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Executive Summary 

Supplementation with dietary nitrate (NO3-), and its subsequent metabolism to nitrite 

(NO2-) and nitric oxide (NO), has repeatedly been shown to reduce oxygen utilisation 

(VO2) at fixed submaximal exercise intensity, and to improve the performance of 

endurance-based exercise tasks. The implementation of NO3- supplementation in well-

trained athletes is likely to occur prior to sporting events held in numerous places 

around the world, where varying environmental conditions (i.e., heat or altitude) exist. 

To date, research is limited on whether the ergogenic effect of NO3- supplementation on 

cycling time-trial (TT) performance persists during periods of environmental heat stress. 

Likewise, it remains to be discovered whether the vasodilatory functions of NO may 

lead to increased heat dissipation from the periphery and improve thermoregulation. 

Furthermore, previous research into the effectiveness of NO3- supplementation at 

altitude has used predominantly endurance-based exercise, rather than explosive, high-

intensity activities. Therefore, this thesis presents with two distinct aims: 

1) To assess the effect of NO3- supplementation using beetroot juice (BR) on 

endurance-based exercise performance and thermoregulation in hot environmental 

conditions. 

2) To assess the effect of NO3- supplementation using BR on high-intensity exercise 

performance in normobaric hypoxia. 

In order to explore these research aims, this thesis presents four original investigations. 

Study One assessed the effect of NO3--rich BR supplementation on the performance of a 

~60 min cycling TT in both euthermic (21.1 ± 0.3°C) and hot (34.9 ± 0.3°C) 

environmental conditions. Here, 12 male endurance-trained cyclists (VO2peak: 65.8 

mL.kg-1min-1) completed four individual 14 kJ.kg-1 TTs following a 48 h 

supplementation period with BR (6.5 mmol NO3- for 2 days; 13.0 mmol 2 h prior to the 

TT) or a NO3--depleted placebo (PLA). Following BR, salivary NO2- and NO3- 

increased by 1,230% and 880%, respectively, leading in the euthermic and hot trials to a 

1.5% and 2.7% performance improvement, respectively, compared with PLA. While 

these changes were not (by convention) significantly different, they were outside the 

margins of smallest worthwhile change established for cycling TTs, implying a 

practically meaningful performance effect. Of note, the participants used here were 

grouped into potential “responders” and “non-responders” based on their individual 

responses in both environmental conditions. In comparing the two cohorts, VO2peak was 
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significantly lower in the “responder” group, suggesting that a high individual level of 

aerobic fitness may lower the ergogenic benefit of the supplement. 

To explore the possible physiological mechanisms behind these marginal gains, Study 

Two assessed 12 male endurance-trained cyclists (VO2peak: 68.6 mL.kg-1.min-1) cycling 

for 60 min at a fixed workload of 60% VO2peak power output in hot environmental 

conditions (33.3 ± 0.4°C) following the same supplementation protocol as Study One. 

Here, there were no differences in core or skin temperature, forearm cutaneous blood 

flow, mean arterial pressure, muscle oxygenation or VO2 between BR and PLA, despite 

BR supplementation producing an 890% and 680% increase in salivary NO2- and NO3-, 

respectively. Consequently, it appears that the marginal performance gains measured in 

Study One are not a consequence of increased cutaneous blood flow leading to a slower 

rate of core body heat storage, nor are they due to an improvement in muscle blood flow 

augmenting tissue oxygenation levels while under heat stress. 

With NO3- supplementation not appearing to provide any significant thermoregulatory 

benefit during exercise in hot conditions, Studies Three and Four assessed how BR 

supplementation may influence high-intensity exercise performance in an alternate 

environment: hypoxia. In Study Three, 12 male team sport athletes (VO2peak: 53.1 

mL.kg-1.min-1) completed three experimental trials involving a cycling repeat-sprint 

protocol (4 sets of 9 x 4 s sprints with 26 s recovery), preceded by a 10 min submaximal 

warm-up. Two trials were conducted in hypoxic conditions (14.5% O2) after an acute 

BR dose (13 mmol NO3-), or an equivalent volume of PLA, ingested 2 h prior to 

exercise. The third trial was conducted without supplementation in normoxic conditions 

(20.3% O2). In hypoxia, BR marginally reduced VO2 during the submaximal warm-up, 

and the work output decrement during the first repeat-sprint set was also lower, but 

there were no differences in peak or mean power output between BR and PLA. 

Therefore, it appears that BR supplementation has a greater effect on more aerobic-

based exercise tasks when compared to repeat-sprint activity. 

With these results in mind, Study Four examined whether BR supplementation affects 

high-intensity exercise performance more as the duration and aerobic energy 

contribution, of the effort increases. Here, 8 male endurance-trained cyclists (VO2peak: 

63.9 mL.kg-1.min-1) completed three experimental trials, each involving maximal 

cycling efforts across a range of exercise durations, including 2 x 6 s, 15 s, 30 s, 1 min, 

4 min and 10 min. These efforts were completed in similar environmental conditions as 
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Study Three (14.4% or 20.7% O2). The supplementation protocol was replicated from 

Study One. Results showed that supplementation with BR did not improve performance 

of any of the maximal efforts, and there were no changes in VO2 during the 4 min or 10 

min efforts. 

In summary, the effectiveness of BR supplementation appears to be diminished if the 

exercise is performed in a hot environment, and also by the aerobic capacity of the 

participant. The results of Studies One, Two and Four, in which a minimal supplement 

effect on performance was observed, lends further evidence to existing theories that a 

high level of endurance training status diminishes an individual’s ergogenic benefit to 

BR supplementation. With regard to high-intensity, short-duration intermittent exercise, 

BR supplementation does not appear to have an ergogenic effect on the repeat-sprint 

protocol performed here by male team sport athletes where aerobic contribution is 

limited and hypoxic severity is moderate. Whether BR supplementation may be more 

effective for different intermittent sprint protocols remains to be elucidated. There also 

appears to be large variation in the individual responses to this supplement, and 

therefore, its use should be trialed on an individual basis looking for bespoke outcomes. 
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1.1 Background 

Following the discovery of the role of nitric oxide (NO) in cardiovascular function 

(Ignarro, 1989) and metabolic respiration (Cooper & Giulivi, 2007), the ability of 

various NO-donors to augment NO production has been studied in detail. Specifically, 

the ingestion of inorganic nitrate (NO3-) was shown to rapidly increase circulating levels 

of plasma NO3- (McKnight et al., 1997). Circulating NO3- is partitioned into the salivary 

glands, excreted into the oral cavity and reduced to nitrite (NO2-) by anaerobic bacteria 

in the oral cavity (Duncan et al., 1995). Once swallowed, some NO2- is converted to NO 

in the acidic environment of the stomach (Lundberg et al., 1994; McKnight et al., 1997), 

while the remaining NO2- is absorbed into systemic circulation, where it acts as a 

reservoir for NO production in conditions such as hypoxia and acidosis (Zweier et al., 

1995; Modin et al., 2001). In view of the vasodilatory effect of NO, the ingestion of 

NO3--rich beetroot juice was noted to cause significant decreases in systolic blood 

pressure (Siervo et al., 2013), suggesting it may also increase the bioavailability of NO 

to perform other functions, such as regulating mitochondrial respiration and muscle 

contractile function. Consequently, research was initiated to examine the effects of 

dietary NO3- ingestion on the physiological responses to exercise. 

Encouraging results supporting dietary NO3- as an effective supplement for continuous 

endurance exercise have been reported. Reductions in the oxygen (O2) cost of fixed 

work rate submaximal exercise (Larsen et al., 2007; Bailey et al., 2009; Lansley et al., 

2011b) and improved times-to-exhaustion during high-intensity exercise  (80 – 90% 

VO2max) (Breese et al., 2013; Thompson et al., 2014) have been found following NO3- 

supplementation. Further, in time-trials (TTs) lasting between 90 s – 30 min 

performance improvements of 1 – 3% were also evident during cycling (Lansley et al., 

2011a; Cermak et al., 2012), running (Lanceley et al., 2013), rowing (Bond et al., 2012) 

and kayaking (Peeling et al., 2015). However, these improvements in exercise economy, 

exercise tolerance or TT performance are not consistently reported (Bescós et al., 2011; 

Christensen et al., 2013; MacLeod et al., 2015), with possible differences in the training 

status of the participants studied, and/or the intensity and duration of exercise protocols 

employed, potentially explaining these contrasting findings. 

The recent discovery that NO3- may augment blood flow and contractile function 

preferentially in type II (fast-twitch) skeletal muscle (Hernández et al., 2012; Ferguson 

et al., 2013) has also stimulated a research focus into the potential ergogenic effects of 
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NO3- supplementation on high-intensity, short duration (repeat-sprint) exercise 

performance. Some studies have found NO3- supplementation to be ergogenic for 

exercise tasks such as a single maximal sprint cycling effort (Rimer et al., 2016), the 

Yo-Yo intermittent recovery level 1 test (Wylie et al., 2013; Thompson et al., 2016), 

and tests of repeated-sprint ability (Aucouturier et al., 2015; Thompson et al., 2015; 

Wylie et al., 2016). Yet, others have reported either null or negative performance results 

between NO3- and placebo supplementation during tasks such as 5 x 10 s kayak sprints, 

6 x 20 s cycling sprints, or repeated 8 s cycling sprints to volitional exhaustion 

(Christensen et al., 2013; Muggeridge et al., 2013; Martin et al., 2014). In keeping with 

endurance exercise research, these inconsistencies appear to be consequent to the same 

aforementioned factors. 

