-exercise 

(105 to 117 min). In BR, [PCr] recovery # sped up from baseline to end-exercise (35 ± 6 vs. 

27 ± 4-s, P=0.001), baseline to half-way (35 ± 6 vs. 29 ± 5-s, P<0.01), and was not different 

from half-way to end-exercise (29 ± 5 vs. 27 ± 4-s, P>0.05). In PL, [PCr] recovery # sped up 

from baseline to end-exercise (37 ± 8 vs. 25 ± 6-s, P<0.0001), and tended to speed up from 

baseline to half-way (37 ± 8 vs. 31 ± 8-s, P=0.06), and from half-way to end-exercise (31 ± 8 

vs. 25 ± 6-s, P=0.06). * = significantly different from baseline (P<0.01), # = significantly 

different from half-way (P<0.01).  
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Pulmonary gas exchange and gross efficiency 

The pulmonary VO2 responses during the prolonged exercise bout are illustrated 

in Fig. 6. There was a main effect of time (P<0.01) on VO2 measured at baseline, 

half-way, and end-exercise. There was a main effect of time (P<0.05) only on 

RER. RER declined in both PL (baseline: 1.06 ± 0.16 vs. half-way: 0.98 ± 0.19 

vs. end-exercise: 0.93 ± 0.17) and BR (baseline: 1.03 ± 0.14 vs. half-way: 0.95 ± 

0.13 vs. end-exercise: 0.91 ± 0.13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Mean ± SEM of pulmonary VO2 measured during baseline (1 to 13 min), half-way 

(53 to 65 min), and end-exercise (105 to 117 min) during the four 24-s high-intensity bouts 

following nitrate-rich beetroot juice (BR; open bar) and nitrate-depleted beetroot juice (PL; 

solid bar) supplementation (panel A), and individual pulmonary >o2 responses over time 

(panel B). * significantly different from baseline (P<0.001); # = significantly different from half-

way (P<0.05). 

 

GE during the prolonged exercise protocol is illustrated in Fig. 6. There was a 

main effect of time (P<0.05) on GE. GE declined in both PL (baseline: 6.43 ± 

1.82% vs. half-way: 6.14 ± 1.56% vs. end-exercise: 5.89 ± 1.36%) and BR 

(baseline: 5.91 ± 0.97% vs. half-way: 5.73 ± 0.98% vs. end-exercise: 5.63 ± 
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0.90%).  

 
Figure 7. Group mean ± SEM GE calculated during baseline (1 to 13 min), half-way (53 to 

65 min), and end-exercise (105 to 117 min) during the four 24-s high-intensity bouts 

interspersed with 2 min 36 s of recovery following nitrate-rich beetroot juice (BR; open bar) 

and nitrate-depleted beetroot juice (PL; solid bar) supplementation. # = significantly different 

to baseline (P<0.05); ‡ = significantly different to half-way (P<0.05).  

 

Discussion 

The major novel finding of this study was that dietary NO3
– supplementation did 

not influence the PCr cost of force production or GE during a 2 h exercise protocol 

consisting of continuous single-leg knee extensor exercise interspersed with 

intermittent high-intensity exercise. This finding is not consistent with the 

hypothesis that dietary NO3
– supplementation improves skeletal muscle 

contractile efficiency during prolonged exercise. Another novel, and surprising, 

finding of this study was that [PCr] recovery # became shorter (i.e., [PCr] recovery 

was accelerated) over time in both conditions, suggesting that, while the maximal 

rate of oxidative ATP resynthesis was improved over time during the prolonged 

exercise bout, this was not impacted by NO3
– supplementation. In agreement to 

our hypothesis, we observed that the PCr cost of force production declined over 

time in the placebo condition and that pulmonary VO2 increased over time during 

prolonged exercise. Collectively, these results suggest that dietary NO3
– 

supplementation does not influence skeletal muscle efficiency or GE during 2 h 

of prolonged, low-intensity knee extensor exercise.   

 

Effects of dietary nitrate supplementation on PCr cost of force production 

In the present study, we observed that muscle [PCr] declined over time in the 
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placebo condition, but there was no significant difference following 4 days of 

dietary NO3
– supplementation compared to placebo throughout 2 h of constant 

work-rate, single-leg knee extensor exercise. This is in contrast to previous 

studies showing that NO3
– supplementation reduced the PCr cost of force 

production during shorter (4-10 min) bouts of moderate- and severe-intensity 

(Bailey et al., 2010) and heavy-intensity knee extensor exercise (Vanhatalo et al., 

2014), reflecting a reduction in the ATP cost of force production (Bailey et al., 

2010; Jubrias et al., 2008). It is known that GE deteriorates during prolonged, 

fatiguing exercise (Brueckner et al., 1991; Hopker, O’Grady & Pageaux, 2017) 

and thus important novel findings of the present study include that: 1) muscle 

contractile efficiency, as reflected by [PCr], may decline over time, and muscle  

metabolic efficiency, as reflected by VO2, declines with time during prolonged 

exercise; and 2) [PCr] and VO2 are not influenced by dietary NO3
– 

supplementation compared to placebo. These results are in contrast to the 

commonly observed lowering of VO2 and higher muscle [PCr] following NO3
– 

supplementation during shorter bouts of exercise (Larsen et al., 2007; Bailey et 

al., 2009; 2010; Pawlak-Chaouch et al., 2016) driven by the effects of NO3
– on 

muscle contractile efficiency (Bailey et al., 2010; Coggan & Peterson, 2018; 

Hernández et al., 2012; Whitfield et al., 2016), mitochondrial efficiency (Larsen et 

al., 2011) and/or a combination of the two mechanisms. In turn, this emphasises 

the importance of considering the exercise duration and intensity as factors that 

may influence the ergogenic properties of dietary NO3
–. The present study 

showed that dietary NO3
– supplementation does not affect the [PCr] and O2 cost 

during prolonged, small muscle mass exercise.  

 

In the present study, dietary NO3
– supplementation significantly increased plasma 

[NO2
–] and therefore NO bioavailability. In contrast to our hypotheses, elevated 

NO bioavailability did not modulate muscle contractility (Coggan & Peterson, 

2018) or the O2 cost of exercise (Pawlak-Chaouch et al., 2016). The production 

of NO through the sequential NO3
–-NO2

–-NO pathway (Lundberg et al., 2008) is 

potentiated in acidic (Modin et al., 2001) and hypoxic (Castello et al., 2006) 

environments, and is prudent to the efficacy of dietary NO3
– supplementation. 

Therefore, the low-intensity and long-duration of the exercise protocol in the 

present study might not have induced an optimal metabolic environment to 
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facilitate the reduction of NO3
– to NO2

– to NO. Indeed, following NO3
– ingestion, 

muscle metabolites (i.e. [PCr], [Pi], [ADP]) were reported to return to normoxic 

values during hypoxic knee extensor exercise (Vanhatalo et al., 2011), which 

suggests that exercise intensity (and subsequent muscle acidosis (Modin et al., 

2001) and hypoxia (Castello et al., 2006)) could partly influence the efficacy of 

NO3
- supplementation. Moreover, Whitfield et al. (2016) speculated that elevated 

hydrogen peroxide (H2O2) emission following NO3
– supplementation may 

contribute to improved human muscle contractile function. Therefore, it is 

possible that the low-intensity exercise did not induce sufficient H2O2 emission to 

promote enhancements to muscle contractility (Andrade et al., 1998). Lastly, 

inorganic NO3
– supplementation has been evidenced to enhance muscle groups  

comprised of a greater relative proportion of fatigue-sensitive type II fibres in 

rodents (Ferguson et al., 2013; 2015; Hernández et al., 2012; Ivarsson et al., 

2017; cf: Whitfield et al., 2017; for review see Jones et al., 2016) and to enhance 

physiological responses to exercise protocols that necessitate greater 

recruitment of type II fibres in humans (Bailey et al., 2015; Breese et al., 2013; 

Peeling et al., 2015). Taken together, these data suggest that NO-induced 

enhancements to muscle contractility could be possible during prolonged, 

fatiguing endurance exercise where fatigue of initially recruited type II fibres 

and/or a progressive activation of type II fibres may occur. Future studies are 

warranted to clarify potential effects of NO3
– supplementation on contractile 

efficiency during prolonged exercise. 

 

Effects of dietary nitrate supplementation on pulmonary gas exchange 

We observed that the O2 cost of exercise was not different during the prolonged 

exercise bout following NO3
- supplementation compared to placebo, which is in 

contrast with earlier studies that have used shorter exercise durations (Bailey et 

al., 2009; Cermak et al., 2012; Larsen et al., 2007; Vanhatalo et al., 2010) but in 

agreement with others (Betteridge et al., 2015; Kocoloski et al., 2018; Oskarsson 

et al., 2018; Wickham et al., 2019). A progressive recruitment of type II muscle 

fibres and/or fatigue of initially recruited fibres during prolonged exercise is 

associated with fatigue development (Krustrup et al., 2004) and may be linked to 

the observed rise in the O2 cost of exercise (Jones et al., 2011; Grassi et al., 

2015; Hopker et al., 2017). To our knowledge, only three studies have 
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investigated the pulmonary VO2 response during prolonged continuous exercise 

following NO3
– supplementation and have yielded equivocal results, reporting 

VO2 to be unchanged (Betteridge et al., 2015; Wilkerson et al., 2012) or preserved 

over time (Tan et al., 2018). In the present study, it could be speculated that the 

lack of effect of NO3
– supplementation on the O2 cost of exercise could be due to 

the results being masked by sex-based differences in the cohort that was 

comprised of males (n=5) and females (n=6; Fig. 7.). It is becoming recognized 

that sexual dimorphisms in physiology influence NO biosynthesis (Rosselli et al., 

1994), fibre type composition (Haizlip et al., 2015), contractile velocity (Haizlip et 

al., 2015), fatigability (Solianik et al., 2017) and skeletal muscle efficiency (Wüst 

et al., 2008). To date, the few studies that have examined sex-based differences  

with NO3
- supplementation found differences in O2 utilization in rodents (Craig et 

al., 2018; 2019) and NOx (i.e. NO3
– + NO2

–) bioavailability in humans (Kapil et al.,  

2010). However, the present study is insufficiently powered to draw conclusive 

results regarding sex differences in the O2 response during exercise. Further 

investigations are required to elucidate potential sex-based differences in 

physiological responses to NO3
– supplementation.  

 

In the present study, RER decreased over time reflecting increased fatty acid 

utilization, with a commensurate increase in VO2, but with no influence of NO3
– 

supplementation. This finding is consistent with studies which have not observed 

changes to RER following NO3
– ingestion during bouts of exercise of shorter (5-

20 min) duration (Bailey et al., 2009; Christensen et al., 2013; Vanhatalo et al., 

2010; Whitfield et al., 2016), although some studies have reported slightly higher 

RER values following NO3
- supplementation compared to placebo (Bailey et al., 

2010; Larsen et al., 2011; Wylie et al., 2013a). The attenuation of muscle 

glycogen depletion over prolonged exercise would be expected to positively 

influence contractile efficiency and exercise performance (Bergstrom, 1962; 

Ørtenblad et al., 2011). NO plays an important role in skeletal muscle glucose 

uptake (Merry et al., 2010), and therefore could contribute to the sparing of 

muscle glycogen (Tsintzas & Williams, 1998). The literature remains equivocal 

concerning whether dietary NO3
– ingestion may influence glucose uptake and 

muscle glycogen utilization during exercise in humans (Betteridge et al., 2016; 

Tan et al., 2018; Wylie et al., 2013b). However, rodent studies indicate that NO-
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induced modulations to GLUT4 translocation (Jiang et al., 2014) or protein 

expression (Gheibi et al., 2018) may be possible. Further work is required to 

provide insight into the potential for dietary NO3
– supplementation to effect 

glycogen sparing, which may in turn enhance skeletal muscle contractile function.  

 

Effect of dietary nitrate supplementation on [PCr] recovery kinetics 

In the present study, dietary NO3
– supplementation had no effect on the [PCr] 

recovery #, which reflects the maximal rate of mitochondrial ATP resynthesis 

(Arnold et al., 1984; Paganini et al., 1997) over the 2 h constant work-rate 

exercise protocol. This is consistent with previous reports that NO3
– ingestion did  

not alter [PCr] recovery # in normoxia (Fulford et al., 2013; Vanhatalo et al., 2014), 

although it should be noted that NO3
–- supplementation led to a reduced [PCr] 

recovery # in hypoxia (Vanhatalo et al., 2011; 2014). These findings suggest that 

dietary NO3
– supplementation does not influence the maximal rate of 

mitochondrial ATP re-synthesis in vivo except in circumstances where muscle O2 

availability may be impaired.  

 

Using an in vivo model, our results indicate that dietary NO3
– supplementation 

does not influence mitochondrial function as we did not observe any changes to 

[PCr] recovery # following NO3
– ingestion during the 2 h exercise protocol, or in 

previous studies utilizing shorter exercise protocols in normoxia in healthy young 

adults (Vanhatalo et al., 2011; 2014). This is in contrast to Larsen et al. (2011) 

who reported that dietary NO3
- supplementation reduced the amount of O2 

consumed per ATP molecule re-synthesised possibly through a reduction in 

ATP/ADP translocase expression which is associated with proton leakage. 

Whitfield et al. (2016) recently reported that the reduction in VO2 following NO3
– 

ingestion in humans they observed was not accompanied by changes to 

mitochondrial proteins associated with efficiency, such as uncoupling protein 3 or 

adenine nucleotide translocase. In addition, studies using rodents yield conflicting 

results on whether dietary NO3
– supplementation influences mitochondrial 

function (Hezel et al., 2015; Ivarsson et al., 2017; Larsen et al., 2011; 2012).  

 

An unexpected finding of the present study was that [PCr] recovery # became 

shorter over time, i.e. PCr recovery became faster, irrespective of dietary 
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condition. The speeding of [PCr] recovery # following chronic training 

interventions is considered to reflect an increased mitochondrial mass (Constable 

et al., 1987; Holloszy & Coyle, 1984; Laurent et al., 1992; McCully et al., 1989), 

and/or improved perfusion (i.e. oxygenation) (Haseler et al., 1999; Tschakovsky 

& Hughson, 1999). Considering the acute nature of the present study, alterations 

to mitochondrial mass can be excluded as a potential explanation for the 

speeding of [PCr] recovery # we observed. In addition, given that our subjects 

were young, healthy and recreationally active, it is unlikely they would have 

impairments to muscle O2 delivery (Haseler et al., 1999). There are several 

possible explanations for the speeding of [PCr] recovery # across the 2 h exercise  

protocol. Firstly, it is known that posture (i.e. supine vs. prone vs. upright 

exercise) during exercise may influence skeletal muscle perfusion (Jones et al., 

2006; Goulding et al., 2017). It is possible, therefore, that the prone position 

required to perform the exercise protocol may have initially limited blood flow but 

that this was overcome over the course of exercise bout. Secondly, mitochondrial 

enzyme activation may have increased throughout the exercise bout, enabling 

enhanced O2 utilization (Grassi, 2001; Koga et al., 2012). Indeed, prior exercise 

or “priming” has been suggested to increase the activation of key rate-limiting 

oxidative enzymes (Behnke et al., 2002). Finally, an increased muscle 

temperature over exercise could speed rate-limiting reactions regulating oxidative 

phosphorylation (Koga, 1997). Our findings indicate that, at least under the 

conditions of the present study (i.e., single-leg, knee-extension exercise, 

performed in the prone position), muscle oxidative capacity, as inferred from [PCr] 

recovery #, is enhanced over the course of prolonged endurance exercise.  

 

Strengths and limitations 

In this Experimental Chapter, the use of 31P-MRS provided novel information on 

the intramuscular [PCr] response during prolonged knee extensor exercise. A 

major limitation that should be considered when interpreting the results of this 

study is that the biomechanical strain on the ankle joint due to the prolonged 

exercise duration limited the exercise intensity of the protocol. Accordingly, 

prolonged single leg knee extension exercise protocols may not reflect prolonged 

exercise protocols recruiting greater muscle mass and relatively higher exercise 

intensities. Another limitation of the present study is that the O2 cost of muscular 
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work was measured only during the high-intensity exercise bouts and not the 

moderate-intensity exercise bouts, limiting the interpretation of whether 

mitochondrial efficiency was changing over exercise and/or with NO3
– 

supplementation. Lastly, the present study was not designed to detect potential 

sex-based differences and is underpowered for this purpose. Although an 

ANCOVA revealed that there was no effect of condition on the O2 cost of exercise, 

future investigations should elucidate whether sex is a confounding factor. 