Following on from the research conducted in standardised laboratory conditions, some 

investigations have looked into how NO3- as a dietary supplement performs in more 

challenging environmental conditions, such as heat and hypoxia. Thus far, there has 

only been one study conducted to investigate the effects of dietary NO3- 

supplementation on exercise outcomes in hot environmental conditions. Despite 

indications that dietary NO3- ingestion can augment reflex cutaneous blood flow during 

passive whole-body heating (Levitt et al., 2015), core temperature (Tc) was, in fact, 

elevated following NO3- supplementation during constant workload (~45% VO2max) 

treadmill walking in hot, dry conditions (41°C, 15% relative humidity)  (Kuennen et al., 

2015). This may be due to an increased distribution of cardiac output to active skeletal 

muscle (rather than to the periphery) during exercise following NO3- ingestion; 

however, this prospect has not been directly measured, and therefore, remains 

speculative. 

In hypoxia, dietary NO3- supplementation was shown to be effective at improving 

exercise performance, with multiple research groups revealing a reduced O2 cost of 

steady-state endurance cycling, while cycling and running TT, and cycling time-to-

exhaustion performance is improved with NO3- supplementation in simulated altitude 

(2500 – 5000 m) (Vanhatalo et al., 2011; Masschelein et al., 2012; Muggeridge et al., 

2014; Shannon et al., 2016). Yet, no research to date has explored the effects of NO3- 

supplementation on short duration, high-intensity single or repeat-sprint efforts in 

hypoxia. 
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1.2 Statement of the Problem 

While there is supporting evidence for the ergogenic effects of NO3- on endurance-

based exercise economy and performance, there have been some contrasting results, and 

conjecture remains as to whether or not NO3- supplementation is beneficial for short 

duration, high-intensity single or repeated-sprint exercise. It may be that differences in 

the experimental protocols, supplement dosages and cohorts studied can explain these 

conflicting findings, but further research is required to investigate the influence of these 

factors. Further, it is likely that NO3- supplements will be considered for use prior to 

sporting events held all over the world, in highly diverse environmental conditions. 

Furthermore, the majority of the research done previously has focused on 

recreationally-active populations. It is currently unknown whether dietary NO3- 

supplementation may confer positive or negative benefits for moderately- or well-

trained athletes performing long duration endurance exercise (~60 min) in hot 

conditions, or short-duration (<10 min) high-intensity exercise efforts performed in 

hypoxic environmental conditions. 

1.3 Thesis Aims and Hypotheses 

The general aim of this thesis is to determine whether dietary NO3- supplementation, 

provided in the form of beetroot juice, can be beneficial to the performance of 

endurance or repeated-sprint exercise tasks when conducted in the challenging 

environmental conditions of heat or hypoxia. As such, four original investigations are 

presented, with the first two focused on exercise performance outcomes and 

thermoregulation during endurance exercise in the heat, and the second two focused on 

high-intensity, short duration exercise performance in simulated altitude. 

The specific aims and hypotheses of each original investigation are as follows: 

Chapter Three: Can dietary nitrate supplementation improve cycling time-trial 

performance in the heat? 

Aim: To assess the effect of dietary NO3- supplementation on cycling TT performance 

and thermoregulatory responses in well-trained cyclists in both hot and euthermic 

environmental conditions. 

Hypotheses: Cycling TT performance would improve following NO3- supplementation 

in both euthermic and hot conditions, and that Tc would increase at a slower rate 

following NO3- supplementation, compared with placebo. 
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Chapter Four: Effect of dietary nitrate supplementation on thermoregulatory and 

cardiovascular responses to submaximal cycling in the heat. 

Aim: To examine the effect of dietary NO3- supplementation on skin blood flow, muscle 

oxygenation and thermoregulation during constant workload submaximal cycling in 

well-trained cyclists in a hot environment. 

Hypotheses: NO3- supplementation would increase skin blood flow, which would slow 

the rate of rise in Tc during exercise, compared with placebo. 

Chapter Five: Effect of dietary nitrate supplementation on repeat-sprint performance in 

hypoxia. 

Aim: To assess the influence of dietary NO3- supplementation on the repeat-sprint 

performance of team sport athletes in a hypoxic environment. 

Hypotheses: Hypoxia would impair repeat-sprint performance, compared with sea level, 

but NO3- supplementation would attenuate this performance decrement, compared with 

placebo. 

Chapter Six: Effect of dietary nitrate supplementation in trained cyclists on a cycling 

power profile test in normobaric hypoxia. 

Aim: To assess the influence of dietary NO3- supplementation on the high-intensity 

cycling performance of well-trained endurance athletes in a hypoxic environment. 

Hypotheses: In hypoxia, dietary NO3- supplementation would improve the performance 

of high-intensity exercise efforts requiring considerable aerobic energy contribution (>1 

min), compared with placebo. 

1.4 Contribution of this Research 

The findings of this research will help to inform coaches, sport scientists and athletes 

considering the use of dietary NO3- supplementation of its efficacy to enhance exercise 

performance during competition in hot or hypoxic environmental conditions. In 

particular, the results may provide supporting evidence for the use of dietary NO3- prior 

to endurance events conducted in hot climates (for example, the Ironman World 

Championship held in Kona, Hawaii), or for team sport events held at altitude (for 

example, football games held at the Estadio Hernando Siles in La Paz, Bolivia). 

Furthermore, if NO3- can provide exercise performance benefits in hot or hypoxic 

environmental conditions, it may have application as a training supplement for athletes 

completing heat or altitude training in preparation for competition. Since the exact 

mechanisms underlying the ergogenic effects of NO3- ingestion remain unclear, the 



 6 

outcomes of these studies will help to describe whether the athletes or athletic events 

tested receive a significant benefit from dietary NO3- supplementation in specific 

environmental conditions.  
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2.1 Foreword 

In a thesis presented as a series of papers, the University of Western Australia 

guidelines do not include a requirement for a traditional “Review of Literature” chapter, 

as each experimental paper will include relevant research findings in the text, 

particularly in the “Introduction” and “Discussion” sections. Consequently, what 

follows here, in Chapter Two, is a succinct review of background information relevant 

to the topics investigated in the experimental papers that follow (i.e. Chapters Three – 

Six), but without unnecessarily duplicating and repeating the specific research findings 

from the literature pertinent to each study. 
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2.2 Introduction 

In the ongoing search for “superfoods” and dietary supplements that provide health and 

exercise benefits, dietary inorganic nitrate (NO3-) has emerged as a cost-effective and 

easily accessible nutritional supplement that may provide benefits for both 

cardiovascular health and exercise performance. Found primarily in green leafy 

vegetables, NO3- is metabolised in the digestive system to nitrite (NO2-) and then nitric 

oxide (NO), providing an alternative pathway of NO production to the established L-

arginine oxidation pathway (Lundberg & Weitzberg, 2010). The reduction of NO2- can 

be accelerated in the hypoxic and acidic conditions evident in contracting muscle tissue, 

amplifying the bioavailability of NO and subsequently influencing vasodilation, 

mitochondrial respiration and muscle contractile function (Gladwin et al., 2005; 

Umbrello et al., 2013). As such, dietary NO3- supplementation has positive effects on 

whole body oxygen (O2) utilisation (VO2), fatigue resistance and muscle power output 

(Jones, 2014a, 2014b). Notwithstanding, there is still uncertainty on how effective this 

supplement may be in challenging environmental conditions, such as heat and hypoxia, 

and its potential impact on performance in well-trained and elite athletes. 

This review will cover the current knowledge on NO production and physiological 

functions, the effects of dietary NO3- supplementation on various durations and 

intensities of exercise, and the plausible mechanistic bases for these effects. It will also 

evaluate what is currently known about the efficacy of this supplement when used in 

heat, hypoxia and well-trained athletic cohorts. 

2.3 Nitric Oxide 

In the blood, NO is a highly unstable gaseous molecule with a half-life of 3 – 30 s, 

being rapidly oxidised to NO2- (Ignarro, 1990), or to NO3- via its reaction with the 

superoxide anion (O2-) (Blough & Zafiriou, 1985) or the heme group of oxygenated 

haemoglobin (HbO2) (Doyle & Hoekstra, 1981). As such, the production and release of 

NO must occur continuously via numerous pathways (as described below). As a small 

and highly lipophilic molecule (Ignarro, 1989), NO can easily permeate cell 

membranes, allowing it to function as a cell-to-cell communicator and modulator of 

various functions, including vasodilation, platelet aggregation, certain immune and 

inflammatory responses, and neurotransmission (Nathan, 1992). The functions of NO 

that are most relevant to improving exercise performance involve regulation of the 
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cardiovascular system, oxidative respiration, and skeletal muscle contractile function, 

which are described in more detail below. 

2.3.1 Cardiovascular Functions 

The vasoactive nature of nitrogen compounds has been known for over 150 years; 

however, it wasn’t until the 1970’s that their mechanism of action was revealed. The 

NO released from vascular endothelial cells diffuses directly into surrounding smooth 

muscle (Palmer et al., 1987, 1988b) and stimulates guanylate cyclase activity via its 

reaction with the heme component of the enzyme to create activating NO-heme 

complexes (Gruetter et al., 1980a, 1980b; Craven & DeRubertis, 1983). Activation of 

soluble guanylate cyclase increases intracellular concentrations of guanosine 3’:5’-

cyclic monophosphate (cGMP) (DeRubertis & Craven, 1976; Arnold et al., 1977). The 

resulting accumulation of cGMP activates cGMP-dependent protein kinase (Francis et 

al., 1988), which is responsible for dephosphorylating the myosin light chain (Rapoport 

et al., 1983), increasing both calcium extrusion (Popescu et al., 1985) and calcium 

sequestration by the sarcoplasmic reticulum (Lincoln, 1983; Zelis, 1983). Subsequently, 

these effects stimulate vascular smooth muscle relaxation (Gruetter et al., 1979, 1980a, 

1981). As such, NO triggers reductions in systemic (Lippton et al., 1982) and 

pulmonary vascular resistance (Archer et al., 1989; Persson et al, 1990) and mean 

arterial pressure (MAP) in vivo (Ignarro et al., 1981; Aisaka et al., 1989; Rees et al., 

1989). During exercise, the release of NO is crucial in the redistribution of cardiac 

output to active skeletal muscle tissue (Gladwin et al., 2000). The NO-mediated 

increase in cGMP accumulation via guanylate cyclase activation also plays an important 

role in inhibiting and reversing platelet aggregation and adhesion (Mellion et al., 1981, 

1983; Radomski et al., 1987). 

2.3.2 Metabolic Functions 

The high binding affinity for NO with the heme portion of hemoproteins extends past 

guanylate cyclase and haemoglobin (Henry et al., 1991). As a small lipophilic molecule, 

NO diffuses into the inner mitochondrial membrane and competes with O2 to bind at the 

cytochrome a3 heme group of cytochrome c oxidase, the final electron acceptor in 

complex IV of the respiratory chain (Torres et al., 1995; Giuffrè et al., 1996). As a 

result, NO causes rapid, partial and reversible inhibition of the respiratory chain, which 

reduces cellular mitochondrial respiration and O2 utilisation in a dose-dependent 

manner (Brown & Cooper, 1994; Cleeter et al., 1994). The extent of this inhibition is 
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inversely proportional to intracellular O2 concentrations (Takehara et al., 1995; Torres 

et al., 1995), meaning NO may play a critical role in regulating cellular function during 

ischaemia or hypoxia (Koivisto et al., 1997; Shiva et al., 2001). The inhibition of 

mitochondrial O2 utilisation in cells close to blood vessels reduces the O2 demand of 

these adjacent cells and extends the diffusion of O2 away from capillaries to more 

distant cells (Thomas, 2001; Brookes et al., 2003). Furthermore, the addition of NO 

diminishes mitochondrial O2 utilisation to a greater extent than adenosine triphosphate 

(ATP) synthesis, resulting in an improvement in oxidative phosphorylation efficiency 

(the ratio of ATP production to O2 consumption) (Clerc et al., 2007). These effects are 

of greater importance during exercise when cells utilise greater amounts of O2 and the 

development of hypoxia is accelerated, especially in cells more distal to capillaries 

(Thomas, 2001), thereby potentially having positive implications on muscle function 

during exercise. 

2.3.3 Muscle Contractile Function 

Following the discovery that increasing the skeletal muscle perfusion accentuated 

isometric contractile tension, but that increasing the partial pressure of inspired O2 had 

no effect, it was speculated that greater NO delivery to muscle tissue following shear 

stress induced endothelial NO release may modulate muscle force development 

(Barclay & Stainsby, 1975). The addition of NO donors, nitroprusside and S-nitroso-N-

acetylpenicillamine, increased muscle force development and slowed the rate of 

muscular fatigue during repeated tetanic contractions in mouse fast- and slow-twitch 

fibres in vitro (Murrant et al., 1994; Murrant & Barclay, 1995). Similar results were also 

found in human studies, where a NO donor increased maximal voluntary isometric knee 

extensor strength in a dose-dependent manner (Folland et al., 2000). However, other 

studies have returned contrasting results, where the inhibition of NO synthase has both 

augmented and inhibited measures of muscle contractile function (Marechal & Gailly, 

1999). Furthermore, the degree of muscle function impairment following ischaemia is 

abolished by the scavenging of NO, implicating NO as an inhibitor of contractile 

function in skeletal muscle (Zweier et al., 1995). The effects on contractile function 

appear to depend on experimental protocol variations, such as the individual muscle 

assessed, muscle preparation, contraction stimulation frequency, and type and dosage of 

NO donor or blocker used (Reid, 1998; Stamler & Meissner, 2001). 
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2.3.4 Endogenous Nitric Oxide Production 

In a pioneering study by Green et al. (1981), a group of healthy men consuming a low 

NO3- diet excreted a considerably greater amount of NO3- in urine than the amount that 

was consumed, leading researchers to conclude that nitrogen oxide compounds must be 

synthesised within the body. The amino acid L-arginine was found to be the precursor 

of endogenous NO, NO2- and NO3- formation in activated macrophages (Hibbs et al., 

1987, 1988; Iyengar et al., 1987), before the same pathway was identified in endothelial 

cells. In the endothelium, NO is formed from the terminal guanidino nitrogen atom of 

the amino acid L-arginine during its oxidation to L-citrulline (Palmer et al., 1988a, 

1988b; Schmidt et al., 1988; Palmer & Moncada, 1989). As such, the removal of L-

arginine, or the addition of close structural analogs of L-arginine, inhibits endothelium-

dependent vascular relaxation, while this effect is reversed with the re-addition of L-

arginine (Gold et al., 1989). Furthermore, L-arginine infusion increases NO production 

(Castillo et al., 1993) to trigger rapid-onset hypotension via NO-induced vasodilation in 

both healthy and hypertensive individuals (Nakaki et al., 1990; Hishikawa et al., 1991). 

This reaction is nicotinamide adenine dinucleotide phosphate (NADPH)- and O2-

dependent, stimulated by shear stress, acetylcholine, bradykinin, calcium ionophore 

A23187 and substance P (Palmer et al., 1988b; Ignarro, 1990), and catalysed by 

endothelial NO synthase; one of three isoforms of NO synthase – endothelial NO 

synthase (eNOS), neuronal NO synthase (nNOS) and inducible NO synthase (iNOS) 

(Knowles & Moncada, 1994). In fasted humans, the L-arginine-NO pathway contributes 

approximately 90% of circulating NO2- (Rhodes et al., 1995); however, it is not the only 

pathway by which NO can be produced. The nitrogen oxide compounds NO3- and NO2- 

react with the thiol groups of certain amino acids (e.g. cysteine) to form intermediate S-

nitrosothiols which decompose to liberate NO in a dose-dependent manner (Ignarro et 

al., 1981; Feelisch & Noack, 1987). As previously mentioned, NO produced from the 

oxidation of L-arginine undergoes rapid oxidation in blood to form NO2- and NO3- (Leaf 

et al., 1989). Therefore, there are pathways in which NO2- and NO3- act both as products 

of NO oxidation and as precursors or storage forms of NO (Palmer et al., 1987). 

2.4 Exogenous Nitric Oxide Production 

The discovery that plasma levels of NO3- fall by over 50% in participants fasted for 15 h 

(Leone et al., 1994), indicates that diet is also an important source of the precursors of 

NO production. Since NO3- was once feared to be a dangerous precursor for the 

formation of potentially carcinogenic nitrogen compounds (Duncan et al., 1997), many 
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investigations were quickly initiated to determine the common sources of exposure to 

inorganic NO3- and the various pathways of metabolism within the body. 

2.4.1 Dietary Sources of Nitrate 

In a Western diet, vegetable consumption makes up the majority (70 – 90%) of 

inorganic NO3- intake (White, 1975; Knight et al., 1987; Gangolli et al., 1994; Ysart et 

al., 1999). Reports assessing the NO3- content of vegetables in the United States (White, 

1975), United Kingdom (Knight et al., 1987; Ysart et al., 1999), Germany 

(Spiegelhalder et al., 1976), Italy (Santamaria et al., 1999) and Australia (Hsu et al., 

2009) have all identified that leafy and root vegetables such as beetroot, celery, spinach, 

rocket, lettuce, bok choy and radish are the richest sources of NO3-. The bioavailability 

of the ingested NO3- in lettuce, beetroot and spinach is approximately 100% (van 

Velzen et al., 2008). Of note, the NO3- concentration of these vegetables varies greatly 

depending on many factors, including the part of the plant eaten, the season of harvest, 

the use of nitrogen-based fertilisers, environmental conditions during cultivation and the 

storage, transport, preparation and cooking procedures utilised (Santamaria et al., 1999; 

Wang & Li, 2004; Alexander et al., 2008). Some NO3- is also consumed in cured or 

processed meat products such as bacon, ham and sausages (Hord et al., 2009; Hsu et al., 

2009) due to its use as a preservative (White, 1975; Knight et al., 1987), whilst 

detectable amounts are also found in drinking water, caused by leaching from the soil 

into the water table (Gangolli et al., 1994; Pennington, 1998). 

Past investigations have found a dose-response relationship between acute dietary NO3- 

supplementation and consequent increases in plasma NO3- and NO2- concentrations 

(Wylie et al., 2013a; Hoon et al., 2014). However, no further increases were seen in the 

resultant reduction in MAP following NO3- supplementation with doses larger than 8.4 

mmol (Wylie et al., 2013a.) As such, in order to receive the maximum possible benefit 

from dietary NO3- supplementation, athletes should be aiming to ingest at least 8.4 

mmol of inorganic NO3- prior to competition. If this dose was to be ingested in the form 

of whole vegetables, according to the average NO3- concentrations measured by Ysart 

and colleagues (1999), this would equate to ~320 g (or 1.5 cups) of fresh spinach, ~430 

g (or ~3 cups) of beetroot, or ~495 g (or ~6.5 cups) of fresh lettuce. Such volumes of 

food may not be tolerated well by athletes if they are consumed in the 1 – 3 h prior to 

athletic competition. 
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Moreover, due to the substantial variations in NO3- concentration from natural sources 

apparent in these above-mentioned global reports, prospective users of dietary NO3- 

supplementation for ergogenic purposes would have difficulty confidently consuming 

the exact quantity of whole vegetables required to provide the optimal dose. As a result, 

dietary supplements were developed that would provide a consistent inorganic NO3- 

dose in reasonable volumes, both for practical use in athletic populations and for 

accuracy in scientific research studies. Since the ingestion of beetroot juice (BR) results 

in a greater and accelerated accumulation of plasma and salivary NO3- when compared 

with the ingestion of a whole food high-NO3- diet (Spiegelhalder et al., 1976; Miller et 

al., 2012), BR has rapidly become a common source for NO3- supplementation research. 