 

Conclusion 

This study is the first to investigate the PCr and O2 cost of muscular work during 

a prolonged (2 h) exercise protocol both with and without preceding dietary NO3
–

supplementation. Over the prolonged exercise bout, the PCr cost of exercise and 

GE declined, while the O2 cost was progressively increased consistent with 

changes in RER reflecting increased fatty acid utilization. Dietary NO3
– 

supplementation did not significantly influence the [PCr] and O2 cost of prolonged 

exercise compared to placebo, suggesting that dietary NO3
– does not alter 

muscle contractility or metabolic efficiency over prolonged, low-intensity exercise. 

The accelerated PCr recovery kinetics over the course of prolonged exercise, 

which may be related to enhanced O2 delivery, oxidative enzyme activity and/or 

muscle temperature, was not impacted by dietary NO3
– supplementation. In 

conclusion, these findings indicate that dietary NO3
- supplementation does not 

improve exercise efficiency during prolonged single-leg knee extension exercise.  

 

Experimental Chapter 6 achieves the third aim of the present thesis as the results 

reveal that NO3
– supplementation does not have an influence on the progressive 

decline in skeletal muscle contractile efficiency over prolonged knee extensor 

exercise. However, it is possible that the exercise intensity and mode of exercise 

in Experimental Chapter 6 (i.e. single leg knee extensions) compared to 

Experimental Chapter 5 (i.e. cycling) may have had an influence in the efficacy 

of NO3
– supplementation, especially considering that NO3

– supplementation may 

preferentially augment type II muscle fibres. Accordingly, it could be possible that 

NO3
– supplementation may be efficacious in circumstances which require a 

greater relative proportion of type II muscle fibres (e.g. whole body exercise and 

performed in the heavy-intensity domain). Therefore, Experimental Chapter 7 
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sought to investigate the potential physiological effects of NO3
– supplementation 

during prolonged heavy-intensity cycling exercise. 
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The influence of co-ingesting nitrate and N-acetylcysteine on NO 

bioavailability, oxidative stress, neuromuscular function and respiratory 

muscle fatigue during prolonged heavy-intensity exercise 

 

The results of Experimental Chapter 6 suggest that NO3
–-rich beetroot juice did 

not influence skeletal muscle contractile efficiency during prolonged knee 

extensor exercise, but that the exercise intensity and modality may be important 

considerations in the efficacy of NO3
–. Therefore, Experimental Chapter 7 

investigated the potential physiological effects of NO3
– supplementation during 

prolonged heavy-intensity cycling exercise. An important physiological factor 

during heavy-intensity exercise is the accumulation of reactive oxygen species 

(ROS) and subsequent ROS-induced reduction to NO bioavailability as well as 

potential impairments to neuromuscular and respiratory muscle function. Thus, 

Experimental Chapter 7 examined co-ingestion of NO3
– with an antioxidant-like 

supplement, N-acetylcysteine, on the physiological responses during prolonged 

heavy-intensity cycling exercise. 

  

Introduction 

Reactive oxygen species (ROS) production is required for normal skeletal muscle 

contractile function (Reid et al., 1993). However, with increasing exercise 

duration and intensity, ROS production can exceed the endogenous antioxidant 

buffering system and contribute to a decline in skeletal muscle function over time 

(Powers & Jackson, 2008). The role of ROS in impairing skeletal muscle function 

is complex but is related to the disruption of skeletal muscle contractile structure 

and function (Alessio et al.,1988; Davies et al., 1982; Debold, 2015) and the 

impairment of neuromuscular function via inhibiton of motorneuron activity 

(Delliaux et al., 2009; Rossman et al., 2012). In addition, ROS-mediated fatigue 

development in the respiratory muscles could influence skeletal muscle 

contractile function through the muscle metaboreflex phenomenon (Kelly et al., 

2009; Shindoh et al., 1990). The muscle metaboreflex redirects blood flow away 

from skeletal muscle and towards respiratory muscles as respiratory muscle 

fatigue manifests (Amann & Calbet, 2008; Dominelli et al., 2017; Harms et al., 

1997; Romer & Polkey, 2008) with implications for exercise performance (Witt et 

al., 2007). 
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Dietary nitrate (NO3
–) supplementation, administered in the form of beetroot juice 

(BR), may improve exercise performance (e.g. Jones et al., 2014; 2018; 

McMahon et al., 2017). This beneficial effect is attributed to elevated nitric oxide 

(NO) bioavailability through the serial reduction of NO3
– to nitrite (NO2

–) and then 

NO (Lundberg et al., 2008). The candidate mechanisms responsible include the 

independent or combined NO-induced changes to contractile efficiency (i.e. ATP 

cost of contraction; Bailey et al., 2010), force production (Hernández et al., 2012; 

Whitfield et al., 2017), and enhanced muscle oxygenation (Ferguson et al., 2013; 

2015). In addition to these mechanisms, recent evidence indicates that 

pulmonary vasculature recruitment may be influenced by NO3
– (Behnia et al., 

2018) which could potentially influence the development of respiratory muscle 

fatigue and thus skeletal muscle blood flow (Romer & Polkey, 2008). To date, the 

mechanisms underpinning the efficacy of NO3
– ingestion have been investigated 

during short duration exercise bouts lasting ≤10 min (Bailey et al., 2010; Larsen 

et al., 2011); however, NO bioavailability is potentially compromised during 

prolonged, intense exercise due to excessive ROS that could scavenge NO to 

form other oxidizing agents (Clanton et al., 2007; Duthie et al., 1990; Halliwell, 

1994; Reid et al., 1992). Many phytochemicals with antioxidant properties are 

found in BR, such as betalain (Escribano et al., 1998; Georgiev et al., 2010) and 

have ROS scavenging properties (Butera et al., 2002; Esatbeyoglu et al., 2015; 

Gliszczyńska-Świgło et al., 2006; Kanner et al., 2001). Thus, NO3
– ingestion has 

the potential to influence exercise-induced oxidative stress (Clifford et al., 2015). 

In addition, it is possible that co-ingestion of NO3
– with another supplement with 

antioxidant properties could provide synergistic effects on NO bioavailability, 

oxidative stress, and consequently the physiological responses to exercise.  

 

N-acetylcysteine (NAC) is a reduced thiol-donor (Ruffmann & Wendel, 1991) that 

has been reported to improve exercise capacity (Corn & Barstow et al., 2011; 

Leelarungrayub et al., 2011; Matuszczak et al., 2005; McKenna et al., 2006; 

Medved et al., 2004b; Slattery et al., 2014). NAC provides cysteine (CYS), the 

rate-limiting precursor to the most important antioxidant, glutathione (GSH, Smith 

& Reid, 2006). GSH is the most abundant endogenous antioxidant that quenches 

ROS to promote a balanced cellular redox environment (Powers & Jackson, 



Chapter 7: Co-ingestion of nitrate and N-acetylcysteine on physiological 
responses during prolonged heavy-intensity exercise  
	 	

	 156 

2008). NAC has been reported to attenuate respiratory muscle fatigue (Kelly et 

al., 2009; Smith et al., 2014), reduce muscle membrane depolarization (McKenna 

et al., 2006), as well as potentially enhance vasodilation and blood flow 

(Boesgaard et al., 1994) through NO-mediated activity (Simon et al., 1993) during 

prolonged, repetitive contractions. Given that both dietary NO3
– and NAC 

supplementation induce positive physiological effects (Bailey et al., 2009; 2010; 

Behnia et al., 2018; Cobley et al., 2011; McKenna et al., 2006; Medved et al., 

2004b), and that NAC potentially augments NO bioavailability via scavenging 

ROS (Deneke et al., 2000; Sen, 1997; Simon et al., 1993), combining both 

supplements could evoke synergistic effects, especially during prolonged 

exercise, and enhance exercise performance.  

 

The purpose of the present study was, therefore, to investigate whether 

independent and/or concurrent pre-exercise ingestion of BR and NAC influenced 

NO bioavailability, oxidative stress, neuromuscular function and respiratory 

muscle fatigue development during a preload of 1 h of heavy-intensity cycling 

exercise, and subsequent exercise tolerance during a severe-intensity time-to-

exhaustion (TTE) task. We hypothesized that combining BR and NAC 

supplementation before 1 h of cycling in the heavy-intensity domain would: 1) 

elevate pre-exercise plasma [NO3
–], [NO2

–], [CYS], and [GSH] while reducing the 

oxidative stress biomarker plasma malondialdehyde ([MDA]), to a greater extent 

compared to ingestion of BR or NAC alone; 2) attenuate the expected decline in 

neuromuscular and respiratory muscle function to a greater extent than ingestion 

of BR or NAC alone; and therefore, 3) improve TTE performance to a greater 

extent than ingestion of BR or NAC alone.  

 

Methods 

Subjects  

Sixteen recreationally active males (mean ± SD: age 24 ± 6 years, body mass 73 

± 7 kg, height 1.78 ± 0.05 m, VO2peak 52 ± 8 mL·kg-1·min-1) volunteered to 

participate in this study. All subjects were familiarized to the exercise protocol 

prior to data collection to minimize any learning effects throughout the study and 

to ensure accurate work rates could be determined for each individual. The 

protocols, risks, and benefits of participating were explained prior to obtaining 
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written informed consent. This study was approved by the Institutional Research 

Ethics Committee and conformed to the code of ethics of the Declaration of 

Helsinki. A priori power analysis showed that a sample size of fifteen would 
provide a power = 0.80, alpha = 0.05, an effect size = 0.80.  

 

Experimental overview 

Subjects reported to the laboratory on 6 separate occasions over a ~7-8 week 

period. On the first visit, subjects completed a ramp incremental cycling exercise 

test for the determination of VO2peak and gas exchange threshold (GET). During 

the second visit, subjects were familiarized to the exercise testing procedures, 

including completion of a heavy-intensity exercise bout (at a work rate of 20%∆, 

where ∆ represents the difference between peak work rate and the GET) for 1 h 

before completing a cycling performance time-to-exhaustion (TTE) test at a work 

rate of 70%∆.  

 

For the duration of the study, subjects were asked to maintain their habitual 

physical activity and dietary intake; however, subjects were instructed to avoid 

consuming foods high in dietary nitrate such as beetroot, kale, spinach, and 

rocket, and to refrain from taking any other dietary supplements or using 

antibacterial mouthwash as the latter influences commensal bacteria in the oral 

cavity, resulting in the inhibition of NO3
– reduction to NO2

– (Govoni et al., 2008). 

In a double-blind, randomized, crossover design, subjects were randomly 

assigned to four conditions to receive NO3
– -rich beetroot juice (BR) or placebo 

(PL) supplementation for 6 days, and an acute dose of NAC or maltodextrin 

(MAL) 1 h prior to the commencement of the exercise protocol. Each condition 

was separated by a wash-out period of at least 7 days (Reid et al., 1994; Wylie 

et al., 2013a). On day 6 of each of the four supplementation periods (see 

Supplementation), subjects reported to the laboratory to complete the 

experimental protocol. Experimental visits were performed at the same time of 

day (± 2 h). Subjects recorded their activity and diet during the 24 h prior to the 

first experimental visit and were asked to repeat these for subsequent visits. 

Subjects were also instructed to arrive at the laboratory following a 10 h overnight 

fast, having avoided strenuous exercise and alcohol in the 24 h preceding, and 
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caffeine in the 8-h preceding, each experimental visit. Upon arrival at the 

laboratory, subjects were provided with a standardized breakfast consisting of 2 

porridge oat sachets (Quaker Oats Ltd, Leicester, UK; containing 54 g of oats, 

200 kcal, 4.2 g fat, 31.8 g carbohydrate, 5.6 g fibre, 6.0 g protein) mixed with 180 

mL of water, 1-h prior to exercising. 

 

Supplementation 

Subjects were randomly assigned in a double-blinded fashion to four 6-day 

supplementation periods in which they consumed 2 x 70 mL doses per day of 

either NO3
–-rich beetroot juice (BR: ~6.2 mmol of NO3

– per 70 mL; Beet It Sport, 

James White Drinks Ltd., Ipswich, UK) or NO3
–-depleted placebo (PL: ~0.04 

mmol of NO3
– per 70 mL; Beet It Sport, James White Drinks Ltd., Ipswich, UK), 

separated by a 7-day wash-out period. Each 70-mL beverage contained 72 kcal 

energy and 15.4 g of carbohydrate. On the first five days of each supplementation 

period, subjects consumed one 70-mL beverage in the morning and one in the 

evening, whereas on the experimental day, subjects consumed 2 x 70 mL of their 

allocated beverage in the morning 2.5 h prior to the exercise (Webb et al., 2008; 

Wylie et al. 2013a) and ingested 70 mg·kg-1 of NAC (Piping Rock Health 

Products, New York, USA, 600 mg NAC per capsule) or maltodextrin (MAL: Bulk 

Powders, Sports Supplements Ltd., Essex, UK) 1-h prior to the start of exercise 

(Borgstrom et al., 1986; Corn & Barstow, 2011). MAL was purchased in powdered 

form and was weighed out on an electronic scale and placed into capsules for 

the subjects to consume. Capsules for both NAC and MAL were identical in size 

and appearance. Peppermint-scented oil was applied to the outside of all 

capsules to make the supplementation homogenous in taste and smell to mask 

the strong sulfur smell of NAC (Bloch et al., 2013). The ingestion of capsules was 

consumed with 100 mL of water.  

 

The four supplementation conditions were: NO3
–-depleted beetroot juice (PL) with 

maltodextrin (PL+MAL); 2) PL with NAC (PL+NAC); 3) BR with maltodextrin 

(BR+MAL); and 4) BR with NAC (BR+NAC). Subjects were contacted on a daily 

basis to ensure the consumption of supplement via a phone call, text or email, 

and were confirmed during pre-testing questionnaires on each experimental visit.  
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Experimental protocol 

All exercise tests were performed on an electronically-braked cycle ergometer 

and controlled using the associated software computer program (Lode Excalibur 

Sport, Groningen, The Netherlands). On the first visit, subjects completed a ramp 

incremental test, involving 3 min of baseline cycling at 20 W, after which the work 

rate was increased by 30 W/min until task failure. Task failure was recorded once 

the cadence fell by >10 rpm below the target cadence. The self-selected cadence 

(70-90 rpm) and seat height and handle bar configuration were recorded and 

reproduced on subsequent visits.  

 

Subjects commenced baseline cycling at 20 W for 3 min and then completed 1 h 

of cycling at the work rate associated with GET plus 20% of the difference 

between GET and peak work rate (20%∆; Lansley et al., 2011) at their self-

selected cadence. The TTE commenced immediately after the 1 h was 

completed. Subjects were provided with a 5 s countdown prior to the 

commencement of all cycling trials. The resistance on the pedals during the TTE 

was set for each individual using a power output equivalent to 70%∆. Consistent 

verbal encouragement was provided for each TTE but subjects were deprived of 

visual performance cues and did not receive any notification on elapsed time. 

Blood samples were obtained for the determination of plasma [NO3
–], [NO2

–], 

[CYS], [GSH], and [MDA]. Neuromuscular function was assessed at every 1 min 

interval during the 3-min baseline period, as well as at 0 min, 30 min, 57 min, and 

at exhaustion (post-TTE). Respiratory muscle fatigue was assessed by 

measuring maximal expiratory pressure and was measured at baseline, 50 min 

during cycling, and post-TTE.  

 

Blood analyses 

Venous blood was sampled at baseline, 30, and 60 min during the 1 h heavy-

intensity exercise bout, and immediately following the point of exhaustion 

following the TTE (post-TTE, n=15). All blood samples were obtained from a 

cannula (Insyte-WTM Becton-Dickinson, Madrid, Spain) that was inserted in the 

subject’s antecubital vein, and drawn into 6 mL lithium heparin tubes (Vacutainer, 

Becton-Dickinson, New Jersey, USA). For plasma [CYS] and [GSH] analysis 

(Newton et al., 1981; Shen et al., 2015), within 1 min of collection, 200 µL of whole 
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blood was added to 800 µL of ice-cold deionized water and centrifuged at 16 000 

G, 4°C for 10 min to liberate and detect biological thiols through erythrocyte 

lysation. Following this, 60 µL of the supernatant was extracted and added to 140 

µL of reaction buffer (Tris-HCl, 100 mM, pH 9.5, 0.1 mM 

Diethylenetriaminepentaacetic acid, DPTA), to release and stabilize thiols, and 

100 µL of 10 mM monobromobimane in acetonitrile (CH3CN) was added (Newton 

et al., 1981; Shen et al., 2015). After 30 min of incubation in the dark, 100 µL of 

ice-cold 200 mM sulfosalicyclic acid solution was added. The mixture was then 

incubated on ice for 10 min to stop the reaction and precipitate the proteins. After 

incubation, the samples were centrifuged at 16 000 G at 4ºC for 10 min and the 

supernatant was extracted and frozen at -80ºC for subsequent injection into the 

HPLC system (Perkin Elmer® Flexar™ Chomera® software version v.4.1.2.6410, 

Perkin Elmer Inc., MA, USA). The supernatant was diluted (1:20 fold) in deionized 

water, and injected (10 µL) into the HPLC for analysis. The HPLC mobile phase 

was 0.1% trifluoroacetic acid aqueous and 0.1% trifluoroacetic acid in acetonitrile 

running through a 250 x 4.6 C18 5µm Brownlee validated column (Perkin Elmer 

Inc., MA, USA) at 0.9 mL/min flow rate, with fluorescence detection at 390 nm 

excitation and 475 nm emission, determined against standard curves from 

commercially available CYS and GSH. Individual representative curves for 

plasma [CYS] and [GSH] are illustrated in Fig 1A.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1A. Individual representative curve for plasma cysteine and glutathione assessed via 

high performance liquid chromatography. 
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The remaining whole blood samples were centrifuged within 2 min of collection 

at 4000 rpm and 4°C for 10 min and then the plasma was immediately extracted 

and frozen at -80°C. For the analysis of plasma [NO3
–] and [NO2

–], samples were 

deproteinized and analyzed via gas phase chemiluminescence as previously 

described (Tan et al., 2018). For plasma MDA analysis (Moselhy et al., 2013), 

100 µL of plasma was added to 25 µL of 3M NaOH and heated at 60ºC in a water 

bath for 30 min for alkaline hydrolysis (Grotto et al., 2007). Following this, 1 mL 

of 0.05 sulphuric acid and 500 µL of 20% w/v trichloroacetic acid were added. 

The samples were centrifuged at 3000 rpm for 10 min and 1 mL of the 

supernatant was extracted into a new heat resistant tube. Following this, 500 µL 

of 0.355% w/v thiobarbituric acid was added and the samples were vortexed. 

Samples were heated at 90ºC for 40 min. Once cooled, the samples were 

centrifuged at 3000 rpm for 10 min and were injected (25 µL) into the HPLC for 

analysis. The HPLC mobile phase was 0.1% formic acid aqueous solution and 

methanol organic running through a 150 x 4.6 C18 5µm Brownlee validated 

column (Perkin Elmer Inc., MA, USA) at a 1.0 mL/min flow rate, with photodiode 

array detection analytical absorbance measured at 532 nm, reference 395 nm, 

determined against standard curves from commercially available MDA. An 

individual representative curve for plasma [MDA] is illustrated in Fig. 1B.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1B. Individual representative curve and plasma malondialdehyde assessed via high 

performance liquid chromatography. 
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Neuromuscular function  

Neuromuscular function was assessed using methods reported previously (Black 

et al., 2017). Briefly, EMG was recorded continuously on the vastus lateralis (VL) 

for muscle activity during exercise using active bipolar bar electrodes with single 

differential configuration (DE2.1; Delsys, Boston, MA), positioned over the 

muscle belly [surface EMG for noninvasive measurement of muscles (SENIAM) 

guidelines]. The ground electrode was positioned on the patella. The skin area 

underneath each electrode was shaved, abraded, and cleaned with alcohol 

swabs before electrode placement to minimize skin impedance. The EMG signal 

was considered of good quality when the average rectified EMG baseline level 

for each muscle was below 2 µV (De Luca, 1993). The EMG signals were 

preamplified (1,000x), band-pass filtered (20-450 Hz, Bagnioli-8; Delsys), and 

digitized at a sampling rate of 2,000 Hz and resolution of 16 bits using a Power 

1401 mk-II analog-to-digital converter and Spike 2 data collection software run 

by custom-written sampling configuration (CED; Cambridge Electronic Design, 

UK). The location of the optimal site for transcutaneous femoral nerve stimulation 

was determined while subjects were positioned on the cycle ergometer. Using an 

adhesive cathode (Boots UK, Nottingham, England) placed ~2 cm medial of the 

femoral pulse, and an adhesive anode (Boots UK) placed at the anterior aspect 

of the iliac crest, single electrical pulses generated by a constant current 

stimulator (DS7 A; Digitimer, UK) were delivered. The cathode was systematically 

moved vertically and horizontally, and the amplitude of the compound muscle 

action potential (i.e., M-wave) was monitored to identify the optimal position of 

the cathode for attaining maximal peak-to-peak M-wave amplitude during the 

cycling trials. 

 

Following attachment of EMG and stimulation electrodes, the crank angle at 

which stimulation was to be delivered during the trials was determined for each 

subject. Subjects were positioned on the cycle ergometer and cycled at a 

moderate work rate (20 W below GET) for 1 min. EMG activity obtained during 

this period was rectified and averaged for 20 complete crank revolutions. The 

duration of each revolution was determined by a custom-made magnetic switch 

that generated an event marker signal on each occasion that the crank passed 
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top dead center (i.e., 0°). For each subject, the crank angle at which the rectified 

VL EMG activity was maximal was determined, and as performed by Sidhu et al. 

(2012), stimulations were delivered at the identified crank angle for all subsequent 

trials for that participant (65 ± 5° relative to the top dead center). A custom-written 

sequencer script triggered three stimulations, with at least 1 and up to 10 pedal 

revolutions between stimuli. The intervals were randomly determined using a 

random number generator incorporated within the sequencer script. This was 

designed to prevent subjects from anticipating the stimulus delivery, which may 

have affected the evoked response. 

 

A standard M-wave recruitment curve protocol was completed during each 

laboratory visit. Subjects cycled at 20 W below GET throughout the recruitment 

curve protocol. A single-pulse electrical stimulation (200 µs) was delivered at the 

individually identified crank angle as described above. The current was increased 

in 20-mA increments until the M-wave amplitude reached a plateau at the 

maximal M-wave amplitude (Mmax). A pulse of 120% Mmax current was applied 

during the exercise tests (mean stimulation intensity, 290 ± 48 mA). 

 

EMG signals from the VL were processed using a custom-written script to 

measure peak-to-peak M-wave amplitude and M-wave area. The root mean 

square (RMS) of the EMG signal (an index of the power of the signal) was 

calculated as the mean over a 25-ms pre-stimulation period at each stimulation 

time point. The EMG RMS amplitudes were normalized to the corresponding 

values attained after 1 min of exercise during each trial to evaluate temporal 

changes in the voluntary muscle activation level (i.e., EMG RMS amplitude) and 

M-wave parameters were normalized to the corresponding values attained during 

baseline exercise during each trial to evaluate temporal changes in the peripheral 

neuromuscular excitability (i.e., M-wave amplitude and area). In addition, the 

voluntary EMG RMS amplitude was normalized to the M-wave amplitude 

recorded at that time point to assess changes in neural drive (RMS/M; Millet & 

Lepers, 2004). The rates of change in M-wave and EMG parameters from 

baseline cycling to post-TTE were calculated for each exercise to quantify the 

rate of neuromuscular fatigue development.  
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The coefficients of variation (CV%) was 10% and 8% for between trials during 

unloaded cycling for M-wave amplitude and M-wave total area, respectively, 

and 11% and 9% between stimulations during unloaded cycling for peak-to-

peak M-wave amplitude and M-wave total area, respectively.  

 

Respiratory muscle fatigue 

Maximum expiratory pressure was assessed according to published guidelines 

(American Thoracic Society/European Respiratory Society, 2002) using a 

portable handheld mouth pressure meter (Micro RPM handheld mouth pressure 

meter, Micro Medical Limited, Rochester, UK) to estimate exercise-induced 

respiratory muscle fatigue. All measurements were taken with the subjects 

seated and wearing a nose clip. Subjects held the rubber flanged mouthpiece 

tightly around their lips to prevent leaks. Subjects were verbally instructed to 

exhale to residual volume, then to maximally inhale to total lung capacity, 

immediately followed by performing the Valsalva manoeuvre (i.e. an exhalation 

as quickly and as hard as possible) for at least 1 s. Subjects performed this 

manoeuvre four times, at rest, during exercise at 50 min, and post-TTE, with the 

greatest value of three measurements with less than 20% variability recorded.  

 

Statistical analyses  

A two-way (condition x time) repeated measures analysis of variance (ANOVA) 

was used to analyse differences in plasma [NO3
–], [NO2

–], [CYS], [GSH], [MDA], 

neuromuscular function and maximal expiratory pressure during the 1 h heavy-

intensity exercise bout. A one-way repeated measures ANOVA was used to 

analyse differences in TTE. Significant main and interaction effects were further 

explored using Fisher’s LSD test.  In addition, one-way repeated measures 

ANOVAs were used to determine physiological performance differences in the 

mean and change values from pre- to post- 1 h heavy-intensity exercise, and 

post-TTE. A full set of blood data were only available for n=14 for time points 0 

to 60 min and n=13 for time point post-TTE due to problems with cannulation 

and/or blood draw. Neuromuscular data were analysed for a subset of n=12. Data 

for TTE are reported for n=15 owing to n=1 having foot slip out of pedal.  

Statistical significance was accepted at P<0.05, and P<0.10 was considered as 

a trend. Results are presented as mean ± SD unless otherwise stated.  
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Results 

All subjects reported consuming all servings of each supplement at the correct 

times and confirmed that they had maintained their exercise and dietary habits 

prior to each laboratory visit. There were no reports of adverse reactions, 

gastrointestinal distress or discomfort following the ingestion of BR or NAC.  

 

Plasma [NO3
–] and [NO2

–] 

There was an interaction effect (condition x time) (P<0.05), main effect of 

condition (P<0.01), but no effect of time (P>0.05) for plasma [NO3
–] (Fig. 2A). 

Plasma [NO3
–] was higher in BR+NAC (P<0.01) and BR+MAL (P<0.01) 

compared to PL+NAC and PL+MAL at all time points. Plasma [NO3
–] in BR+NAC 

compared to BR+MAL at tended to be higher at 0 min (P=0.07), was significantly 

higher at 60 min (P<0.05), and tended to be higher at post-TTE (P=0.08). There 

was no difference between PL+NAC and PL+MAL at any time point (P>0.05). 

Plasma [NO3
–] declined from 0 min to 60 min in BR+MAL (P<0.05), PL+MAL 

(P<0.05), and PL+NAC (P<0.01) but not in BR+NAC (P>0.05). 
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There was an interaction effect (condition x time) (P=0.05), main effect of time 

(P<0.01), and main effect of condition (P<0.01) for plasma [NO2
–] (Fig. 2B). At 

baseline, plasma [NO2
–] was significantly elevated in BR+NAC (P<0.01) and 

BR+MAL (P<0.01) compared to PL+NAC and PL+MAL. There was no difference 

in plasma [NO2
–] at baseline between BR+NAC and BR+MAL (P>0.05) or 

between PL+NAC and PL+MAL (P>0.05). There was no significant change in 

plasma [NO2
–] over 1 h of exercise in all conditions (P>0.05). Plasma [NO2

–] 

significantly declined from 60 min to post-TTE in BR+NAC (P<0.05), BR+MAL 

(P<0.05) and PL+NAC (P<0.05) but not PL+MAL (P>0.05). 

Figure 2. Mean ± SE plasma nitrate (NO3
–; panel A) and nitrite (NO2

–; panel B) over 1-h of 

heavy-intensity exercise and a subsequent TTE following: PL+MAL: nitrate-depleted beetroot 

juice and maltodextrin consumed before exercise (solid circle and solid line); PL+NAC: 

nitrate-depleted beetroot juice and N-acetylcysteine consumed before exercise (open circle 

and solid line); BR+MAL: nitrate-rich beetroot juice and maltodextrin consumed before 

exercise (solid triangle and dotted line); and BR+NAC: nitrate-rich beetroot juice and N-

acetylcysteine consumed before exercise (open triangle and dotted line). * = significantly 

different from 0 min (P<0.05), † = significantly different from TTE (P<0.05), § = significantly 

different in BR+NAC compared to PL+MAL and PL+NAC (P<0.01), # = significantly different 
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in BR+MAL compared to PL+MAL and PL+NAC (P<0.01), ‡ = significantly different in 

BR+NAC compared to BR+MAL (P<0.05). Data shown for a subset of n=14 from 0 to 60 min 

and for n=13 for post-TTE. 

 

Plasma [CYS], [GSH] and [MDA] 

There was a tendency for an interaction effect (condition x time) (P=0.06), main 

effect of time (P<0.01), and a tendency for a main effect of condition (P=0.06) for 

plasma [CYS] (Fig. 3A). Plasma [CYS] was significantly greater in PL+NAC (11 

± 5 µM, P<0.01) and BR+NAC (15 ± 6 µM, P<0.01) compared to PL+MAL (7 ± 3 

µM) at rest. Plasma [CYS] increased over time compared to 0 min (P<0.01). 

There was a significant difference between the change in plasma [CYS] from 0 

min to 60 min in BR+NAC and BR+MAL compared to PL+NAC and PL+MAL 

(P<0.05; Fig. 3B). 

 

There was a main effect of time only (P<0.01) where plasma [GSH] increased 

from 0 min to 60 min (P<0.01) and post-TTE (P<0.01; Fig. 3C). There was no 

main effect of condition in the change of plasma [GSH] from 0 min to 60 min 

(P>0.05; Fig. 3D).  
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There was no interaction effect, main effect of time, or main effect of condition on 

plasma [MDA] (all P>0.05; Fig. 3E) or the change in plasma [MDA] from 0 to 60 

min (all P>0.05; Fig. 3F). 

 
Figure 3. Mean ± SE plasma cysteine (panel A), glutathione (panel C), and malondialdehyde 

(panel E) over 1-h of heavy-intensity exercise and a subsequent TTE. Change from 0 to 60 

min in plasma [cysteine] (panel B), change in plasma [glutathione] (panel D), and change in 

plasma [MDA] (panel F). PL+MAL: nitrate-depleted beetroot juice and maltodextrin 

consumed before exercise; PL+NAC: nitrate-depleted beetroot juice and N-acetylcysteine 

consumed before exercise; BR+MAL: nitrate-rich beetroot juice and maltodextrin consumed 

before exercise; and BR+NAC: nitrate-rich beetroot juice and N-acetylcysteine consumed 

before exercise. * = significantly different from 0 min (P<0.01). § = significantly different to 

PL+NAC and PL+MAL (P<0.05). Data shown for a subset of n=14 for time points 0 to 60 min 

and n=13 for time point post-TTE for plasma [cysteine] and [glutathione], and a subset of 

n=13 for plasma [malondialdehyde]. 

 

Neuromuscular excitability: M-wave amplitude and M-wave area 

Peripheral neuromuscular excitability, indicated by M-wave amplitude and M-
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wave area at time points 0, 30, 57 min, and post-TTE are shown in Figure 4A and 

B. There was a main effect of time (P<0.001) but no effect of condition on the M-

wave amplitude (P>0.05) and M-wave area (P>0.05). There was a main effect of 

condition (P<0.05) in the change of M-wave amplitude from 0 to 57 min (Fig. 5). 

The change in M-wave amplitude from 0 to 57 min was significantly greater in 

BR+NAC (-51 ± 41%; P<0.01) and PL+MAL (-45 ± 24%; P<0.05) compared to 

PL+NAC (-16 ± 28%). There was a tendency for the change in M-wave amplitude 

from 0 to 57 min in BR+MAL (-29 ± 27%) to be different from BR+NAC (-51 ± 

41%; P=0.08). There was no effect of condition (P>0.05) or time (P>0.05) on the 

change from 0 to 57 min in the M-wave area.  