As such, a commercial BR ‘shot’ (70 mL) was subsequently developed, containing a 

standardised NO3- dose (~4.8 mmol/300 mg NO3-) (Wootton-Beard & Ryan, 2011). 

Since BR also contains many other active compounds such as antioxidants, polyphenols 

and betaines, which may influence the cardiovascular system (Kujala et al., 2000), a 

placebo equivalent product was also developed by passing the BR through a negative 

ion filtration resin to selectively remove the NO3- ions (Lansley et al., 2011b). This 

created a supplement with the same colour, taste and ingredients as BR, aside from the 

active NO3- component. 

Some studies have also used pharmacological supplementation in the form of sodium 

nitrate (NaNO3-) to provide a precise NO3- dose (Larsen et al., 2007, 2011; Bescós et al., 

2011); however, recent research shows that inorganic NO3- provided as concentrated 

BR has greater effects on steady-state exercise compared with administration of an 

equal NO3- dose as NaNO3- in solution (Flueck et al., 2016). 

2.4.2 Dietary Nitrate Metabolism 

Following ingestion, dietary NO3- is absorbed into circulation from the upper small 

intestine (Witter et al. 1979), leading to a rapid increase in plasma NO3- (Jungersten et 

al., 1996). This NO3- passes into the salivary glands before being excreted into the 

mouth and reduced to NO2- by oral microflora before being absorbed into circulation to 

increase plasma NO2- (Lundberg et al., 2004). 

Approximately 20 – 25% of the ingested NO3- is taken up by the salivary glands and 

~65 – 70% is excreted in urine, with the remainder metabolised within the body (Green 

et al., 1981; Bartholomew & Hill, 1984). Peak levels of salivary NO3- are reached 

approximately 30 – 60 min after ingestion (Spiegelhalder et al., 1976; Bartholomew & 
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Hill, 1984), while plasma NO3- levels return back to baseline approximately 24 h post-

ingestion of a large NO3- dose (Webb et al., 2008). Once secreted into the oral cavity,  

~20% of the NO3- in saliva is consumed and reduced to NO2- by anaerobic bacteria on 

the dorsal surface of the tongue which contain nitrate reductase enzymes (Tannenbaum 

et al., 1976; Duncan et al., 1995). This reduction reaction is abolished when the oral 

microflora is removed by antibacterial mouthwash (Govoni et al., 2008). Saliva sampled 

directly from salivary glands contains negligible NO2- concentrations (Goaz et al., 

1961), but following contact with the bacteria on the mouth surfaces, saliva NO2- levels 

increase dramatically (Duncan et al., 1995). Some of this NO2- (and any remaining NO3-

), is then swallowed and reabsorbed directly into the circulation; however, a large 

portion forms nitrous acid (HNO2) in the acidic environment of the stomach, which then 

decomposes to liberate NO (Benjamin et al., 1994; Lundberg et al., 1994; McKnight et 

al., 1997). 

As previously described, this pool of circulating NO2- acts as a reservoir that can 

maintain NO production, especially in certain (challenging) physiological conditions 

such as tissue hypoxia and acidosis (Modin et al., 2001). As NO production from L-

arginine requires O2, the efficacy of this pathway is reduced during periods of hypoxia 

and ischaemia (Zhang et al., 1998). Marked increases in enzyme-independent NO 

generation have been observed in ischaemic cardiac muscle tissue, despite a concurrent 

blockade of NO synthases (Zweier et al., 1995). This rate of enzyme-independent NO 

generation from NO2- throughout the ischaemic period correlates strongly with a 

declining tissue pH, below a threshold of 6.0 (Zweier et al., 1995). Other O2-

independent avenues of NO synthesis include the enzymatic reduction of NO2- to NO by 

xanthine oxidase and deoxygenated haemoglobin (HHb) in hypoxia (Millar et al., 1998; 

Zhang et al., 1998; Shiva et al., 2007). 

The generation of NO from the reduction of NO2- becomes particularly important 

during exercise where tissue hypoxia hinders the NO synthase pathway, but NO 

generation can be maintained by the reduction of NO2- in the vasculature of the hypoxic 

and acidic tissue, evidenced by a large artery-to-vein gradient of NO2- (Gladwin et al., 

2000). Plasma levels of NO2- decrease significantly during cycling at ~90 – 100% of 

peak O2 utilisation (VO2peak), as tissue hypoxia and acidosis are significantly elevated, 

indicating that NO2- metabolism is increased within muscle tissue in order to maintain 

NO production during exhaustive endurance exercise (Dreißigacker et al., 2010; Bescós 

et al., 2011). 
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2.5 Dietary Nitrate and Exercise 

Following the discovery of the aforementioned functions of NO in oxidative respiration, 

O2 supply/demand matching and skeletal muscle force production, along with the ability 

of dietary NO3- ingestion to elevate circulating NO2- levels (a storage form of NO 

converted readily in muscle tissue conditions during exercise), a strong line of research 

was initiated to assess the effects of dietary NO3- supplementation on exercise 

performance. 

2.5.1 Continuous Exercise 

i) Submaximal endurance 

Initial studies investigating the effects of dietary NO3- supplementation on exercise 

performance identified a 5 – 7% reduction in VO2 during fixed work rate endurance 

cycling and running between 45 – 80% VO2max (Larsen et al., 2007; Bailey et al., 2009; 

Vanhatalo et al., 2010a; Lansley et al., 2011b). These effects were associated with 4 – 

25% improvements in gross efficiency (work rate/energy expenditure) or functional 

gain (ratio of increase in work rate/increase in O2 consumption) (Larsen et al., 2007; 

Bailey et al., 2009; Vanhatalo et al., 2010a; Masschelein et al., 2012). Since no 

accompanying increase in lactate accumulation or respiratory exchange ratio was 

reported, the reduction in VO2 seems to not be compensated by an increase in anaerobic 

glycolysis, signifying an improvement in the efficiency of oxidative ATP production 

(Larsen et al., 2007; Bailey et al., 2009, 2010). Further, the amplitude of the phase II 

VO2 ‘fast component’ is also attenuated in the transition to higher intensity exercise 

(Bailey et al., 2009, 2010; Breese et al., 2013), inferring a faster rate of adjustment to 

steady-state aerobic respiration, sparing phosphocreatine (PCr) breakdown during the 

transition to higher work rates. Notwithstanding, reductions in VO2 have not always 

been consistently shown, as some studies report no difference between NO3- and 

placebo supplementation during submaximal cycling (Bescós et al., 2011; Christensen 

et al., 2013; MacLeod et al., 2015) or running (Peacock et al., 2012; Boorsma et al., 

2014; Sandbakk et al., 2015). However, these studies have all utilised highly trained 

endurance athletes (VO2peak: >65 mL.kg-1.min-1), who may experience a diminished 

benefit from NO3- ingestion (as discussed below). 

ii) Time-to-exhaustion 

Tolerance to high-intensity endurance exercise has also been studied using either fixed-

workload or incremental cycling and running tests to volitional exhaustion. Increases in 
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time-to-exhaustion (TTE) of 14 – 22% (Bailey et al., 2009; Lansley et al., 2011b; 

Breese et al., 2013; Thompson et al., 2014) have been reported following 

supplementation with dietary NO3-. Supplementation with NO3- can also assist 

performance during fatiguing knee extension exercise by extending TTE or attenuating 

the decline in force production (Bailey et al., 2010; Lansley et al., 2011b; Vanhatalo et 

al., 2011; Hoon et al., 2015). Interestingly, these improvements in TTE have occurred 

simultaneously with the same or lower peak VO2 at the point of exhaustion (Bailey et 

al., 2009; Lansley et al., 2011b), inferring that NO3- can increase the amount of 

mechanical work produced at the limit of aerobic respiration. In contrast, Bescós and 

colleagues (2011) saw no improvement in TTE, but a significantly reduced VO2peak at 

task failure, supporting the notion that NO3- can reduce the metabolic O2 cost of 

maximal aerobic exercise. 

iii) Time-trial (TT) 

Despite revealing encouraging results, findings from TTE tests do not provide task 

validity for athletes competing in race events.  These tests can reflect an athlete’s 

exercise “capacity” but do not accurately simulate actual competition performance 

(Hopkins, 1999). Recent research has therefore favoured a TT as a more suitable and 

valid performance test. 

Acute and chronic NO3- supplementation has improved 4 km, 10 km and 16.1 km 

cycling TT performance (Lansley et al., 2011a; Cermak et al., 2012a; Muggeridge et al., 

2014) and 5 km running performance (Murphy et al., 2012; Lanceley et al., 2013; Hurst 

et al., 2015) by 1.2 – 3.0% in recreationally active and moderately-trained athletes 

(VO2peak: <60 mL.kg-1.min-1). These changes in performance lie outside the limits of 

smallest worthwhile change identified for these events, indicating that these changes 

would confer a practically meaningful benefit to athletes in competition (Hopkins, 

2004; Paton & Hopkins, 2006; Bonetti & Hopkins, 2010; Smith & Hopkins, 2011). An 

increase in the power output/VO2 ratio is believed to underpin these endurance 

performance changes (Lansley et al., 2011a). Shorter, higher-intensity TTs such as 500 

m (~2 min) kayaking and 500 m (~90 s) rowing efforts have also returned similar 

(1.7%) performance improvements (Bond et al., 2012; Peeling et al., 2015). 