 

Voluntary activation and neural drive 

Voluntary muscle activation level, measured as EMG RMS amplitude, and neural 

drive, as indicated by RMS/M-wave amplitude, at time points 0, 30, 57 min, and 

post-TTE are shown in Fig. 4C and D. There was a main effect of time (P<0.001) 

but no effect of condition on EMG RMS (P>0.05) and RMS/M-wave amplitude 

(P>0.05). There was no effect of condition (P>0.05) or time (P>0.05) on the 

change from 0 to 57 min in the voluntary activation or neural drive. 
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Figure 4. Compound muscle action potential (M-wave) amplitude and M-wave area 

(normalized to maximum M-wave during baseline pedalling) indicating peripheral 

neuromuscular excitability (panel A and B); voluntary electromyographic root mean square 

(EMG RMS) amplitude (normalized to M-wave amplitude at 1 min of exercise) indicating 

muscle activation level (panel C); and RMS/M-wave (normalized to corresponding M-wave 

amplitude at each measurement time point) indicating central fatigue (panel D) during 1-h of 

heavy-intensity cycling at 0, 30, and 57 min, as well as at the end of the time-to-exhaustion 

(Post-TTE). * significantly different from 0 min (P<0.01); ‡ = significantly different from 30 

min; † = significantly different from post-TTE (P<0.01). Data shown for subset of n=12. 
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Figure 5. Change from 0 to 60 min in compound action potential (M-wave) amplitude 

indicating peripheral neuromuscular excitability. * = significantly different to PL+NAC. Data 

shown for subset of n=12. 

 

Maximum expiratory pressure  

There was a main effect of time (P<0.01) but no effect of condition (P>0.05; Fig. 

6). Maximal expiratory pressure did not change from 0 min to 50 min (P>0.05) 

but declined at post-TTE (P<0.01). 

Figure 6. Mean ± SE MEP measured at 0 and 50 min during 1-h of heavy-intensity cycle 

exercise and post-TTE. PL+MAL: nitrate-depleted beetroot juice and maltodextrin consumed 

before exercise; PL+NAC: nitrate-depleted beetroot juice and N-acetylcysteine consumed 

before exercise; BR+MAL: nitrate-rich beetroot juice and maltodextrin consumed before 

exercise; and BR+NAC: nitrate-rich beetroot juice and N-acetylcysteine consumed before 

exercise. 

 

Time-to-exhaustion performance  

No significant differences were found between conditions for TTE at 70%∆ (Fig. 
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Figure 7. Mean ± SE completion time during the time-to-exhaustion at 70%∆ following 1-h 

of heavy-intensity cycle exercise. PL+MAL: nitrate-depleted beetroot juice and maltodextrin 

consumed before exercise; PL+NAC: nitrate-depleted beetroot juice and N-acetylcysteine 

consumed before exercise; BR+MAL: nitrate-rich beetroot juice and maltodextrin consumed 

before exercise; and BR+NAC: nitrate-rich beetroot juice and N-acetylcysteine consumed 

before exercise. Data shown for a subset of n=15.  

 

Discussion 

This was the first study to investigate the independent and concurrent influence 

of BR and NAC administration on indices of NO bioavailability, oxidative stress, 

neuromuscular function and respiratory muscle fatigue during a preload of 1-h of 

heavy-intensity cycling exercise and subsequent severe-intensity exercise 

tolerance in humans. The major novel findings of the present study were that: 1) 

co-ingestion of BR and NAC (BR+NAC) did not influence physiological responses 

during prolonged exercise; 2) the decline in muscle excitability over 1-h of heavy-

intensity exercise was significantly attenuated in NAC alone (PL+NAC) compared 

to BR+NAC and PL+MAL, and tended to be attenuated in BR alone (BR+MAL) 

compared to BR+NAC; and 3) there was no influence of any condition on 

subsequent exercise tolerance. These findings are in contrast to our hypotheses, 

and indicate that combining BR+NAC could abolish possible physiological 

benefits of either supplement ingested alone.  

 

Influence of dietary NO3
– and NAC supplementation on indices of NO 

bioavailability 

Both plasma [NO3
–] and [NO2

–] were similarly elevated following BR+NAC and 

BR+MAL compared to PL+MAL and PL+NAC. Results showed that plasma [NO3
–
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] declined over time in all conditions while plasma [NO2
–] only significantly 

declined following the prolonged exercise bout at exhaustion. Interestingly, 

plasma [NO3
–] was preserved in BR+NAC compared to BR+MAL at 60 min, 

suggesting that co-ingestion of BR and NAC preserves NO3
– over prolonged 

exercise. Given that NO is rapidly oxidized to NO3
– (Lundberg et al., 2008), the 

reduction in the relative magnitude of decline in plasma [NO3
–] could indicate 

improved NO bioavailability following BR+NAC compared to BR ingested alone. 

Co-ingestion of BR and NAC and their associated antioxidant properties could 

have preserved NO from being scavenged by ROS produced over time (Clanton 

et al., 2007; Reid et al., 1992). Despite this, we observed no difference in plasma 

[NO2
–] between BR+NAC and BR+MAL, which is consistent with previous 

findings (Bailey et al., 2011; Crum et al., 2018). It is unclear why plasma [NO3
–] 

was further elevated by BR+NAC but not plasma [NO2
–] but may be due to NO2

– 

potentially acting as a signalling molecule (Bryan et al., 2005), participating in S-

nitrosylation (Smith & Marletta, 2012), or entering muscle tissue (Piknova et al., 

2015). Collectively, these data suggest that combining BR and NAC may 

preserve NO bioavailability, as reflected in plasma [NO3
–], over prolonged 

exercise. 

 

Influence of dietary NO3
– and NAC supplementation on redox balance 

Consistent with previous reports, we observed that plasma [CYS] was elevated 

following NAC supplementation in BR+NAC and PL+NAC (Ferreira et al., 2011; 

Medved et al., 2003; 2004b; Smith et al., 2016). However, despite the elevation 

in plasma [CYS], plasma [GSH] was not elevated at baseline in BR+NAC or 

PL+NAC which is consistent with some (Kelly et al., 2009; Trewin et al., 2013) 

but not all studies (Corn & Barstow, 2011; Medved et al., 2003; 2004b; Slattery 

et al., 2014). Interestingly, previous investigations have observed favourable 

effects following NAC supplementation independent of changes to plasma [GSH] 

(Kelly et al., 2009), which may reflect differences between the site of 

measurement compared to changes within the skeletal muscle following NAC 

administration (Medved et al., 2004b; Merry et al., 2010). Plasma [MDA] is 

commonly used to assess oxidative damage to lipids (i.e. lipid peroxidation) which 

could indicate damage to cellular membrane structure and function (Dillard et al., 

1978; Halliwell & Grootveld, 1987; Hwang & Kim, 2007; Janero et al., 1990; 
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Valenzuela, 1991). In the present study, plasma [MDA] did not change over time 

and was not influenced by condition. These results are in contrast to our 

hypothesis that BR+NAC would produce additive favourable effects due to 

elevated NO and thiol bioavailability and associated antioxidant properties.  

 

Influence of dietary NO3
– and NAC supplementation on neuromuscular 

respiratory muscle function during prolonged heavy-intensity exercise 

We observed a reduction in muscle excitability (M-wave amplitude and area) and 

voluntary activation (EMG RMS) over time, irrespective of supplementation, 

indicating a decline in force production, consistent with previous studies (Black et 

al., 2017; Lepers et al., 2000; Paris et al., 2019). At the onset of heavy-intensity 

exercise, both principal fibre types are activated to meet the force demands 

(Vøllestad et al., 1984) and accordingly, a decline in neuromuscular function over 

time could be interpreted as the decline or ‘drop out’ of higher order muscle fibres 

due to fatigue (Gandevia, 2001). Therefore, maintenance of muscle excitability is 

reflective of preserved skeletal muscle contractility (Clausen, 2003). Interestingly, 

the decline in muscle excitability was attenuated following PL+NAC compared to 

PL+MAL and BR+NAC, while BR+MAL tended to be attenuated compared to 

BR+NAC. These results suggest that ingesting either NAC or BR supplement 

alone may positively influence neuromuscular function but that combining NAC 

and BR negates potential benefits.  

 

We observed that muscle excitability was preserved following PL+NAC. These 

results are consistent with and complements previous findings that reported 

attenuated plasma [K+] disturbances and enhanced Na+/K+ ATPase pump activity 

following NAC infusion during prolonged submaximal exercise (McKenna et al., 

2006). In addition, NAC supplementation has been reported to improve exercise 

capacity (Cobley et al., 2011; McKenna et al., 2006; Medved et al., 2004b; 

Slattery et al., 2014) and delay fatigue (Jannig et al., 2017; Khawli et al., 1994; 

Reid et al., 1994; Shindoh et al., 2013). Taken together, these studies indicate 

that NAC-induced modulations to the regulation of Na+ and K+ lead to enhanced 

muscle membrane excitability (Allen et al., 2008; Bangsbo et al., 2001), and that 

ROS, may in part, underpin the progressive dysregulation of K+ handling over 

time during continuous exercise. Therefore, it could be possible that NAC 
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supplementation improved excitation-contraction coupling processes by 

preserving membrane polarization (i.e. a reduction in extracellular [K+]) and thus 

preserving sarcoplasmic Ca2+ release rates and force production (MacIntosh et 

al., 2012; McKenna, 1992).  

 

Muscle excitability tended to be better preserved during exercise in BR+MAL 

compared to BR+NAC. To date, this is the first investigation to examine the 

influence of inorganic NO3
– supplementation on neuromuscular function during 

upright continuous cycling exercise. Our results suggest that independent 

administration of BR potentially maintains neuromuscular function during 

prolonged cycling exercise, but that any positive physiological effect could be 

abolished when co-ingested with NAC. Despite the potential for NAC to augment 

NO bioavailability (Simon et al., 1993), interactions between NO, thiols, and ROS 

are complex (Mason et al., 2016; Wynia-Smith & Smith, 2017; Xu et al., 1998). It 

is possible that divergent molecular signalling could occur with BR+NAC that 

interfere with each other, negating any effects from when either supplement is 

ingested alone. The potential BR+MAL to preserve muscle excitability in the 

present study could be due to enhanced K+ handling (Wylie et al., 2013b). NO is 

a regulator of the Na+/K+ pump and is purported to induce effects via the cyclic 

guanosine monophosphate cascade and/or through post-translational protein 

modifications (Pirkmajer & Chibalin, 2016a). Interestingly, there is evidence to 

suggest that NO-mediated stimulations to Na+/K+ pump activity are limited to 

fatigue-sensitive type II fibres (Juel, 2016; McMorrow et al., 2011; Pirkmajer & 

Chibalin, 2016b). Further research is required to elucidate potential effects of 

dietary NO3
– on muscle excitability and its underlying mechanisms. 

 

We used maximal expiratory pressure as an index of respiratory muscle fatigue 

and found no effect of BR or NAC supplementation despite elevations in plasma 

[NO2
-] and [CYS]. Although this is the first study to investigate the influence of 

NO3
- on respiratory muscle fatigue, Behnia et al. (2018) reported that lung 

diffusion capacity tended to improve following BR supplementation suggesting 

potential for NO-induced modulations to pulmonary vascular function. Moreover, 

NAC supplementation has been reported to positively affect indices of respiratory 

muscle fatigue (Kelly et al., 2009; Shindoh et al., 1990; Smith et al., 2014; 
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Travaline et al., 1997). Therefore, our results contrast with current literature. This 

could be related to the absence of a significant decline in maximal expiratory 

pressure over the course of the prolonged exercise bout, reflecting limited 

development of respiratory muscle fatigue.  

 

Influence of dietary NO3
– and NAC supplementation on exercise tolerance 

TTE performance was not different between conditions. This is in contrast to 

previous investigations reporting that BR and NAC supplementation may 

independently improve exercise tolerance by ~12-25% (Bailey et al., 2009; 2010; 

2015; Breese et al., 2013; Lansley et al., 2011) and ~24-26% (McKenna et al., 

2006; Medved et al., 2004b), respectively. Few studies are available that have 

employed a prolonged bout of exercise prior to the exercise performance task 

(Christensen et al., 2013; Tan et al., 2018). The reason for a lack of ergogenic 

effect in the present study is unclear but could be related to subject training 

status. Dietary NO3
– supplementation is more likely to be beneficial among 

untrained individuals (Jones et al., 2018; Porcelli et al., 2015; Van de Walle & 

Vukovich, 2018), whilst NAC supplementation is more likely to be beneficial 

among trained individuals (Medved et al., 2003; Medved et al., 2004a; 2004b). 

Given that BR and NAC may be more efficacious for a different range of training 

statuses between the supplements, it is possible that combining both 

supplements has limited ergogenic potential. 

 

Strengths and limitations 

This Experimental Chapter provides insight to the potential abolishment of any 

benificial effect of co-ingesting NO3
– and NAC on muscle excitability compared to 

when the supplements are ingested alone. However, it should be noted that a 

limitation to the present study is that although NO3
– has the potential to preserve 

muscle excitability, the experimental design of the study does not reveal whether 

the effects were due to NO3
– or the other antioxidant consituents present in 

beetroot juice (e.g. betanin). In addition, the present study does not provide 

mechanistic insight into the reason co-ingestion of NO3
– and NAC abolishes any 

beneficial effect of independent ingestion. Future studies may consider including 

additional measures to elucidate these mechanisms.  
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Conclusion 

In conclusion, combining inorganic NO3
– and NAC supplementation potentially 

preserves NO bioavailability, but did not augment changes in redox status, or 

physiological responses during 1 h of heavy-intensity cycling exercise. However, 

independent ingestion of NO3
– and NAC supplementation preserved muscle 

excitability compared to when the two compounds were ingested together. 

Despite the attenuated decline in muscle excitability over time, subsequent 

exercise tolerance was not different across conditions. Taken together, our 

findings indicate that co-ingestion of dietary NO3
– and NAC supplementation may 

abolish any potential physiological benefit of ingesting either supplement alone. 

These findings have implications for supplementation strategies that are 

employed for athletes competing in endurance endurance athletes. 

 

Experimental Chapter 7 achieved the fourth aim of the present thesis by providing 

insight suggesting that co-ingestion of NO3
– and NAC do not have synergistic 

effects on neuromuscular or respiratory muscle function, and that co-ingestion 

potentially inhibits any potential beneficial effect of either supplement ingested 

independently on muscle excitability. Importantly, there was also no effect of 

independent or combined ingestion of NO3
– and NAC on subsequent exercise 

performance. Together, Experimental Chapter 4, 5, 6, and 7 address the four 

aims of the thesis and contributes to current knowledge by providing insight to 

the potential effects of NO3
– on preserving intramuscular glycogen, intramuscular 

phosphocreatine, and muscle excitability during prolonged cycling exercise, as 

well as the dynamic response of NO bioavailability following a change in the 

supplementation strategy. 
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Chapter 8: General Discussion  

NO is an essential free radical that is continuously produced by the skeletal 

muscle at rest and during exercise (Balon & Nadler, 1994). NO functions to 

activate signalling cascades or to modulate proteins to regulate contractile 

function, metabolism, and perfusion (Stamler & Meissner, 2001). Recent 

advances in the understanding of the physiological importance of NO has fuelled 

research that has focused on modulating NO bioavailability, in which particular 

attention has been paid to dietary NO3
– supplements, to influence physiological 

responses to exercise (Affourtit et al., 2015; Jones et al., 2018). NO3
– 

supplements are orally administered as NO3
–-rich BR juice or NO3

– salts as a 

strategy to elevate NO production, in which the elevation of NO is commonly 

reflected by the surrogate marker, elevated plasma [NO2
–] (Larsen et al., 2007; 

Webb et al., 2008; Wylie et al., 2013a). Dietary NO3
– supplementation has been 

shown to improve muscle efficiency (i.e. lower the O2 cost of exercise; Pawlak-

Chaouch et al., 2016) which could be partly explained by the independent or 

combined effects of a reduction in the energetic cost of contraction (Bailey et al., 

2010), and/or a reduction in the O2 cost of producing ATP (Larsen et al., 2011; 

Whitfield et al., 2016). Dietary NO3
– supplementation has also been shown to 

induce an ergogenic effect (Jones et al., 2018), which could be associated with a 

preferential augmentation in the physiological responses of fatigue-sensitive type 

II muscle fibres (Ferguson et al., 2013; Hernández et al., 2012; Jones et al., 

2016). The mechanistic bases underpinning the positive physiological effects of 

NO3
– on exercise performance have yet to be fully understood. Therefore, this 

thesis contributes novel findings that address: 1) the physiological effects of 

dietary NO3
– supplementation in prolonged continuous exercise, an exercise 

modality that would be expected to exhibit a progressive loss of muscle efficiency 

and/or recruitment of a greater proportion of type II muscle fibres; and 2) 

supplementation strategies to optimize NO bioavailability and associated 

ergogenic effects.  