Nevertheless, in contrast, some studies report only marginal or no performance 

improvements in cycling (Bescós et al., 2012; Cermak et al., 2012b; Wilkerson et al., 

2012; Christensen et al., 2013; MacLeod et al., 2015), running (Peacock et al., 2012; 

Boorsma et al., 2014; Sandbakk et al., 2015; Arnold et al., 2015), rowing (Hoon et al., 
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2014) or kayak TTs (Muggeridge et al., 2013) lasting between 4 min – 2.3 h after NO3- 

supplementation, despite substantial elevations in markers of NO bioavailability. These 

contrasting outcomes are likely due to the higher aerobic capacity of these participants 

(VO2peak: >60 mL.kg-1.min-1) or an insufficient dosage of inorganic NO3- (<8.0 mmol) 

being administered (Muggeridge et al., 2013; Arnold et al., 2015; MacLeod et al., 

2015). 

2.5.2 High-Intensity, Intermittent Exercise 

The current body of literature concerning NO3- supplementation prior to high-intensity 

intermittent exercise with a significant anaerobic energy requirement has produced a 

number of encouraging, but also sometimes inconsistent, results. In animal studies 

(using rat and mouse models), increases in blood flow, muscle oxygenation and muscle 

contractile force have been reported in muscles containing predominantly type II (fast-

twitch) muscle fibres after NO3- supplementation (Hernández et al., 2012; Ferguson et 

al., 2013a, 2014b). Further, positive effects on VO2 kinetics in the transition from 

moderate to severe intensity cycling (but not from low to moderate intensity) were 

noted in recreationally active participants after NO3- supplementation (Breese et al. 

2013), thereby generating more research investigating whether NO3- supplementation is 

also effective during exercise recruiting/involving fast twitch muscle fibres. 

Several research groups have found that, in humans, peak power output is generally not 

affected by NO3- supplementation in cycling and kayaking one-off and repeat-sprints 

following NO3- ingestion (Christensen et al., 2013; Muggeridge et al., 2013; Martin et 

al., 2014) with some exceptions, such as a 3 – 4 s maximal cycling sprint, 5 x 6 s 

treadmill and cycling sprints, and the Wingate cycling test in recreationally active and 

moderately-trained cohorts (Kokkiniplitis et al., 2014; Kramer et al., 2016; Porcelli et 

al., 2016, Rimer et al., 2016). Some research has also returned either neutral or negative 

findings for mean power output during repeat-sprint activities following dietary NO3- 

supplementation. For instance, NO3- ingestion had no effect (Christensen et al., 2013; 

Muggeridge et al., 2013), or a detrimental effect (Martin et al., 2014), on mean power 

output during 5 x 10 s kayak sprints (50 s active recovery), 6 x 20 s cycling sprints (100 

s active recovery), and 8 s cycling sprints (30 s active recovery) to exhaustion in trained 

kayakers, highly trained cyclists and moderately-trained team sport athletes, 

respectively. Nevertheless, total work output (3.5 – 18.4%) and mean power output 

(3.4%) may still be significantly increased (Aucouturier et al., 2015; Thompson et al., 

2015; Wylie et al., 2016) during intermittent repeat-sprint tests after NO3- ingestion. 
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Furthermore, distance covered in the Yo-Yo intermittent recovery level 1 test (a widely 

used measure of intermittent exercise performance of team sport athletes) is increased 

by ~4% with NO3- supplementation (Wylie et al., 2013b; Thompson et al., 2016). 

Consequently, the interpretation of the effects of NO3- ingestion from these studies, 

while encouraging, remains somewhat equivocal, depending on which performance 

measures are considered most relevant to performance and the calibre of athletes used. 

Clearly, further research is required to discern whether NO3- supplementation is 

ergogenic during high-intensity sprint and intermittent exercise protocols. 

2.5.3 Mechanisms of Action 

The exact mechanisms responsible for the action of NO3- supplementation in affecting 

athlete performance remain somewhat unclear. However, a few leading theories have 

collected more supporting experimental evidence than others, as described below. 

i) Improvement in muscle contractile efficiency 

Dietary NO3- may reduce the total ATP cost of muscle force production during fixed 

work rate low- and high-intensity exercise, specifically through regulation of the 

oxidative and PCr energy pathways (Bailey et al., 2010; Vanhatalo et al., 2011). 

Measurements taken during high-intensity and repeated maximum voluntary knee 

extensor exercise detected a reduced rate of PCr degradation and adenosine diphosphate 

(ADP) and inorganic phosphate (Pi) accumulation following NO3- ingestion (Bailey et 

al., 2010; Vanhatalo et al., 2011, 2014; Fulford et al., 2013). As such, finite PCr stores 

are spared, increasing the capacity for exercise to continue prior to reaching critically 

low intramuscular PCr levels (Vanhatalo et al., 2010b). The diminished Pi build-up 

slows the development of muscle fatigue to improve high-intensity exercise tolerance 

(Westerblad et al., 1991) and removes the stimulus for oxidative metabolism, producing 

the associated reductions in VO2 following NO3- ingestion (Bose et al., 2003). This 

reduction in metabolic perturbation likely contributes to improvements seen in 

submaximal exercise efficiency, endurance TTE and TT performance, as well as short 

duration, high-intensity exercise that rapidly depletes PCr stores. 
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ii) Improved mitochondrial efficiency 

Larsen and colleagues (2011) found that the reduction in whole body VO2 during 

steady-state submaximal cycling following NaNO3- ingestion was correlated (r2 = 0.64; 

p = 0.02) with a 19% increase in the mitochondrial P/O ratio (the amount of ATP 

produced per molecule of O2 consumed). These authors postulated that this increase was 

consequent to a reduction in the leaking of protons across the inner mitochondrial 

membrane, minimising “wasteful” ATP expenditure in the energy-consuming processes 

of maintaining the diffusion potential. A downregulation in the expression of the 

mitochondrial proteins adenine nucleotide translocase and uncoupling protein 3 may be 

responsible for mitigating the leakage of protons following NO3- supplementation 

(Larsen et al., 2011); however, this theory was challenged by Whitfield and colleagues 

(2016) who could not replicate this reduced expression of these proteins during 

submaximal (50% and 70% VO2peak) cycling exercise. As such, while improving the 

mitochondrial P/O ratio may bring about increases in steady-state aerobic respiration 

efficiency, the exact mechanism responsible remains unclear. 

iii) Improved matching of O2 delivery to metabolic demand 

In rats, 5 days of dietary NO3- supplementation augmented blood flow to contracting 

skeletal muscle (Ferguson et al., 2013a, 2014a). In humans, indices of muscle 

oxygenation such as the tissue oxygenation index (TOI) and HbO2 are similarly 

augmented following NO3- supplementation both at rest (Masschelein et al., 2012) and 

during exercise (Bailey et al., 2009; Masschelein et al., 2012; Thompson et al., 2014), 

indicating that increases in muscle blood flow may also be present in humans. Further, 

NO3- supplementation diminishes the accumulation of HHb for fixed work rate exercise, 

which reflects a reduction in fractional oxygen extraction (Bailey et al., 2009; 

Masschelein et al., 2012; Thompson et al., 2014). This may be consequent to either a 

NO-mediated increase in muscle O2 delivery through vasodilation, or a reduction in 

metabolic O2 utilisation, or a combination of both. Improvements in the delivery and 

distribution of O2 in skeletal muscle tissue would augment the maximal oxidative rate, 

speeding PCr repletion between repeat-sprint efforts and moderating the reliance on 

anaerobic energy systems to prolong time to fatigue during TTE or TT endurance 

exercise tests. 

iv) Improved skeletal muscle calcium handling 

After 7 days of NO3- supplementation in male mice, tetanic contractile force and the rate 

of force production were increased in type II (fast-twitch), but not type I (slow twitch) 
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muscle fibres (Hernández et al., 2012). In fast-twitch muscle, the expression of the 

calcium-handling proteins calsequestrin 1 and dihydropyridine receptor was elevated to 

increase calcium release from the sarcoplasmic reticulum. These effects were only 

apparent at low stimulation frequencies (<50 Hz), indicating that NO3- may augment 

muscle contractile function during submaximal work rates by lowering the stimulation 

required for a given force output. This may decrease VO2, ATP turnover, and PCr 

breakdown during aerobic exercise, since fewer muscle fibres need to be recruited to 

produce a given work rate. In humans, however, the expression of calcium-handling 

proteins was not elevated following the 7 days of NO3- supplementation, despite muscle 

force production, peak twitch tension and rate of force production still increasing at low 

stimulation frequencies (10 Hz) (Whitfield et al., 2017). Muscle force production in 

humans may also increase during explosive or sprint exercise tasks; however, the 

mechanistic cause requires further investigation. 