 

8.1. Research questions addressed 

The aim of this thesis was to investigate the potential for dietary NO3
– 

supplementation to enhance physiological responses during prolonged exercise 

and subsequent exercise performance, as well as potential supplementation 
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strategies to optimize NO bioavailability. We sought to answer the following 

research questions: 

 

1) Do bioactive compounds other than NO3
–, such as the polyphenol 

compounds within NO3
–-depleted beetroot juice, influence NO 

bioavailability and the physiological response to exercise and does the 

number of transitions influence the ability to detect a change in the O2 cost 

of exercise following NO3
– supplementation? 

2) What are the effects of pre-exercise and during exercise ingestion of NO3
– 

supplementation on the physiological responses during prolonged 

moderate-intensity exercise and on subsequent exercise performance? 

3) What is the influence of pre-exercise NO3
– ingestion on skeletal muscle 

contractile efficiency and muscle oxidative capacity over a prolonged 

exercise protocol? 

4) What are the physiological and performance effects of co-ingesting pre-

exercise NO3
– and thiol supplementation on prolonged heavy-intensity 

exercise? 

 

8.2.  The influence of NO3
– on physiological responses during prolonged 

exercise 

Over a decade of groundwork has been laid by exercise physiologists and 

biochemists in furthering our understanding of how dietary NO3
– supplementation 

influences physiological function during exercise. The earliest studies reported 

the surprising observation that the O2 cost of exercise was lowered by NO3
– 

ingestion using experimental designs that employed short duration constant work 

rate exercise bouts (Larsen et al., 2007; Bailey et al., 2009; 2010). Since then, 

research has continued to increase our understanding of the mechanistic bases 

of NO3
– and its application. Recent evidence indicates that NO3

– supplementation 

preferentially augments Ca2+ handling (Hernández et al., 2012) and muscle 

oxygenation in type II muscle fibres (Ferguson et al., 2013) suggesting the 

potential for NO3
– to be efficacious in improving physiological responses in 

exercise modalities which require a greater relative contribution from type II 

muscle fibres (Bailey et al., 2015; Breese et al., 2013; Ferguson et al., 2013; 

Hernández et al., 2012; Jones et al., 2016). Accordingly, investigations into the 

effects of dietary NO3
– supplementation in high-intensity intermittent type exercise 
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have drastically increased (Nyakayiru et al., 2017a; Thompson et al., 2015; Wylie 

et al., 2013b). However, there is also potential for NO3
– supplementation to 

influence physiology during prolonged exercise since long durations could require 

significant type II muscle fibre activation (Krustrup et al., 2004) and that a 

progressive decline in muscle function occurs over long durations of exercise 

(Brueckner et al., 1991; Hermansen et al., 1967; Hopker et al., 2017; Ørtenblad 

et al., 2011). In addition, at the start of this thesis, although many studies 

predominantly employed submaximal continuous endurance exercise, the 

majority of the experimental designs lack application given that only a few 

investigations employed exercise durations that are applicable to popular 

endurance sports lasting ≥ 1 h (e.g. half marathons, marathons, triathlons). 

Therefore, one of the overarching themes of this thesis was to further understand 

the influence of dietary NO3
– supplementation on the physiological responses in 

prolonged continuous type exercise, with a focus on the potential for NO3
– 

supplementation to attenuate decline in physiological function over time.  

 

Chapters 4, 5, and 6 contributes to knowledge by demonstrating that skeletal 

muscle function declines over prolonged exercise consistent with previous 

reports (Christensen et al., 2013; Hermansen et al., 1967; Hopker et al., 2017; 

Paris et al., 2019; Passfield & Doust, 2000). As discussed previously (see: 

Literature Review), the decline in muscle function during exercise is multi-factorial 

and can be reflected in numerous physiological variables. Chapter 4 revealed 

that a progressive rise in VO2 occurred in parallel with the depletion of muscle 

metabolite concentrations over 2 h of moderate-intensity cycling exercise. In 

Chapter 5, muscle PCr utilization progressively increased over 2 h of single-

legged knee extensor exercise while in Chapter 6, neuromuscular function (i.e. 

muscle excitability and voluntary activation) declined over 1 h of heavy-intensity 

cycling exercise. Together, Chapters 4, 5 and 6 provide evidence that a decline 

in skeletal muscle function manifests over long duration exercise. In addition, 

given that the main mechanistic bases currently thought to underpin the effects 

of dietary NO3
– supplementation include enhancing contractile and/or 

mitochondrial efficiency (Bailey et al., 2010; Hernández et al., 2012; Larsen et al., 

2011; cf. Whitfield et al., 2016), as well as improving muscle oxygenation in a 

fibre-type specific manner (Ferguson et al., 2013) these findings provide rationale 
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for exploring the potential influence of NO3
– supplementation during prolonged 

exercise.  

 

The first investigation to examine the influence of NO3
– supplementation in 

prolonged type exercise had trained male cyclists acutely ingest NO3
– (0.5 L of 

BR juice, ~6.2 mmol of NO3
–) prior to completing a 50-mile TT (Wilkerson et al., 

2012). Results showed that following NO3
– ingestion, VO2 tended to be lower 

(P=0.06) which improved the power output to VO2 ratio during the 50-mile TT 

(Wilkerson et al., 2012). However, despite these physiological improvements, TT 

performance was not significantly influenced (Wilkerson et al., 2012). Importantly, 

the authors observed a correlation between the relative magnitude of increase in 

plasma [NO2
–] and the reduction in TT completion time (r = -0.83, P=0.01) which 

suggests the importance in the elevation of plasma [NO2
–] in the efficacy of NO3

– 

supplementation (Wilkerson et al., 2012). In another study, Christensen et al. 

(2013) had trained male cyclists perform a 2 h cycling exercise bout prior to a 400 

kcal TT. The 2 h preload consisted of four identical 30 min stages whereby trained 

male cyclists performed 50% Wpeak for 20 min, followed by 10 min of set variable 

intensities ranging from 35% to 80% Wpeak to reflect variation in road racing 

(Christensen et al., 2013; Palmer et al., 1999). These authors observed that the 

O2 cost of exercise increased over time but that there was no influence of 6 days 

of NO3
– supplementation on exercise economy (Christensen et al., 2013). The 

only other available study found no change in VO2 over time and that there was 

no influence of acute NO3
– ingestion (i.e. 2 h prior to exercise) on VO2 or glucose 

metabolism over 60 min at 65%VO2peak in recreationally active males (Betteridge 

et al. 2016). However, the experimental designs of these studies are not in line 

with our recent advances in understanding of NO3
– dosing regimens (Wylie et al., 

2013a; 2016) and training status (Pawlak-Chaouch et al., 2016; Porcelli et al., 

2015) which suggest that NO3
– supplementation is most likely to be efficacious in 

recreationally active subjects with short-term (3 to 6 days) NO3
– supplementation. 

Therefore, it cannot be excluded that dietary NO3
– supplementation can enhance 

physiology during prolonged exercise when greater type II muscle fibre 

recruitment and a progressive decline in exercise efficiency could be expected, 

and/or when more appropriate supplementation strategies to manipulate NO 

bioavailability are employed. Accordingly, Chapters 4, 5, and 6 aimed to examine 
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if short-term dietary (3 to 6 d) NO3
– supplementation could improve the 

physiological responses to prolonged exercise.  

 

The novel findings from Chapter 4 were that dietary NO3
– supplementation before 

and during exercise attenuated the progressive rise in the O2 cost of exercise and 

tended to attenuate the decline in muscle [glycogen] (P=0.09) and [PCr] (P=0.08) 

during 2 h of moderate-intensity cycling exercise. Importantly, these physiological 

effects were only observed when a single dose of NO3
–-rich BR juice was 

ingested 1 h during exercise, in addition to 3 days of pre-exercise NO3
– 

supplementation. Together, these data suggest that the metabolic cost of 

contraction was preserved over time and may be a consequence of enhanced 

NO bioavailability. Therefore, Chapter 4 demonstrates, for the first time, that 

dietary NO3
– supplementation during exercise may be an effective strategy for 

inducing positive physiological responses, particularly in exercise protocols 

where NO bioavailability may decline over time (see: Section 8.4.). An interesting 

finding is that this is the first (and currently only) study to observe an influence of 

dietary NO3
– supplementation on muscle glycogen depletion (cf: Betteridge et al., 

2016). As previously discussed (see: Literature Review), muscle glycogen stores 

have a key role in skeletal muscle contractile function (Hermansen et al., 1967; 

Nielsen et al., 2009; Ørtenblad et al., 2011). Thus, the sparing of muscle 

glycogen, which can be interpreted to be a consequence of improved contractile 

and/or mitochondrial efficiency, indicates the potential for enhanced physiology 

following NO3
– supplementation during prolonged exercise. In support of this, 

previous investigations have reported enhanced mitochondrial efficiency via 

reducing proton leakage (Larsen et al., 2011; cf. Whitfield et al., 2016) and a 

reduction in the ATP cost of contraction (Bailey et al., 2011) which provide the 

mechanistic bases that could underpin the glycogen sparing observed. 

Consistent with the findings of Bailey et al. (2010), Chapter 4 found that the 

decline in muscle [PCr] tended to be attenuated with NO3
– supplementation, 

reflecting a lower energetic cost of force production. Although a reduction in the 

overall muscle metabolic cost of contraction is likely to contribute to the 

attenuated rise in O2 cost of exercise, it is also possible that modulations to 

glucose uptake partly contributed as well. Interestingly, NO and NO2
– molecules 

have been reported to influence glucose transporter protein activity (Merry et al., 

2010; Jiang et al., 2014). In support of this, Wylie et al. (2013b) observed a 
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lowered blood glucose concentration during high-intensity intermittent type 

exercise, complementing the results of Chapter 4 to suggest that dietary NO3
– 

supplementation has the potential to influence carbohydrate utilization. Further 

research is required to establish the effects of dietary NO3
– supplementation on 

glycogen utilization and blood glucose concentration during exercise, and the 

mechanisms controlling these processes. The potential for dietary NO3
– 

supplementation to influence muscle glycogen stores represents a novel 

mechanism that is worthy of future investigation, and has important implications 

for prolonged type exercise. 

 

Chapter 5 sought to provide insight to potential mechanisms that underpinned the 

attenuation in the decline of exercise efficiency following dietary NO3
– 

supplementation in Chapter 4. In Chapter 5, participants underwent 4 days of 

dietary NO3
– supplementation prior to completing 2 h of single-legged knee 

extensor exercise. Non-invasive measurements of contractile efficiency and 

maximal oxidative capacity were performed using magnetic resonance 

spectroscopy, and therefore limited the exercise modality to single-legged knee 

extensor exercise due to the small available space within the superconducting 

magnet for exercise. The novel findings of Chapter 5 were two-fold: 1) that there 

was a decline in skeletal muscle contractile efficiency and a progressive 

acceleration in PCr recovery kinetics reflecting increased maximal oxidative 

capacity over prolonged single-legged knee extension exercise; and that 2) there 

was no influence of dietary NO3
– supplementation on these physiological 

responses. These data are in contrast to Chapter 4, and previous investigations 

which observed improved contractile (Bailey et al., 2010; Fulford et al., 2013) or 

mitochondrial efficiency (Larsen et al., 2011) following NO3
– supplementation. 

Reasons for the divergent results are unclear, but may be due to differences in 

participant population and/or exercise modalities between Chapters 4 and 5. 

Chapter 5 included males (n=5) and females (n=6) whereas Chapter 4 only 

included males. There is evidence to suggest that contractile function (Haizlip et 

al., 2015; Solianik et al., 2017; Wüst et al., 2008), NO metabolism and NO 

bioavailability (Kapil et al., 2010; Rosselli et al., 1994) may be different between 

sexes which could potentially obscure results. Indeed, a recent study by Coggan 

et al. (2018) reported that there tended to be a greater relative increase in 

maximal knee extensor power in females (P=0.06) but not males, and that the 
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increase in knee extension power output was correlated to the magnitude of 

increase in plasma [NO2
–] (R = 0.60, P<0.01). In line with this, when the data in 

Chapter 5 were analysed by sex, the change in plasma [NO2
–] and VO2 was 

smaller in males compared to females, suggesting that females potentially 

responded better to NO3
– supplementation, although it is acknowledged that 

these data were non-significant. Another potential explanation to account for 

differences in results between Chapters 4 and 5 could be that the favourable 

physiological effects of dietary NO3
– supplementation occur in muscle groups 

predominantly comprised of type II muscle fibres (Bailey et al., 2015; Breese et 

al., 2013; Coggan et al., 2015; Ferguson et al., 2013; 2015; Hernández et al., 

2012; Peeling et al., 2015) and that the serial reduction of NO3
– to NO2

– to NO is 

facilitated by low PO2 (Castello et al., 2006) and pH (Modin et al., 2001). It could 

be possible that the single-legged knee extensor exercise employed in Chapter 

5 did not elicit an intramuscular environment conducive to facilitating NO 

synthesis compared to the whole-body cycling exercise employed in Chapter 4. 

Together, the results of Chapter 5 further the current understanding of the 

potential influence of dietary NO3
– supplementation on physiological responses 

during prolonged exercise. Specifically, Chapter 5 highlights that dietary NO3
– 

supplementation may not attenuate the decline in contractile function during long 

duration single-legged knee extensor exercise indicating that factors such as 

exercise intensity, modality, and participant population may have a role.  

 

The primary novel finding from Chapter 6 was that 6 days of dietary NO3
– 

supplementation tended to attenuate the progressive decline in neuromuscular 

function over 1 h of heavy-intensity cycling exercise compared to BR+NAC (i.e. 

co-ingestion of NO3
–-rich BR juice and N-acetylcysteine). Specifically, the M-

wave amplitude (i.e. muscle excitability) declined by 29% following BR+MAL (i.e. 

NO3
–-rich BR juice alone) compared to a 47% decline in PL+MAL (i.e. co-

ingestion of NO3
–-depleted BR juice and maltodextrin, P=0.22) and a 51% decline 

in BR+NAC (P=0.08). In addition, the decline in muscle excitability in PL+NAC 

(i.e. NAC alone) was 16% which was significantly attenuated compared to 

PL+MAL and BR+NAC but not BR+MAL (P=0.30). Importantly, these data 

suggest that both NO3
– supplementation and NAC ingestion as independent 

supplementation strategies have the potential to improve neuromuscular function 

but that combining NO3
– and NAC could abolish these effects. In addition, given 
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that the ingestion of NAC alone preserved muscle excitability to a greater extent 

than BR juice alone, these data suggest that ROS may play a role in the decline 

of muscle excitability over time, perhaps via ROS-induced dysregulation of the 

Na+-K+ pump (McKenna et al., 2006). Although there are previous investigations 

that examined the effect of NO3
– supplementation on neuromuscular function 

(Flanagan et al., 2016; Husmann et al., 2019), Chapter 6 provides the first 

evidence to show that muscle excitability during cycling exercise can be 

modulated by NO3
– supplementation. In support of this, Wylie et al. (2013b) 

observed a tendency for plasma [K+] to be attenuated during high-intensity 

intermittent running exercise following NO3
– supplementation, indicating the that 

muscle membrane depolarization (which contributes to muscle excitability) was 

preserved with BR juice. In addition, neuromuscular function was improved by 

BR juice in knee extension exercise (Husmann et al., 2019) and resistance 

exercise (Flanagan et al., 2016). Therefore, Chapter 6 provides novel information 

which adds to the current body of literature supporting the potential for NO3
– 

supplementation to influence neuromuscular function. The mechanistic bases for 

potential changes following NO3
– supplementation is relatively unexplored. NO 

has been reported to have a role in the regulation of the Na+-K+ pump (Pirkmajer 

& Chibalin, 2016a) by stimulating its enzymatic ATPase activity specifically in type 

II fibres (Juel, 2016). This fibre-type specificity could be related to differences in 

NOS enzyme activity between fibre-types (Kobzik et al., 1994) although this 

remains to be verified in human muscle (Juel, 2016). Therefore, Chapter 6 may 

point to a novel mechanism underpinning potential physiological enhancements 

following dietary NO3
– supplementation, specifically in prolonged exercise. 