2.5.4 Dietary Nitrate and Exercise in the Heat 

Considering the prominent role of NO in the control of vascular tone, it is likely that 

NO may also play a major role in thermoregulatory cutaneous circulatory responses. In 

animal studies, the presence of NO is pivotal for increasing skin blood flow and 

evaporative heat loss in order to regulate core temperature (Tc) during ambient heat 

exposure (Schmid et al., 1998). The recognised decline in MAP following NO3- 

supplementation does make it difficult to discern between vasodilation specific to 

cutaneous vascular beds, or to an overall reduction in total peripheral resistance 

(Schmid et al., 1998). Moreover, a potential consequence of improvements in 

mitochondrial energy production efficiency from NO3- supplementation could be a 

reduction in metabolic heat production (Larsen et al., 2011). This is a possibility yet to 

be investigated directly during whole body exercise in athletes. Currently, only one 

study has explored the thermoregulatory responses of NO3- supplementation during 

exercise in the heat. Here, recreationally active males performed 45 min of constant 

workload (~45% VO2peak) treadmill marching in hot, dry conditions (41°C, 15% relative 

humidity) following 6 days of supplementation with either 8.4 mmol NO3- in BR, or the 

equivalent volume of NO3--depleted placebo (Kuennen et al., 2015). Results showed 

that, despite a 6% reduction in steady-state VO2, Tc was elevated by 11% at the end of 

exercise, without any associated increase in estimated skin blood flow. Previous 

research has suggested that NO3- supplementation increases the O2 driving pressure into 

the muscle tissue, which may occur via enhanced muscle perfusion at rest and during 
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exercise (Ferguson et al., 2013b, 2014b). It was proposed by Kuennen and colleagues 

(2015) that this possible redistribution of blood flow towards active skeletal muscle 

previously reported with NO3- ingestion (Masschelein et al., 2012; Ferguson et al., 

2013a) might have also been present in Kuennen and colleagues’ study; however, a 

possible increase in muscle perfusion may have come at the expense of peripheral 

cutaneous perfusion for heat loss. This contention remains speculative in the absence of 

direct measures of muscle blood flow, hence it remains to be clarified whether 

increasing NO bioavailability through inorganic NO3- ingestion will enhance or blunt 

peripheral heat loss and endurance exercise performance during prolonged exercise in 

hot environmental conditions. 
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2.5.5 Dietary Nitrate and Exercise in Hypoxia 

Endurance exercise performance in hypoxia is impaired as a reduced O2 diffusion 

gradient into the muscle cell causes a decrease in the maximal oxidative rate, resulting 

in accelerated lactate accumulation and PCr depletion (Linnarsson et al., 1974; 

Richardson et al., 1999). In these times of tissue hypoxia, plasma NO2- plays an 

important role in modulating blood flow through its reaction with HHb to produce NO-

mediated vascular smooth muscle relaxation (Cosby et al., 2003; Crawford et al., 2006), 

and to increase cellular mitochondrial respiration efficiency (Clerc et al., 2007). 

Remarkably, populations of Tibetan highlanders living at ~4200 m altitude appear to 

offset their persistently low arterial O2 saturation with ~10-fold higher basal plasma 

NO3- and NO2- levels, increasing systemic blood flow and maintaining normal tissue 

function (Erzurum et al., 2007). Considering that the pathway of NO production from 

L-arginine is compromised without adequate O2 supply, but NO2- reduction to NO is 

accelerated in the same conditions, the NO3--NO2--NO pathway is of even greater 

importance in hypoxia (Shiva, 2013). As such, researchers have recently attempted to 

explore the potential for dietary NO3- supplementation to be equally, if not more 

effective, for exercise performance in hypoxia. 

The combination of NO-mediated improvements in muscle perfusion, O2 distribution 

and cellular respiration efficiency causing a better matching of muscle tissue O2 supply 

and demand (Thomas, 2001) also appear to emerge as relevant mechanisms of action 

during hypoxia. This is reflected by a reduction in HHb accumulation, and a greater 

TOI, signifying lowered fractional O2 extraction during exercise (Masschelein et al., 

2012; Kelly et al., 2014). Furthermore, where exercise in hypoxia is expected to 

accelerate PCr depletion, NO3- supplementation may reduce the rate of PCr usage and 

metabolite accumulation (Vanhatalo et al., 2011), while increased muscle O2 delivery 

can restore the speed of PCr repletion post-exercise back to normoxic levels (Vanhatalo 

et al., 2011). As such, in agreement with studies conducted in normoxia, NO3- 

supplementation in hypoxia (2500 – 5000 m simulated altitude) has been shown to 

produce comparable reductions (4 – 8%) in submaximal steady-state cycling VO2 

(Masschelein et al., 2012; Muggeridge et al., 2014), 2 – 3% improvements in 16.1 km 

cycling and 1500 m running TT performance (Muggeridge et al., 2014; Shannon et al., 

2016) and 5 – 21% increases in TTE during severe-intensity cycling and knee extension 

exercise (Vanhatalo et al., 2011; Masschelein et al., 2012; Kelly et al., 2014). Moreover, 

some results indicate that NO3- supplementation may be more effective in hypoxic 
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conditions than at sea level, likely due to the augmentation of NO2- reduction with 

decreasing O2 tensions. Notably, significant reductions (7%) in VO2 during moderate-

intensity cycling, increases in severe-intensity knee extension TTE (8%), and improved 

PCr repletion rates post-exercise were only recorded in hypoxic, but not normoxic 

conditions (Kelly et al., 2014; Vanhatalo et al., 2014). Conversely, some research has 

found no effect of NO3- ingestion on submaximal steady-state cycling efficiency, 

running TTE or 10 km running TT at 2500 m of simulated altitude; however, these 

studies all employed highly trained participants (VO2peak: >60 mL.kg-1.min-1), where the 

impact of NO3- supplementation may be harder to realise. 

2.5.6 Dietary Nitrate and Elite Athletes 

As previously mentioned, the ergogenic benefits of NO3- supplementation appear to 

diminish in participants with greater levels of aerobic capacity (Porcelli et al., 2014); 

likely because prolonged aerobic training yields numerous physiological adaptations 

that have the potential to blunt the effects of increased NO bioavailability from 

exogenous supplementation. Firstly, the expression of both eNOS and nNOS is 

augmented in rat and human skeletal muscle following chronic endurance training 

(Balon & Nadler, 1997; McConell et al., 2007; Cocks et al., 2013), leading to lowered 

resting blood pressure (Poveda et al., 1997), enhanced endothelium-dependent 

vasodilation (McAllister et al., 2005) and cutaneous blood flow (Vassalle et al., 2003) in 

athletic populations. A consequence of elevated NOS activity is that basal levels of 

plasma NO2- and NO3- appear to be elevated in athletes (Poveda et al., 1997; Schena et 

al., 2002). In fact, both elevated baseline NO3- and NO2- levels and increased NOS-

derived plasma NO3- and NO2- production during exercise are correlated with higher 

peak aerobic exercise capacity (r = 0.49 – 0.55) (Jungersten et al., 1997; Rassaf et al., 

2007; Dreißigacker et al., 2010) and anaerobic threshold levels (r = 0.65) (Totzeck et 

al., 2012). Further, a smaller change in plasma NO2- levels following NO3- 

supplementation has been correlated with diminished performance benefits received 

from the supplement (r = 0.47 – 0.83) (Wilkerson et al., 2012; Wylie et al., 2013a; 

Porcelli et al., 2014; Coggan et al., 2018). 

In addition to the aforementioned rationale, the angiogenic response to endurance 

training has also been shown to increase skeletal muscle capillary density (Ingjer & 

Brodal, 1978; Coyle et al., 1991), providing greater oxygen supply to active muscle. 

Improved muscle oxygenation may lessen the hypoxic stimulus for NO2- reduction in 

muscle tissue, maintaining the function of the L-arginine/NOS pathway, which may 
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reduce the dependence on the NO3--NO2--NO pathway to generate NO during exercise 

(Wilkerson et al., 2012). The requirement for NO generation from NO2- metabolism 

may also be diminished due to enhanced vascular and muscle NO release from L-

arginine/NOS. Finally, endurance training also increases the concentration of 

mitochondria in skeletal muscle (Ingjer & Brodal, 1978), in addition to the oxidative 

enzymes such as citrate synthase and succinate dehydrogenase (Coyle et al., 1991). 

Collectively, highly trained athletes possess multiple physiological adaptations that 

elevate their VO2max and anaerobic threshold, suggesting that their metabolic O2 

utilisation, muscle blood flow, and metabolite removal processes in skeletal muscle may 

already be close to optimal levels. Therefore, the potential scope for exercise 

performance benefits following NO3- supplementation is likely to be reduced in well-

trained athletic cohorts. 

2.6 Summary 

As a small and highly reactive molecule, NO plays an important role in modulating 

several physiological processes essential to exercise performance, particularly 

vasodilation, oxidative respiration and muscle contractile function. As such, increasing 

the bioavailability of NO with dietary inorganic NO3- supplementation is documented to 

improve severe-intensity TTE tests, TT in various exercise modalities lasting between 

90 s – 30 min, and high-intensity intermittent activities, all in standardised laboratory 

conditions. However, very little is known about the effects of NO3- supplementation 

during exercise in hot environmental conditions. In addition, existing research into NO3- 

supplementation and exercise conducted in hypoxic conditions have focused only on 

continuous exercise bouts lasting >24 s, rather than short, explosive sprint or repeated-

sprint tasks. Lastly, despite dietary NO3- ingestion appearing to have a reduced 

ergogenic effect in highly trained populations, athletes may arguably still benefit from 

any minor performance gains achieved in the tight margins of elite competition. To this 

end, further research is required to determine what (if any) benefit well-trained athletes 

may receive from dietary NO3- supplementation during competition in the heat or at 

altitude. The knowledge gained from such research will help inform whether the studied 

supplementation practices would be appropriate for athletes, coaches and sport scientists 

considering the use of this potential ergogenic aid. 
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3.1 Abstract 

This investigation examined the effect of beetroot juice (BR) supplementation, a source 

of dietary nitrate (NO3-), on cycling time-trial (TT) performance and thermoregulation 

in the heat. In a double-blind, repeated-measures design, 12 male cyclists (age: 26.6 ± 

4.4 years, VO2peak: 65.8 ± 5.5 mL.kg-1.min-1) completed four cycling TTs (14 kJ.kg-1) in 

hot (35°C, 48% relative humidity) and euthermic (21°C, 52%) conditions, following 48 

h supplementation with BR (6.5 mmol NO3- for 2 days and 13 mmol NO3- 2 h prior to 

exercise), or NO3--depleted placebo (PLA). Salivary NO3- and nitrite, core (Tc) and 

mean skin temperature (Tsk) were measured. Salivary NO3- and nitrite increased 

significantly post-BR supplementation (p < 0.001). Average TT completion time 

(mm:ss) in hot conditions was 56:50 ± 05:08 with BR, compared with 58:30 ± 04:48 

with PLA (p = 0.178). In euthermic conditions, average completion time was 53:09 ± 

04:35 with BR, compared with 54:01 ± 04:05 with PLA (p = 0.380). The TT 

performance decreased (p < 0.001), and Tc (p < 0.001) and mean Tsk (p < 0.001) were 

higher in hot compared with euthermic conditions. In summary, BR supplementation 

has no significant effect on cycling TT performance in the heat. 
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3.2 Introduction 

Dietary nitrate (NO3-) supplementation in the form of beetroot juice (BR) has been 

shown to increase the bioavailability of nitrite (NO2-) and nitric oxide (NO) following a 

stepwise reduction of NO3- to these compounds (Lundberg & Weitzberg, 2009). A 

greater NO bioavailability during exercise has proposed beneficial effects on oxygen 

(O2) utilisation, metabolic efficiency and muscle force production (Affourtit et al., 

2015), in addition to an augmented O2 delivery to active tissue (Ferguson et al., 2013; 

Aucouturier et al., 2015). Subsequently, improvements in submaximal exercise 

efficiency, and tolerance to high-intensity exercise following dietary NO3- 

supplementation have been noted in both thermoneutral and hot environments (Jones, 

2014; Kuennen et al., 2015). 

It is well known that exercise in the heat creates a competition for blood flow between 

active muscle and the skin for the loss of excess body heat. As the thermal load from 

metabolic and environmental heat sources increases, core temperature (Tc) reaches a 

threshold, where cutaneous vasodilation is initiated to increase heat transfer to the skin, 

resulting in greater demand for peripheral circulation (Kenney & Johnson, 1992). 

Consequently, to maintain blood flow to active muscle tissue, cardiac output is 

redistributed away from less essential body systems (Savard et al., 1988). Although not 

yet reported, it is possible that an increase in skin blood flow, triggered by an increase 

in circulating NO following BR supplementation, could provide greater opportunity to 

remove excess body heat during exercise, which could slow the rise of Tc towards a 

critical level that is likely to cause fatigue and limit performance. 

Importantly, NO is known to improve the matching of O2 supply and demand to 

hypoxic tissue through both vasodilation and increases in oxidative respiratory 

efficiency (Umbrello et al., 2013). Metabolic O2 demand is reduced following BR 

supplementation, as evidenced by a decrease in O2 uptake and rate of mitochondrial 

adenosine triphosphate (ATP) resynthesis for fixed work rate exercise at moderate and 

high-intensities (Bailey et al., 2009; Thompson et al., 2014; Vanhatalo et al., 2014). As 

such, in hot conditions, BR supplementation (via greater NO bioavailability) may allow 

for a proportion of cardiac output to be redistributed away from active muscle and 

redirected to the skin to facilitate increased heat transfer. 

To our knowledge, only one research group to date has investigated the effect of BR 

supplementation on exercise performance and thermoregulation in the heat. 
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Interestingly, whilst BR ingestion reduced the O2 cost of fixed load treadmill exercise, 

Tc was significantly elevated in the BR group compared with the placebo (PLA) 

(Kuennen et al., 2015). It was postulated that an increase in blood flow to skeletal 

muscle following BR supplementation, as seen in thermoneutral conditions (Breese et 

al., 2013; Ferguson et al., 2013) could persist even during times of thermoregulatory 

strain. While an increase in muscle blood flow may be beneficial to exercise efficiency, 

it could be detrimental to thermoregulation, as indicated in the aforementioned study; 

however, muscle and skin blood flow have not been directly measured during exercise 

in the heat to confirm this. Additionally, since this mechanism was only tested during 

constant workload treadmill walking in recreationally-active participants, the prospect 

of altered heat tolerance has not yet been explored in a time-trial (TT) exercise protocol, 

nor when using endurance-trained individuals. Therefore, the aim of this investigation 

was to assess the effect of 3 days of BR supplementation on cycling TT performance 

and thermoregulation in well-trained cyclists in both thermoneutral and hot 

environments. It was hypothesised that TT completion would be faster following BR 

supplementation in both hot and euthermic conditions, and that Tc and mean skin 

temperature (Tsk) would increase at a slower rate following BR supplementation in a hot 

environment. 

3.3 Methods 

3.3.1 Participants 

12 male endurance-trained cyclists (age: 26.6 ± 4.4 y, body mass: 74.4 ± 7.1 kg, peak 

O2 utilisation (VO2peak): 65.8 ± 5.5 mL.kg-1.min-1) completing a minimum of 300 km of 

cycling per week were recruited for participation from local cycling and triathlon clubs. 

Sample size estimations were made using an a-priori power analysis (G*Power Version 

3.1.9.2, Bonn University, Bonn, Germany), based on the effect sizes reported from 

previous research investigating the impact of BR supplementation on 16.1 km cycling 

TT performance (Lansley et al., 2011a). This effect size (d = 0.79) suggested a total 

sample of 12 athletes would be required for this investigation (critical-t: 1.80; observed 

power: 0.82; alpha: p < 0.05). Participants provided written informed consent prior to 

testing. Ethical approval to conduct the study was obtained from the host institution’s 

Human Research Ethics Committee (RA/4/1/7127). 
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3.3.2 Experimental Overview 

Participants initially completed a graded exercise test for determination of VO2peak, first 

and second lactate thresholds and associated cycling power output. Subsequently, 

individuals undertook 4 experimental trials (conducted in a double-blind, repeated-

measures, counter-balanced fashion and separated by a minimum of 7 days to allow for 

supplement washout) to assess the impact of a BR supplement and environmental 

conditions on cycling TT performance. The 4 experimental trials included BR 

supplementation in hot (BRHOT) and euthermic (BREUT) conditions, and PLA 

supplementation in hot (PLAHOT) and euthermic (PLAEUT) conditions. 

During the experimental trials, nude body mass was initially recorded (to the nearest 50 

g) using digital platform scales (MultiRange, Model ED 3300, Sauter GmbH, Ebingen, 

Germany) and participants were fitted with a heart rate (HR) monitor, before 

completing the cycling TT in either hot (34.9 ± 0.3°C, 48.0 ± 1.9% relative humidity) or 

euthermic (21.1 ± 0.3°C, 51.5 ± 3.3%) conditions. The exercise session commenced at 

~0700, 2 h post-BR ingestion. The session involved a warm-up comprising 10 min of 

cycling at first lactate threshold intensity, 4 min rest, and a 5 min period at second 

lactate threshold intensity. Following a further 5 min rest period, participants completed 

a 14 kJ.kg-1 cycling TT (~50 – 60 min). Upon completing the TT, participants 

performed a self-paced 5 min cool-down, after which post-exercise nude body mass was 

recorded. 

Throughout the exercise session Tc, mean Tsk, HR, ratings of perceived exertion (RPE) 

and thermal sensation (RPTS) were measured at every 20% work period throughout the 

TT, and at its conclusion. Throughout the TT, participants were offered tap water in 100 

mL quantities at the end of each 20% work period. The amount of fluid consumed in the 

first TT was replicated for all subsequent trials. 

3.3.3 Experimental Procedures 

Graded exercise test 

The graded exercise test was conducted on each participant’s bike attached to a 

modified bike trainer that measured power output (LeMond Revolution, HOIST Fitness, 

Poway, USA). The test commenced at 160 W, incurring 30 W increases every 3 min 

until volitional exhaustion. Expired air was analysed for O2 and carbon dioxide (CO2) 

concentrations using Ametek gas analysers (SOV S-3A/1 and COV CD-3A, Applied 

Electrochemistry, Pittsburgh, USA), calibrated pre-test and verified post-test using 
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certified gravimetric gas mixtures (BOC Gases, Chatswood, AUS). Ventilation was 

recorded at 15 s intervals via a calibrated turbine ventilometer (Universal Ventilation 

Meter 17125, VacuMed, Ventura, USA). Determination of VO2peak was made by 

summing the four highest consecutive 15 s VO2 values obtained during the test. 

Supplementation protocol 

Participants attended the laboratory to collect their 48 h supply (4 x 70 mL bottles) of 

supplement, and a food and exercise diary. Preceding each exercise trial, participants 

were required to record all food and water intake, plus all physical activity for 48 h. 

Additionally, participants consumed either a NO3--rich BR supplement, or a NO3--

depleted PLA equivalent over the 48 h. Both supplements were consumed at a rate of 70 

mL per day (consumed in the morning) for 2 days, and 140 mL on the day of the 

exercise trial. The final 140 mL of BR or PLA was taken by the participants upon 

waking (~0500), 2 h prior to the commencement of the exercise session, and they 

arrived at the laboratory for the exercise session at 0600. This supplementation protocol 

was chosen because previous research using chronic BR supplementation protocols 

have shown no further increases in plasma NO2- after day 4 (Bailey et al., 2009; Bailey 

et al., 2010; Lansley et al., 2011b). The BR supplement contained 6.5 mmol NO3- per 

70 mL bottle (Beet-It Sport Shot, James White Drinks Ltd, Ipswich, UK). The PLA was 

the same product with the NO3- content removed via negative ion exchange filtration 

(Gilchrist et al., 2013). Participants were also provided with a pre-packaged 

standardised pre-trial diet, according to standardised guidelines, to be consumed over 

the 24 h before each trial (Jeacocke & Burke, 2010). The macronutrient quantities were 

scaled according to body mass: 200 kJ.kg-1 energy; 8.0 g.kg-1 carbohydrates; 1.6 g.kg-1 

protein; ~0.8 g.kg-1 fat. The NO3- content of this diet was kept constant across all trials. 

Analysis of the diet was undertaken using nutrient analysis software (FoodWorks 

Professional v7, Xyris Software, AUS) to ensure no differences existed in the pre-trial 

diets (energy: p = 0.721, carbohydrates: p = 0.873, protein: p = 0.564, fat: p = 0.444). 