Collectively, Chapters 4 and 6 provide further understanding of how dietary NO3
– 

supplementation potentially improves physiologic function during prolonged 

exercise, specifically by attenuating the progressive decline in skeletal muscle 

function.  

 

In summary, the results of Chapters 4, 5, and 6 have provided novel contributions 

to the current body of knowledge regarding the influence of dietary NO3
– 

supplementation during prolonged exercise. These results have provided 

evidence that, short-term (3 to 6 d) dietary NO3
– supplementation can attenuate 

the decline in muscle metabolite concentration (i.e. muscle glycogen and PCr 

sparing), preserve neuromuscular function (i.e. muscle excitability), and 
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attenuate the progressive rise in overall metabolic cost of prolonged exercise. 

These data, from Chapters 4 and 6, provide the first evidence to support the use 

of dietary NO3
– supplementation as a strategy to enhance physiologic function 

during prolonged exercise in recreationally active humans. Improved 

physiological responses following dietary NO3
– supplementation may be due to 

NO-mediated modulations to carbohydrate utilization, the energetic cost of force 

production, and/or muscle excitability. However, the results from Chapter 5 

complicate the interpretation given that that dietary NO3
– supplementation did not 

influence the contractile efficiency of prolonged single-legged knee extensor 

exercise. The results from Chapter 5 highlight that dietary NO3
– supplementation 

may not be effective in other exercise modalities (i.e. prolonged single-legged 

knee extensor exercise) and suggest that further investigation is required to 

understand which factors influence the efficacy of dietary NO3
– supplementation 

during prolonged exercise. In summary, the results of Chapters 4, 5, and 6 

provide important advances to our current understanding on the potential 

physiological effects of dietary NO3
– supplementation in prolonged exercise in 

recreationally active humans. The implications of these results extend from 

improving endurance events, to training or multi-day events in which preserving 

muscle metabolites (i.e. glycogen and PCr) may allow for improved performance 

and total work completed.  

 

8.3.  Characterizing plasma [NO3
–] and [NO2

–] as markers of NO 

bioavailability during prolonged exercise and potential 

supplementation strategies to optimize NO bioavailability  

It is well established that following dietary NO3
– supplementation with 

concentrated and non-concentrated NO3
–-rich BR juice, an elevation in plasma 

[NO3
–] and [NO2

–] occurs, peaking within ~2 to 3 h post-ingestion (Webb et al., 

2008; Wylie et al., 2013a). The elevation in resting plasma [NO3
–] and [NO2

–] has 

been repeatedly reported (Muggeridge et al., 2013; Whitfield et al., 2016; Wylie 

et al., 2013a) and is essential for guiding the timing of NO3
– supplementation to 

ensure that peak plasma [NO3
–] and [NO2

–] coincides with the commencement of 

exercise for optimal physiological effects. The magnitude of increase of plasma 

[NO3
–] and [NO2

–] are considered important for eliciting physiological effects 

(Coggan et al., 2018; Dreissigacker et al., 2010; Wilkerson et al., 2012; Wylie et 

al., 2013a). Chapters 4, 5, 6, and 7 provide further evidence that NO3
– 
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supplementation elevates plasma [NO3
–] and [NO2

–] at rest. However, few 

investigations to date have characterized the response of plasma [NO3
–] and 

[NO2
–] during exercise. Previous studies have observed a decline in plasma 

[NO2
–] over short duration moderate-intensity (Kelly et al., 2014) and severe-

intensity cycling exercise (Dreissigacker et al., 2010; Kelly et al., 2014), and 

during high-intensity intermittent exercise (Wylie et al., 2013b; Thompson et al., 

2015). In contrast, several studies have also observed an elevation of plasma 

[NO2
–] over time (Allen et al., 2010; Rassaf et al., 2007b). The reduction of NO2

– 

to NO is facilitated by low PO2 (Castello et al., 2006) and pH (Modin et al., 2001), 

such as occurs in contracting muscle (Richardson et al., 1999). Thus, it could be 

possible that a decline in plasma [NO2
–] over exercise may reflect NO2

– being 

utilized as a substrate for NO production. In addition, the NO2
– molecule has been 

reported to induce signalling (Bryan et al., 2005) and cannot be ruled out in 

contributing to positive physiological effects observed with dietary NO3
– 

supplementation. Whether the physiological modulations are underpinned by 

NO-mediated mechanisms (Lundberg et al., 2008), NO2
– signalling (Bryan et al., 

2005), or NO metabolites (Hogg, 2002), it is now widely accepted that the 

elevation in NO2
– is crucial for inducing physiological effects (Coggan et al., 2018; 

Dreissigacker et al., 2010; Thompson et al., 2015; Totzek et al., 2012; Wilkerson 

et al., 2012; Wylie et al., 2013b). Taken together, it could be reasoned that with 

higher exercise intensities and/or durations, significant declines to the elevation 

in plasma [NO3
–] and [NO2

–] over exercise would consequently reduce any 

associated positive physiological effects of dietary NO3
– supplementation. In 

particular, there is potential for plasma [NO2
–] to decline over long duration 

exercise (≥ 1 h) due to a progressive loss of skeletal muscle efficiency (Hopker 

et al., 2017) and/or progressive type II muscle fibre activation (Krustrup et al., 

2004) which could induce a low PO2 and pH environment, facilitating the 

reduction of NO2
– to NO. Therefore, Chapters 4, 5 and 6 aimed to further our 

understanding in the potential changes to plasma [NO3
–] and [NO2

–] over 

prolonged exercise.  

 

Chapters 4, 5 and 6 provided novel contributions by characterizing changes in 

plasma [NO3
–] and [NO2

–] in exercise protocols lasting ≥ 1 h. Chapter 4, for the 

first time, demonstrated that plasma [NO3
–] and [NO2

–] declined over prolonged 

cycling exercise. Specifically, following 3 days of BR juice supplementation, 
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plasma [NO3
–] and [NO2

–] declined over 2 h of moderate-intensity exercise by 

~16% and ~17%, respectively. In contrast, Chapter 5 found that plasma [NO3
–] 

and [NO2
–] non-significantly declined by ~17% and tended to increase by ~28%, 

respectively, over 2 h of low-intensity prolonged single-legged knee extensor 

exercise. In Chapter 6, following 6 days of BR juice supplementation, plasma 

[NO3
–] significantly declined by ~4% while plasma [NO2

–] non-significantly 

increased by ~10% over 1 h of heavy-intensity cycling exercise. Moreover, 

plasma [NO2
–] declined to a greater extent during the 4 km TT and severe-

intensity TTE compared to the prolonged exercise bouts, in Chapters 4 and 6, 

respectively. Taken together, these data suggest that change in plasma [NO3
–] 

and [NO2
–] may be dependent on factors such as exercise intensity, exercise 

duration, and exercise modality. As previously discussed, the muscle metabolic 

environment impacts the reduction of NO2
– to NO (Castello et al., 2006; Modin et 

al., 2001). In addition, recent advances in our understanding of the mechanistic 

bases of dietary NO3
– supplementation indicate that NO-mediated physiological 

effects occur in a fibre-type specific manner, favouring muscle groups comprised 

predominantly of type II muscle fibres (Ferguson et al., 2013; Hernández et al., 

2012; Jones et al., 2016) or exercise modalities recruiting relatively more type II 

muscle fibres (Bailey et al., 2015; Breese et al., 2013; Coggan et al., 2015; 

Peeling et al., 2015). Therefore, a greater proportional recruitment of type II 

muscle fibres during relatively high-intensity exercise and/or a progressive 

increase in type II muscle fibre recruitment during long duration exercise could 

account for the decline in plasma [NO3
–] and [NO2

–] in Chapters 4 and 6. In 

addition, the low-intensity and the relatively smaller amount of muscle activation 

during single-legged knee extensor exercise in Chapter 5 compared to cycling 

ergometry in Chapters 4 and 6 may contribute to the disparate results observed 

between studies. This novel contribution to the current body of literature is 

important because understanding the potential decline in plasma [NO3
–] and 

[NO2
–], as well as factors that may influence this change, could lead to 

supplementation strategies to maintain elevated plasma [NO3
–] and [NO2

–], and 

thus NO bioavailability, during prolonged exercise. 

 

An important finding from Chapter 4 was that altering the conventional pre-

exercise NO3
– supplementation regimen (i.e. ingesting NO3

–-rich BR juice 3 to 6 

days prior, and ~2.5 h prior to exercise) could influence indices of NO 
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bioavailability during prolonged exercise. Specifically, Chapter 4 is the first 

investigation to administer a dose of NO3
–-rich BR juice during exercise, in 

addition to pre-exercise NO3
– supplementation (3 d), with the aim of reducing 

potential decreases in plasma [NO3
–] and [NO2

–] over 2 h of moderate-intensity 

exercise, and therefore maintaining its associated NO-mediated physiological 

effects. Interestingly, plasma [NO3
–] was elevated 30 min following ingestion of 

the additional top-up dose of NO3
–-rich BR juice by ~41% and remained until 120 

min while plasma [NO2
–] increased by 8% at 120 min. This is in contrast to the 

aforementioned decline plasma [NO3
–] and [NO2

–] when only pre-exercise BR 

juice supplementation occurred. The elevation in plasma [NO3
–] and [NO2

–] 

following BR juice ingestion during exercise is likely to be underpinned by the well 

characterized enterosalivary NO3
–-NO2

–-NO pathway which allows for the 

continual uptake, absorption, and circulation of the NO3
– and NO2

– anions 

(Lundberg et al., 2008). While these data suggest that NO bioavailability can be 

modulated by BR juice ingestion during exercise, it is acknowledged that the 

measurements in Chapter 4 are limited to NO3
– and NO2

– circulating in the blood. 

Given that other tissues (i.e. skeletal muscle, liver) have been evidenced to be 

endogenous reservoirs of NO3
– and NO2

– and likely participate in NO metabolism 

(Gilliard et al., 2018; Piknova et al., 2015; Nyakayiru et al., 2017b), future 

investigations should measure muscle [NO3
–] and [NO2

–] to provide further insight 

to NO metabolism during exercise and the response to different supplementation 

strategies. These findings provide important insight into the dynamic response of 

plasma [NO3
–] and [NO2

–] during exercise, and have implications for the 

application of dietary NO3
– supplementation, specifically for endurance events. 

 

Chapter 6 was the first investigation to combine pre-exercise NO3
– 

supplementation (6 d) with acute NAC ingestion with the aim to further elevate 

plasma [NO3
–] and [NO2

–] at rest. Given that NAC is a reduced thiol donor which 

provides cysteine and glutathione, the most important antioxidant in the biological 

system (Powers & Jackson, 2008), it was hypothesized that elevating the 

antioxidant capacity of the biological system could offset potential ROS-induced 

decreases to NO (Aleryani et al., 1998). Chapter 6 demonstrated that following 6 

days of BR juice supplementation combined with acute NAC ingestion, plasma 

[NO3
–] non-significantly declined by ~0.6% and plasma [NO2

–] non-significantly 

increased by ~14% over 1 h of heavy-intensity cycling exercise compared to 
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when only pre-exercise BR juice supplementation occurred whereby plasma 

[NO3
–] significantly declined by ~4% while plasma [NO2

–] non-significantly 

increased by ~9%. Importantly, plasma [NO3
–] was significantly greater at 1 h 

following co-ingestion of BR juice and NAC compared to ingestion of BR juice 

alone (P<0.05), although there was no difference in plasma [NO2
–] between these 

conditions. These data provide evidence that, for the first time, the elevation in 

plasma [NO3
–] can be further enhanced by combining inorganic NO3

– with a 

reduced thiol donor supplement. NO3
– and NO2

– are relatively stable molecules 

compared to NO (Gladwin et al., 2005; Hakim et al., 1996; Lundberg et al., 2008). 

Therefore, it could be reasoned that any additional elevations to NO bioavailability 

from co-ingesting BR juice and NAC could be represented as elevations in 

plasma [NO3
–], given that NO is oxidized to NO3

–. Together, Chapters 4 and 6 

provide evidence that NO bioavailability can be manipulated by ingesting a 

source of NO3
– during exercise, or by co-ingesting a reduced thiol donor that 

quenches ROS with pre-exercise NO3
– supplementation. 

 

As discussed in the previous section, Chapter 6 demonstrated that ROS may 

have an impact on NO bioavailability. In support of this, the reduction of NO2
– to 

NO is facilitated by the presence of ascorbic acid and polyphenols (Gago et al., 

2007; Peri et al., 2005; Weitzberg & Lundberg, 1998), which also have potential 

to exert antioxidant properties (Powers & Jackson, 2008). This is important to 

note because the BR juice (active and placebo; Lansley et al., 2011b) commonly 

administered in experiments investigating the effects of NO3
– supplementation 

contains various potentiating bioactive constituents other than NO3
–, such as 

phytochemicals including polyphenols, flavonoids, betalains, and ascorbic acid 

(Shepherd et al., 2015; Wootton-Beard & Ryan, 2012). Accordingly, it could be 

possible that the placebo juice (i.e. concentrated NO3
–-depleted BR juice) 

influences NO bioavailability through its phytochemical compounds. Recent 

evidence suggests that NO3
–, administered as vegetable juice compared to its 

pharmaceutical form of NO3
– salts, may induce divergent physiological effects 

such that NO3
– in vegetable juice form may be superior to NO3

– salts (Flueck et 

al., 2016; Thompson et al., 2018). Together, these data suggest that other 

bioactive compounds within the vegetable juice may act synergistically with NO3
–

. Therefore, Chapter 7 sought to investigate whether NO3
–-depleted BR juice 
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supplementation influenced plasma [NO3
–] and [NO2

–] at rest, as well as 

physiological responses during moderate-intensity exercise.  

 

The primary novel finding of Chapter 7 was that 3 to 4 days of NO3
–-depleted BR 

juice supplementation did not elevate baseline plasma [NO3
–] and [NO2

–], or 

influence VO2 kinetics (i.e. phase II, #p) and the O2 cost of short duration (6 min) 

moderate-intensity exercise. These data support that the placebo juice commonly 

utilized for scientific experiments is an effective placebo to study the effects of 

dietary NO3
– supplementation. In addition, these results further support that 

positive physiological modulations following NO3
– supplementation may be 

attributed to the elevation of NO3
– itself (Lansley et al., 2011b; Lundberg et al., 

2008). However, Flueck et al. (2016) observed a relatively greater lowering of the 

O2 cost of exercise following NO3
– administered in juice form compared to NO3

– 

salts. In addition, Thompson et al. (2018) observed superior adaptations when 

sprint training was combined with NO3
– administered as concentrated NO3

–-rich 

BR juice compared to NO3
– salts. Together, the results of these previous 

investigations suggest that NO3
– and the bioactive polyphenolic compounds in 

BR juice could act synergistically and consequently enhance its physiological 

effects compared to the pharmaceutical form. The type and concentration of 

polyphenolic compounds may be important in influencing the extent to which 

plasma [NO3
–] and [NO2

–] is further elevated by polyphenols and account for 

disparate findings. BR juice contains ~4 mg of flavonoids (Shepherd et al., 2015), 

but previous evidence suggests that ~500 mg of flavonoids is required to induce 

NO-mediated effects (Kay et al., 2012). It is possible that the concentration of 

phytochemicals within BR juice is not sufficient to induce changes to NO 

bioavailability; however, synergistic action between the phytochemicals and NO3
– 

cannot be ruled out and could account for the disparate findings between 

Chapters 7 and previous investigations (Flueck et al., 2016; Thompson et al., 

2018). Therefore, the phytochemical composition of BR juice may be an important 

factor contributing to whether NO bioavailability is elevated following NO3
–-

depleted BR juice supplementation. The results from Chapter 7 further our current 

understanding and indicate that although BR juice may enhance physiologic 

function to a greater extent than NO3
– salts, it is not necessarily due to increased 

phytochemical-induced elevations to NO bioavailability.  
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In summary, Chapters 4, 5, and 6 have furthered our understanding of how NO 

bioavailability changes over prolonged exercise following dietary NO3
– 

supplementation. In addition, Chapters 4, and 6 are the first investigations to 

provide evidence that NO3
– supplementation during exercise, and in combination 

with acute ingestion of a reduced thiol donor, have the potential to influence NO 

bioavailability. The mechanisms underpinning the changes in plasma [NO3
–] and 

[NO2
–] are likely due to the enterosalivary pathway and modulations to 

endogenous ROS bioactivity. Moreover, Chapter 7 provides important findings 

which indicate that bioactive phytochemical compounds that exist in concentrated 

NO3
–-rich and NO3

–-depleted BR juice do not influence NO bioavailability or the 

pulmonary VO2 responses to exercise.  

 

8.4.  No ergogenic effect of dietary NO3
– supplementation on exercise 

performance following a prior bout of prolonged exercise  

A main overarching theme of this thesis was to investigate whether dietary NO3
– 

supplementation influenced the physiological responses during prolonged 

exercise. Accordingly, it was hypothesized that improved physiologic function 

during prolonged exercise would enable enhanced subsequent exercise 

performance due to a greater relative preservation of skeletal muscle function. 

Measuring exercise performance following a prolonged exercise bout could be 

reflective of real-world endurance competitive events, whereby competitors 

increase their pace when reaching the last stage of a race for a sprint finish. 

Therefore, Chapters 4 and 6 sought to investigate the influence of dietary NO3
– 

supplementation on subsequent exercise performance following prolonged 

exercise. These data are important for furthering our understanding in the 

application of dietary NO3
– supplementation and translating basic science to 

practice.  

 

In Chapter 4, a 4 km TT was performed immediately following a 2 h preload at 

80%GET (i.e. moderate-intensity exercise). In Chapter 6, a TTE at severe-

intensity (70%∆, where ∆ represents the difference between peak work rate and 

the GET) was completed following a 1 h preload at 20%∆ (i.e. heavy-intensity 

exercise). There was no influence of dietary NO3
– supplementation on 

subsequent 4 km TT despite improved indices of NO bioavailability as well as 

improved muscle glycogen and PCr availability during the 2 h preload in Chapter 
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4. Similarly, in Chapter 6 there was no significant influence on subsequent TTE 

despite physiological modulations during the 1 h preload, such as enhanced 

elevation of plasma [NO3
–] following co-ingestion of NO3

– and NAC and preserved 

muscle excitability following pre-exercise NO3
– supplementation alone or NAC 

ingestion alone. Together, Chapters 4 and 6 suggest that neither exercise 

performance nor capacity following a prolonged exercise bout are influenced by 

NO3
– supplementation. These data are consistent with Christensen et al. (2013), 

the only other investigation to assess exercise performance following a prolonged 

exercise bout. The reason for the lack of effect on subsequent exercise 

performance measures in Chapters 4 and 6 are unclear, especially given that 

there was improved physiologic function during prolonged exercise following 

dietary NO3
– supplementation. In addition, dietary NO3

– supplementation has 

been evidenced to enhance skeletal muscle contractile function (Bailey et al., 

2010; Coggan et al., 2015; Coggan & Peterson, 2018; Fulford et al., 2013; Haider 

& Folland, 2014; Hernández et al., 2012; Ivarsson et al., 2017; Whitfield et al., 

2017) and to induce favourable alterations to type II muscle fibres (Ferguson et 

al., 2013; 2015; Hernández et al., 2012; cf: Whitfield et al., 2017), which could be 

expected to underpin an ergogenic effect during exercise protocols such as a TT 

and/or a TTE (Jones et al., 2018; McMahon et al., 2017; Van de Walle et al., 

2018).  

 

A potential explanation to account for the lack of effect on subsequent exercise 

performance in Chapters 4 and 6 could be that the improved physiological effects 

during prolonged exercise were simply too small to translate into an ergogenic 

effect during the subsequent TT and TTE. Indeed, the attenuated decline in 

muscle [glycogen], [PCr], and muscle excitability in Chapters 4 and 6 were 

statistically trends. It could be possible that a preload that was longer in duration 

and/or at a relatively higher exercise intensity could have induced a greater 

impact and thus translated into a meaningful effect on subsequent exercise 

performance. In addition, the lack of effect may be related to the experimental 

design such that a longer TT may have revealed significant effects in Chapter 4. 

Therefore, it cannot be excluded that subsequent exercise performance and 

capacity following a prolonged exercise bout would be enhanced by dietary NO3
– 

supplementation under other circumstances. An important consideration is that 

Chapters 4 and 6 administered BR juice as the active and placebo juice. As 
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previously mentioned, the main novel finding of Chapter 7 was that NO3
–-

depleted BR juice supplementation, and thus the bioactive phytochemical 

constituents present in BR juice, did not significantly impact NO bioavailability. 

However, it is important to note that the phytochemical with the highest 

concentration in BR juice is betalain (Shepherd et al., 2015).  Betalains have been 

reported to elicit biological activities combatting exercise-induced, fatigue-

associated, physiological changes such as inflammation (Tesoriere et al., 2003; 

Vidal et al., 2014) and oxidative stress (Butera et al., 2002; Esatbeyoglu et al., 

2014; Kanner et al., 2001). Betalain supplementation has also been reported to 

enhance exercise efficiency (Mumford et al., 2018) and TT performance 

(Montenegro et al., 2017; Mumford et al., 2018; Van Hoorebeke et al., 2016). 

Therefore, although the results from Chapter 7 suggest that NO3
–-depleted BR 

juice does not influence NO bioavailability, it cannot be excluded that the 

phytochemical betalain, present in NO3
–-depleted BR juice, could be influencing 

exercise performance independent of NO3
– and potentially obscuring results 

(Georgiev et al., 2010). Together, these data provide novel contributions to 

current knowledge by advancing our understanding of whether dietary NO3
– 

supplementation influences exercise performance following a prolonged exercise 

bout. Specifically, these results suggest that dietary NO3
– supplementation may 

not improve 4 km TTs or severe-intensity TTE tasks following a long duration 

exercise preload (1 to 2 h), at least in recreationally active humans.  

 

8.5.  Future directions  

8.5.1.  Understanding the dynamics of plasma [NO3
–] and [NO2

–] during 
prolonged exercise and its physiological relevance  

Although the responses of plasma [NO3
–] and [NO2

–] following dietary NO3
– 

ingestion at rest are well characterized (Wylie et al., 2013a), the dynamics of 

plasma [NO3
–] and [NO2

–] during exercise are less well understood. Chapters 4, 

5, and 6 complement the available literature and suggest that plasma [NO3
–] and 

[NO2
–] may decline over prolonged exercise, although factors such as exercise 

duration, intensity, modality, and participant population may influence the 

dynamics. Future investigations should seek to understand which factors have a 

role in the change of plasma [NO3
–] and [NO2

–] and if these changes influence 

physiological enhancements associated with elevations in plasma [NO3
–] and 

[NO2
–]. Current research suggests that the decline in plasma [NO2

–] is reflective 
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of the reduction of NO2
– into NO and important for its associated physiological 

effects. However, NO3
– metabolism is complex and occurs in tissues other than 

blood, such as skeletal muscle and the liver (Gilliard et al., 2018; Piknova et al., 

2015). Thus, it could be possible that changes to plasma [NO3
–] and [NO2

–] partly 

reflect uptake into other tissues in addition to the serial reduction to NO and 

increased NO2
– from oxidation of NO produced by NOS.  

 

Future investigations should identify what the decline in plasma [NO2
–] over 

exercise represents by incorporating comprehensive measures of [NO3
–] and 

[NO2
–] dynamics in blood and other tissues. In addition, it is possible that the 

widely-accepted notion that the effects of NO3
– supplementation are underpinned 

by increased provision of NO2
– for NO biosynthesis only partly explains the 

subsequent physiological effects. This is because although NO signalling is likely 

to be a contributor to the observed positive physiological modulations following 

dietary NO3
– supplementation, NO2

– itself is also capable of inducing signalling 

to alter physiology (Bryan et al., 2005) and NO metabolites, such as S-

nitrosothiols, can induce post translational protein modifications to alter protein 

structure and function (Hogg, 2002). Therefore, identifying the influence of NO, 

NO2
–, and S-nitrosothiols could provide valuable information regarding the 

biochemical mechanisms underpinning the physiological effects of dietary NO3
– 

supplementation. 

 

8.5.2.  Optimizing supplementation strategies for NO3
– ingestion during 

exercise 
Chapter 4 revealed that administering a single bolus of NO3

–, in addition to pre-

exercise NO3
–supplementation, can enhance physiological responses during 

prolonged exercise compared to pre-exercise NO3
– supplementation alone. 

However, it is important to note that the preservation of muscle [glycogen] and 

[PCr] over 2 h of moderate-intensity cycling exercise were trends. It is possible 

that ingesting NO3
– earlier than when provided in the experiment (i.e. before 1 h 

into exercise) could have allowed for a further increase in plasma [NO3
–] and 

[NO2
–] and therefore further enhanced NO-induced physiological modulations 

during prolonged exercise. Further studies are required to identify the optimal 

timing to provide an additional NO3
– dose during prolonged exercise and the 

consequent physiological effects. Moreover, the findings from Chapter 4 provide 
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rationale for investigating whether an additional dose of NO3
– during other types 

of exercise in which muscle glycogen availability is important, such as during the 

half-time interval during high-intensity intermittent type sports, or for multi-day 

sport events, provides additional benefits to the conventional pre-exercise dietary 

NO3
– supplementation regimen. 

 

8.5.3.  Exploring the influence of dietary NO3
– supplementation on muscle 

glycogen availability and neuromuscular function and their 
mechanistic bases in prolonged exercise 

Chapters 4 and 6 are the first experiments to observe that dietary NO3
– 

supplementation influences muscle glycogen utilization and muscle excitability 

during prolonged cycling exercise. However, the mechanisms underpinning these 

effects were not further examined due to the experimental design. NO has many 

physiological functions and is purported to regulate skeletal muscle glucose 

uptake (Jiang et al., 2014; Merry et al., 2010) and Na+-K+ pump activity (Juel, 

2016; Pirkmajer et al., 2016). However, few data are available which examine the 

potential influence of NO3
– supplementation on carbohydrate utilization and Na+-

K+ handling during exercise in humans (Betteridge et al., 2016; Thompson et al., 

2017; Wylie et al., 2013b). To provide further understanding on these potential 

mechanisms, research should measure glucose transporter protein and Na+-K+ 

pump protein content and activity, in addition to muscle [glycogen], blood 

[glucose] and plasma [K+] kinetics. 

 

8.5.4.  Does dietary NO3
– supplementation influence contractile or 

mitochondrial efficiency in prolonged exercise? 
The lack of influence of dietary NO3

– supplementation on contractile efficiency of 

single-legged knee extensor exercise in Chapter 5 are in contrast to earlier 

studies that observed a lower energetic cost of contraction (Bailey et al., 2010; 

Fulford et al., 2013) and greater mitochondrial efficiency (Larsen et al., 2011). 

Notably, these earlier studies employed short duration exercise bouts (Bailey et 

al., 2010; Larsen et al., 2011). Together, these data suggest that the mechanistic 

bases underpinning potential positive physiological effects following dietary NO3
– 

supplementation may be different and/or dependent on exercise duration and 

modality. Further work is required to understand whether the ATP cost of 
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contraction and/or mitochondrial efficiency is influenced by dietary NO3
– 

supplementation during prolonged exercise. 

 

8.5.5.  Can co-ingestion of NO3
– and reduced thiol donors further elevate NO 

bioavailability and influence physiological responses in prolonged 
exercise? 

The elevation of plasma [NO3
–] or [NO2

–] is hypothesized to be crucial for inducing 

consequent physiological enhancements following dietary NO3
– supplementation 

(Dreissigacker et al., 2010; Thompson et al., 2015; Wilkerson et al., 2012; Wylie 

et al., 2013a). Chapter 6 identified that co-ingestion of NO3
– and NAC further 

enhanced plasma [NO3
–] which indicates that NAC may have enhanced NO 

bioavailability by reducing ROS. However, results showed that combining NO3
– 

and NAC negated potential positive physiological effects during prolonged 

exercise compared to NO3
– and NAC alone. These data highlight an interesting 

physiological response that requires resolving given that the interaction between 

NO3
– and NAC appear to interfere with each other. NAC supplementation (Cobley 

et al., 2011; McKenna et al., 2006) and NO3
– supplementation (Bailey et al., 2009; 

Cermak et al., 2012) are both redox interventions that exert ergogenic effects and 

modulate physiology when independently administered, but the biochemical 

interaction between both compounds when co-ingested is virtually unexplored 

(Reid, 2016b). Further work is required to confirm the physiological responses of 

combining NO3
– and NAC during exercise and the mechanisms responsible. 

 

8.5.6.  To what extent do polyphenols influence the efficacy of dietary NO3
– 

supplementation? 
In Chapter 7, results showed that NO3

–-depleted BR juice supplementation did 

not elevate plasma [NO3
–] or [NO2

–], suggesting that the presence of bioactive 

phytochemicals in BR juice other than NO3
– alter NO3

– or NO2
–. In other words, 

NO3
–-depleted BR juice, commonly used as placebo, is not likely to induce 

positive NO-mediated physiological effects. However, it is acknowledged that 

investigations employing polyphenol supplementation (e.g. cocoa, cherry, 

blueberry, pomegranate, see Chapter 7) have the potential to enhance NO-

dependent processes such as blood flow (Aboo Bakkar et al., 2019; Kay et al., 

2012; Rodriguez-Mateos et al., 2013; Trexler et al., 2014). Moreover, consuming 

inorganic NO3
– in the form of a vegetable juice has been reported to be superior 
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to ingesting NO3
– salts (Flueck et al., 2016; Thompson et al., 2018). Together, 

these data suggest that the bioactive polyphenolic constituents of BR juice may 

have a synergistic interaction with NO3
– in inducing physiological modulations 

following BR juice. Given that a myriad of phytochemical compounds exist in BR 

juice (Shepherd et al., 2015), understanding the role of the individual and 

aggregate effects of phytochemicals in BR juice is complex. However, it could be 

possible that future investigations compare NO3
– salts to NO3

–-depleted BR juice, 

as well as to other polyphenol supplements, to elucidate potential effects.  

 

8.5.7.  Can dietary NO3
– supplementation induce physiological effects in 

other exercise modalities in prolonged type exercise? 
Chapters 4 and 6 provide evidence that the physiological responses during 

prolonged cycling exercise can be modulated by short term dietary NO3
– 

supplementation. Specifically, muscle glycogen sparing and preserved muscle 

excitability following NO3
– ingestion are factors that could contribute to delaying 

onset of fatigue and/or the loss of efficiency during prolonged exercise (Allen et 

at., 2008; Gandevia et al., 2001; Ørtenblad et al., 2011). This thesis contains the 

first evidence suggesting that dietary NO3
– supplementation enhances 

physiological function during prolonged cycling exercise; however, further 

research is required to confirm whether these improvements occur in different 

exercise modalities. Although cycling represents one of the most popular 

endurance competitive events, other exercise modalities such as running (i.e. 

marathon, half-marathon), cross-country skiing, or combined modalities (i.e. 

triathlon), also have long durations (≥ 1 h). Given that the mechanisms of dietary 

NO3
– supplementation potentially targets type II muscle fibres and that different 

exercise modalities require different metabolic demands and different muscle 

group activation (and thus, activation of muscles comprised of different fibre-type 

composition), it is important to identify sport-specific contexts in which dietary 

NO3
– supplementation might enhance physiological responses. 

 

8.5.8.  Are there sexual differences in the efficacy of dietary NO3
– 

supplementation? 
The current literature is comprised of evidence which suggests that there are 

responders and non-responders to dietary NO3
– supplementation (Campos et al., 

2018; Coggan et al., 2018; Christensen et al., 2013; Thompson et al., 2015; 
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Wilkerson et al., 2012; Wylie et al., 2013a; 2013b). Factors that may contribute 

to responsiveness to dietary NO3
– supplementation include participant training 

status (Porcelli et al., 2015), oral microbiome and enterosalivary pathway 

differences between individuals (Lundberg et al., 2008; Vanhatalo et al., 2018), 

and muscle fibre-type composition (Jones et al., 2016). However, results from 

Chapter 5 suggest that plasma [NO2
–] dynamics and the change in the O2 cost of 

exercise following NO3
– ingestion could be enhanced to a greater extent in 

females. Although these data were non-significant, they complement a recent 

study by Coggan et al. (2018) which reported an association between increased 

knee extensor power output with NO3
– in females. Future investigations should 

seek to elucidate whether there are sex-differences in response to dietary NO3
– 

supplementation and the mechanistic bases underpinning potential divergent 

physiological responses. 

 

8.6.  Conclusion 

The field of exercise physiology is at an exciting time. It has been 12 years since 

research began investigating the influence of dietary NO3
– supplementation on 

physiological responses during exercise (Larsen et al., 2007). To date, our 

understanding of dietary NO3
– supplementation has advanced such that potential 

candidate mechanisms have been identified (Affourtit et al., 2015). Specifically, 

dietary NO3
– supplementation has been shown to enhance the ATP cost of force 

production (Bailey et al., 2010), improve mitochondrial efficiency (Larsen et al., 

2011; cf: Whitfield et al., 2016), and to increase tissue perfusion (Ferguson et al., 

2013), with a potential targeting of type II muscle fibres (Ferguson et al., 2013; 

Hernández et al., 2012). These mechanisms work independently or in 

combination to contribute to enhanced exercise efficiency and performance 

following dietary NO3
– supplementation. In light of our recent advances in 

knowledge of the mechanistic bases of dietary NO3
– supplementation, this has 

provided a rationale to explore exercise modalities by which the efficacy of dietary 

NO3
– supplementation is likely to be enhanced. Accordingly, there has been a 

recent surge in publications investigating high-intensity intermittent type exercise 

(Jones et al., 2018). However, at the onset of this thesis, publications regarding 

whether dietary NO3
– supplementation influences prolonged exercise was 

scarce.  Therefore, the current thesis has made novel contributions which extend 

our understanding of dietary NO3
– supplementation by investigating the potential 
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influence of dietary NO3
– supplementation on physiological responses during 

prolonged exercise. In addition, in light of recent advances in our knowledge 

suggesting that elevated NO bioavailability is crucial for the efficacy of dietary 

NO3
– supplementation, this thesis also explored potential supplementation 

strategies to optimize NO bioavailability.  

 

The findings from Chapters 4, 5, and 6 demonstrated that skeletal muscle 

function declines over prolonged exercise, while Chapters 4 and 6 provides 

evidence that dietary NO3
– supplementation has the potential to attenuate the 

relative magnitude of reduction in muscle metabolites and muscle excitability in 

prolonged exercise. Moreover, Chapters 4 and 6 explore the potential to 

modulate NO bioavailability by administering NO3
– during exercise, as well as 

combining dietary NO3
– supplementation with a reduced thiol donor. Specifically, 

the results of Chapter 4 suggest that ingesting a single dose of NO3
– during 

prolonged exercise, in addition to short-term pre-exercise NO3
– supplementation, 

may be effective at preserving NO bioavailability and consequently inducing 

further enhanced physiological effects compared to pre-exercise NO3
– 

supplementation alone. The results of Chapter 6 suggest that combining pre-

exercise dietary NO3
– supplementation with acute NAC ingestion may further 

increase plasma [NO3
–] but potentially abolishes positive physiological effects of 

dietary NO3
– supplementation during prolonged exercise. Chapter 7 found that 

the number of transitions could influence detecting changes to the O2 cost of 

exercise following NO3
– supplementation. In addition, Chapter 7 indicates that 

NO3
–-depleted BR juice, commonly administered as the placebo juice in scientific 

experiments, does not influence NO bioavailability and therefore is an effective 

placebo. Lastly, the present thesis also contributes important information 

suggesting that factors such as exercise intensity, duration, modality, and sex-

differences may contribute to the efficacy of dietary NO3
– supplementation during 

prolonged exercise.  

 

In summary, the information from this thesis indicates that dietary NO3
– 

supplementation may be beneficial for recreationally active individuals 

participating in prolonged cycling exercise and that altering the supplementation 

strategy by ingesting a dose of NO3
– during exercise could provide further 

physiological enhancements.
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The effect of nitrate-depleted beetroot juice on the oxygen cost of 

moderate-intensity cycling exercise. 
 

PARTICIPANT INFORMATION SHEET 
Version one: 13/03/2019 

 
Thank you for showing an interest in this project. Please read this information sheet 
carefully before deciding whether you would like to participate. If you decide to 
participate, we thank you in advance for the time and effort you have decided to devote 
to our investigation. If you decide not to take part, there will be no disadvantage to you 
of any kind and we thank you for considering our request.  
 
WHAT IS THE PURPOSE OF THE STUDY? 
The purpose of this study is to find out if the polyphenol compounds in nitrate-depleted 
beetroot juice influences exercise economy compared to a control condition and nitrate-
rich beetroot juice. The results of this study will give us a better understanding on the 
beneficial properties of beetroot juice ingestion. 

WHO AND HOW MANY PEOPLE WILL BE IN THIS STUDY? 
We plan to recruit and test 14 healthy male and female volunteers between 18 to 45 years 
of age. To take part in this study you should be a non-smoker, not a user of dietary 
supplements, and in good health and engage in recreational exercise but not highly 
trained. You should be free of any injury or health conditions which might make it 
difficult for you to exercise.  
 
WHAT ARE MY RESPONSIBILITIES IF I PARTICIPATE IN THE STUDY?  
Should you agree to participate, we will ask you to visit the testing venue on St. Luke’s 
Campus on 7 occasions over a 4-week period. Your visits will be scheduled at the same 
time of day (± 2 hours). Aside from the supplementation regimen detailed below, we will 
ask you to maintain your usual dietary and exercise habits throughout this study. We will 
ask you to record and repeat these 24 hours prior to all exercise tests. Please remain 
hydrated prior to each visit, though you should not drink alcohol for at least 24 hours 
before all visits and you should avoid caffeine and food (aside from your breakfast for 
the morning of testing visits) for 6 hours before all exercise tests. Additionally, you must 
refrain from any antibacterial mouthwash throughout the duration of the study. You will 
have the opportunity to ask questions and clarify any issues you may be unsure of before 
deciding whether you want to take part. 
 

	
	
	
	
	
	

Sport	and	Health	Sciences	
College	of	Life	and	
Environmental	Sciences	
St	Luke’s	Campus	
Heavitree	Road	
Exeter	
Devon	
Telephone:	+44	(0)1392	26	
Email:	sshs-school-
office@ex.ac.uk	 	
Web:		www.ex .ac .uk/sshs 	



Appendix I 

	 262 

VISIT #1: Participant Screening and Baseline Testing 
You will be asked to read and sign the consent form and have your general health and 
readiness to undertake exercise tests assessed. Following initial screening, you will 
complete a maximal incremental exercise test on a cycle ergometer, on St. Luke’s 
Campus. You will cycle on a protocol which increases in intensity gradually until you 
have reached exhaustion. This exercise protocol typically does not take longer than 15 
minutes. In total, this visit will take no longer than 45 min.  
 
SUPPLEMENTATION 
You will undergo 4 days of supplementation for each of the three conditions: 
 

a) 140 mL (2 x 70 mL ‘shots’) per day of nitrate-depleted beetroot juice 
b) 140 mL (2 x 70 mL ‘shots’) per day of water 
c) 140 mL (2 x 70 mL ‘shots’) per day of nitrate-rich beetroot juice  

 
The nitrate-depleted and nitrate-rich beetroot juice looks, smells, and tastes the same. You 
will consume 1 x 70 mL shot in the morning, and 1 x 70 mL in the evening on days 1 and 
2 of the supplementation period. On day 3 and 4 of each supplementation period, you will 
be asked to attend the laboratory for experimental testing. On these days you will be asked 
to consume 2 x 70 mL 2 hours prior to arrival at the laboratory. The specific times of 
supplement ingestion will be outlined to you prior to each visit.  
 
A period of at least 5 days will take place in between each supplement condition.  
Additionally, you will be required to complete a food and physical activity log for the 24 
hours prior to visits #2 and you will be asked to replicate your diet and physical activity 
in the 24 hours preceding all following visits.  
 
VISIT #2, 3, 4, 5, 6, and 7: Experimental testing sessions 
Visit #2, 3, 4, 5, 6, and 7 will take place on day 3 and 4 of the 4-day supplementation 
period (outlined in section above) in each condition. These visits will serve as the testing 
sessions. You will arrive to St. Luke’s Campus for all of testing. Upon arrival, two blood 
samples will be taken before the exercise begins. These blood samples will be used to 
measure the amount of important biomarkers. After the blood draw is taken, you will 
complete two 6- minute bouts of moderate-intensity cycling exercise, interspersed by a 
10-minute period of recovery between each bout. You will be asked to wear a mouthpiece 
throughout the exercise test to determine how much oxygen you are using during the 
exercise.  
These visits will take no longer than 45 minutes. 
 
Table 1 shows a summary of measurements done during each visit. 
 

Visit Exercise test and 
measurement of VO2 

Blood sample (through a single 
venipuncture) 

1 √  

2 √ √ x 2 
3 √ √ x 2 
4 √ √ x 2 
5 √ √ x 2 
6 √ √ x 2 
7 √ √ x 2 
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BLOOD SAMPLES  
Two blood draws (~6 ml each; equal to a small teaspoon) in the arm will be taken before 
each exercise test (visit #2, 3, 4, 5, 6, and 7).  
 
A total of 12 blood samples (2 for each testing visit) will be drawn over the entire study.  
This equates to a total volume of ~72 mL over 4 weeks, which is significantly less than 
the amount you would provide when giving blood (around 500 mL in 1 day) and should 
not have any detrimental effect on a healthy individual. All samples will be taken by a 
trained research team member.  
 
DESCRIPTION OF POTENTIAL RISKS AND DISCOMFORTS 
The blood sampling may cause some temporary discomfort. However, these techniques 
are regularly used in exercise physiology testing. The investigators are trained and 
experienced in all aspects of these procedures to ensure that they are completed safely. 
The maximal exercise you are asked to undertake is likely to cause some discomfort. 
However, this discomfort will do no lasting harm and will simply represent the feelings 
of exertion that we normally experience when working very hard. The risks involved with 
maximal exercise testing in a controlled laboratory environment are minimal. Possible 
adverse effects include nausea, vomiting, and loss of balance. You may experience 
localised muscle pain, which may persist for more than 24 h. Every effort will be made 
to minimise the above risks by thorough instruction and observation of symptoms during 
sessions. Please be aware that any concerns you have about the degree of effort that you 
will be asked to expend will be addressed in full by the researchers prior to you giving 
your consent to participate. Furthermore, if at any time, you decide that you no longer 
want to take part in this project for any reason, you are at liberty to withdraw without 
giving any reason and without disadvantage to yourself of any kind. 
 
When ingesting large doses of beetroot, it can cause beeturia, causing discolouration of 
urine and stool. This is a normal side effect and poses no harm.  
 
WHAT ARE THE POSSIBLE BENEFITS FOR ME AND/OR FOR SOCIETY? 
We cannot promise you any personal benefits to you from your participation in this study. 
However, you may gain valuable information regarding your fitness level. You will also 
be helping provide scientific research and knowledge towards the effects of dietary nitrate 
supplementation. 
 
WHAT INFORMATION WILL BE KEPT PRIVATE? 
The blood samples will be code labeled without showing your name and stored securely. 
These samples may be transported to other laboratories within the UK or overseas for 
further analyses. Samples will be disposed of immediately following analysis. Your 
anonymity will be protected in the case of publication of our findings. Any data collected 
during these exercise tests will be used to establish response profiles across the group of 
subjects involved and these cumulative scores may be made available for public 
inspection in research journals and/or at seminars and conferences. In addition, individual 
response profiles indicative of the typical response may also be presented. However, in 
all cases, anonymity will be strictly preserved. Therefore, while results of this project may 
be available for public inspection, any data displayed will in no way be linked to any 
specific individual participating in this investigation. 
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Upon completion of the study, the data collected will be securely stored in such a way 
that only the researchers involved in this investigation will be able to gain access to it. At 
this point, you are most welcome to request a copy of the results of the project should you 
wish and we will be available to explain and interpret your specific data. 
 
CAN PARTICIPATION IN THE STUDY END EARLY? 
If you volunteer to be in this study, you may withdraw at any time without providing any 
reason and without disadvantage to yourself of any kind. You also have the option of 
removing your data from the study. You may also refuse to answer any questions you 
don’t want to answer and still remain in the study. The investigators may also withdraw 
you from the study if circumstances arise which warrant doing so.  
 
IF I HAVE ANY QUESTIONS OR PROBLEMS, WHOM CAN I CALL? 
If you have any questions about this research project now or later, you may contact any 
one of the investigators listed on the next page. 
This study has been approved by the Sports and Health Science Ethics Committee.  
 
Locally Responsible Investigator 
Rachel Tan, B.Sc., M. Sc. 
PhD Student, Sports and Health Sciences 
Email: rt354@exeter.ac.uk 
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Study: The effect of nitrate-depleted beetroot juice on the oxygen cost of moderate-intensity 
cycling exercise.	
Principal Investigator: Rachel Tan 
Researcher: Rachel Tan 
Organisation: The University of Exeter 
Version: #1 13/03/2019 
	
Participant Identification Number: 
 

Informed	Consent	Form	for	Participants	
               Please 

initial box 
1. I confirm that I have read and understand the information sheet version 
1 dated 13/03/2019 for the above study. I have had the opportunity to 
consider the information, ask questions and have had these answered 
satisfactorily. 
 
2. I understand that my participation is voluntary and that I am free to 
withdraw at any time, without giving any reason. 
 
3.  I understand that any information given by me may be used in future 
reports, articles or presentations by the research team. 
 
4.  I understand that my name will not appear in any reports, articles or 
presentations. 
 
5. I will be asked to provide 12 venous blood samples over the course of 
the study and I understand the blood sampling procedures. 
 
6. I understand blood samples may be transported to other laboratories 
within the UK or overseas for further analyses.   
             
7. I understand that I will consume 8 x 70 mL nitrate-depleted and 8 x 70 
mL nitrate-rich beetroot juice shots (total of 16 supplements) over the 
course of the study. 
 
 
8. I agree to take part in the above study. 
 
 
Name of Participant: Signature: Date: 
   
   
Researcher: Rachel Tan Signature: 

 
 
 
 

Sport and Health Sciences 
College of Life and 
Environmental Sciences 
 
St Luke’s Campus 
Heavitree Road 
Exeter 
Devon 
Telephone: +44 (0)1392 26 
Email: sshs-school-office@ex.ac.uk  
Web:  w w w . e x . a c . u k / s s h s  
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What are the immediate risks? 
 
 
 
 
 
What might happen later on? 
 
 
 
 
 
 
How to care for my biopsy site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
What If I have any questions about my wound 

Sport and Health Sciences 
College of Life and 
Environmental Sciences 
 
St Luke’s Campus 
Heavitree Road 
Exeter 
Devon 
Telephone: +44 (0)1392 26 
Email: sshs-school-office@ex.ac.uk  
Web:  w w w . e x . a c . u k / s s h s  
 
 

Please seek medical advice if you are concerned about your biopsy wound. If you are 
concerned about excessive pain, swelling or bleeding or have any other concerns, do not 
hesitate to contact the principle investigator or members of staff involved with the project 
you are enrolled on. Contact details should have been provided to you at the outset of the 
trial. Alternatively you could seek advice from your family doctor (GP), practice nurse or 
from your local Accident and Emergency department. 
 

Post-Procedure Care for your Biopsy Site 	

The most common problem immediately following a biopsy is pain after the local 
anaesthetic has worn off. This will likely wear off in a few hours to days. A small amount 
of bleeding may occur for 2-3 days following the procedure. Swelling and bruising may 
also be present, but in most cases fade in a couple of days. 
	

Although very rare, there is always a chance of infection with any wound. This can slow 
the healing of the wound. However, infection can be easily prevented by following the 
information below. In extreme cases, numbness and swelling can persist at the site 
surrounding the scar. 
 

After the procedure, you will have the wound covered with sterile dressing and a 
bandage. The dressing should be kept in place for 3-5 days. Although waterproof, it is 
important that the dressing is kept as clean and dry as possible by avoiding bathing and 
swimming. Taking a shower is acceptable. If needed, the dressing can be changed after 3 
days. You will be given extra waterproof dressing to apply yourself. Alternatively, you can 
return to the laboratory to have the wound re-dressed by a member of staff. 
Ice will also be applied to prevent bruising and swelling. The ice should be kept on for 20-
30 minutes following the procedure. Ice can be reapplied later in the day, but should be 
kept on for no longer than 20-30 minutes each time. 
Ideally, the leg should be rested for at least 3 hours following the procedure. On your 
journey home you should avoid cycling and running. If possible, keep your leg raised 
when resting. 3-24 hours after, it is important to maintain mobility in your leg but try to 
avoid excessive exercise. 
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