Cycling performance measures 

All cycling TT performance measures were attained via a modified bike trainer 

(LeMond Revolution, HOIST Fitness, Poway, USA). Power and work data were 

captured via customised software (CycleMax, School of Sport Science, Exercise & 

Health, The University of Western Australia, Crawley, AUS). The TT was divided into 

5 x 20% work periods (i.e., period 1 = 0 – 20%, period 2 = 20 – 40%... period 5 = 80 – 

100%). A pedestal fan was set up at a distance of 70 cm from the front wheel, and was 
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operated at a consistent speed throughout each trial. Participants wore the same bib 

shorts, socks and shoes during each exercise session. 

Biochemical parameters 

Participants provided baseline saliva samples prior to commencing the supplementation 

protocol (2 days before each experimental trial). A saliva sample was also collected at 

~0630 on the day of the experimental trial to measure post-supplementation NO2- and 

NO3- levels. Saliva samples were collected into an unsterilised 70 mL polypropylene 

specimen container (PV1555, Rowe Scientific, Wangara, AUS) (aided by chewable 

inert paraffin wax to stimulate saliva production), and stored at -80°C for later analysis 

of NO3- and NO2- via gas chromatography/mass spectrometry (GC/MS) (Yang et al., 

2013). Participants were required to abstain from using toothpaste, mouthwash or 

chewing gum for at least 3 h prior to giving the sample. 

Temperature measurement 

Participants’ Tc was measured via an ingestible radiotelemetry capsule (CorTemp® 

Ingestible Core Body Temperature Sensor, HQ Inc., Palmetto, USA), which was 

swallowed 8 – 10 h prior to arrival for the exercise trial. Temperature signals were 

recorded using a data recorder (CorTemp® Wireless Core Body Temperature 

Monitoring Data Recorder, HQ Inc., Palmetto, USA). The mean Tsk (n = 6 due to 

limited thermistor availability) was measured using skin thermistors (SST-1 Skin 

Surface Probe, Physitemp Instruments, Inc., Clifton, USA) attached to the mid-point of 

the sternum, centre of the mid-point of the forearm and the centre of widest girth of the 

calf. Data was acquired (Thermes-USB, Physitemp Instruments, Inc., Clifton, USA) and 

recorded using data acquisition software (DASYLab, Measurement Computing 

Corporation, Norton, USA). Participants’ mean Tsk was calculated using the equation:  

 Mean Tsk = 0.5 Tsk(sternum) + 0.36 Tsk(calf) + 0.14 Tsk(forearm)  (Burton, 1934) 

Heart rate, ratings of perceived exertion and thermal sensation 

During each exercise session, HR was monitored using a Polar HR monitor (FT7, Polar 

Electro, Kempele, FIN); RPE was recorded using a Borg scale, encompassing the 

anchor points 6 – no exertion, to 20 – maximal exertion (Borg, 1982); and RPTS was 

assessed using an 8-point scale encompassing the anchor points 0 – unbearably cold, to 

8 – unbearably hot (Young et al., 1987). 
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3.3.4 Statistical analysis 

Data were analysed using SPSS Version 20.0. Linear mixed models were used to 

analyse the variables of TT performance, Tc, mean Tsk, sweat loss, HR, RPE, RPTS, 

(log-transformed) salivary NO2- and (log-transformed) salivary NO3-. Each model 

contained fixed effects of condition (HOT vs. EUT), supplement (BR vs. PLA), time 

(Baseline, 20%, 40%, 60%, 80%, 100%) and all of their two-way interactions, as well 

as random effects of ID and Condition*Supplement within ID. Variables significant at 

the 5% level were retained for the final model. Pairwise comparisons of significant 

effects were performed with the Bonferroni adjustment for multiple comparisons, and 

pairwise comparisons of log-transformed results were exponentiated. Mean differences, 

95% confidence intervals (CI) and p-values are provided. The magnitude of difference 

between groups and 90% confidence intervals was also expressed via Cohen’s d effect 

size, and is presented where moderate (d = 0.5 – 0.79) or large (d ≥ 0.8) effect sizes 

existed (Cohen, 1988). 

3.4 Results 

3.4.1 Salivary Nitrate and Nitrite 

The final models for both (log-transformed) salivary NO2- and NO3- contained main 

effects for supplement (p < 0.001) and time (p < 0.001), and their respective interaction 

(p < 0.001), indicating that the relationship between supplement and salivary NO2- and 

NO3- varied over time (Table 3.1). Salivary NO2- was significantly higher post-BR 

supplementation, compared with PLA (p < 0.001, d = 1.92 ± 0.22); specifically, the 

ratio of the geometric mean level of salivary NO2- post-BR to post-PLA was 12.3 (95% 

CI = 8.7 – 17.4). Salivary NO3- was significantly higher post-BR supplementation, 

compared with PLA (p < 0.001, d = 1.83 ± 0.33); specifically, the ratio of the geometric 

mean level of salivary NO3- post-BR to post-PLA was 8.8 (95% CI = 5.9 – 13.1). Pre-

supplementation salivary NO3- levels were significantly lower in the BR trials, 

compared with PLA (p = 0.017). 
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Table 3.1 Mean ± SD salivary nitrite (NO2-) and nitrate (NO3-) (nmol.mL-1) 

pre- and post-supplementation with beetroot juice (BR) or placebo (PLA) in both 

hot (HOT) and euthermic (EUT) conditions (n = 12). 

* Significantly different to BR (p < 0.05). 

3.4.2 Time-Trial Performance 

In BRHOT, the average TT completion time (mm:ss) was 56:50 ± 05:08, compared with 

58:30 ± 04:48 in PLAHOT (p = 0.178, d = 0.33 ± 0.42). In BREUT, the average TT 

completion time was 53:09 ± 04:35, compared with 54:01 ± 04:05 in PLAEUT (p = 

0.380, d = 0.20 ± 0.40). The final model for total TT performance contained a main 

effect for condition (p < 0.001), but not for supplement (p = 0.086). Cycling 

performance was significantly faster in EUT compared with HOT conditions (mean 

difference = 04:05, 95% CI = 02:36 – 05:34, p < 0.001, d = 0.72 ± 0.34). When 

analysed across the five separate 20% work periods, the final model contained main 

effects for condition (p < 0.001) and time (p < 0.001), and their respective interaction (p 

< 0.001), indicating that the relationship between condition and TT performance varied 

over the 20% work periods (Figure 3.1). Specifically, cycling time was significantly 

slower in HOT compared with EUT conditions for the 40% (mean difference = 00:39, 

95% CI = 00:12 – 01:06, p = 0.004, d = 0.43 ± 0.33), 60% (mean difference = 01:13, 

95% CI = 00:46 – 01:40, p < 0.001, d = 0.92 ± 0.41), 80% (mean difference = 01:14, 

95% CI = 00:47 – 01:40, p < 0.001, d = 1.00 ± 0.46) and 100% (mean difference = 

00:50, 95% CI = 00:24 – 01:17, p < 0.001, d = 0.62 ± 0.54) work periods. The 

individual performance responses for BR (compared with PLA), for both the HOT and 

EUT trials are presented in Figure 2. In the current study, 7 of the 12 participants in the 

HOT trials, and 8 of the 12 participants in the EUT trials, recorded TT performance 

improvements (>1.8%), while only 2 participants did not record a performance 

improvement in either condition. Of note, 5 participants improved their TT performance 

following BR in both HOT and EUT conditions (compared to PLA) by a minimum of 

1.8% (Figure 3.2): as a result, it is possible that these 5 participants may be labelled as 

 NO2- (nmol.mL-1) NO3- (nmol.mL-1) 

 Pre Post Pre Post 

BRHOT 177 ± 152 1071 ± 134 471 ± 374 2627 ± 656 

PLAHOT 231 ± 242 81 ± 41* 703 ± 698* 275 ± 114* 

BREUT 167 ± 85 989 ± 284 433 ± 263 2441 ± 802 

PLAEUT 206 ± 97 111 ± 79* 777 ± 333* 316 ± 122* 
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consistent “responders”. Post-hoc analysis on this sub-set of participants revealed that 

these potential “responders” had a significantly lower aerobic capacity (VO2peak) as 

compared with those considered as likely “non-responders” (mean difference = 4.7 

mL.kg-1.min-1, 95% CI = 1.9 – 7.5 mL.kg-1.min-1, p = 0.002, d = 0.91 ± 1.13); however, 

there was no difference in pre-supplementation salivary NO2- between the two groups (p 

= 0.232, d = 0.05 ± 0.78). 

Figure 3.1 Mean ± SD time (h:mm:ss) taken to complete each 20% work period 

of the time-trial (TT), and total time taken to complete the 14 kJ.kg-1 TT following 

supplementation with beetroot juice (BR) or placebo (PLA) in both hot (HOT) and 

euthermic (EUT) conditions (n = 12). 
* Significantly different to HOT (p < 0.05) 
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Figure 3.2 Individual and group mean performance changes (h:mm:ss) for the 

14 kJ.kg-1 time-trial (TT) following supplementation with beetroot juice (BR) and 

placebo (PLA) in both hot (HOT) and euthermic (EUT) conditions (n = 12). 
“Responders” are defined as those participants’ whose TT performance increased by at least 
1.8% in both the HOT and EUT trials. 

3.4.3 Core Temperature and Sweat Loss 

The final model contained main effects for condition (p < 0.001) and time (p < 0.001), 

and their respective interaction (p < 0.001), indicating that the relationship between 

condition and Tc varied over time (Figure 3.3a). Specifically, Tc was significantly 

greater in HOT compared with EUT conditions at all time points, with the exception of 

the 20% time point (p < 0.002; Figure 3.3a). 

With regard to sweat loss during the exercise sessions, the final model contained a main 

effect for condition (p < 0.001), wherein sweat loss during the HOT trials (2.2 L) was 

significantly greater than during the EUT trials (1.5 L; mean difference = 0.71 L, 95% 

CI = 0.59 – 0.84 L, p < 0.001, d = 1.16 ± 0.27). 

3.4.4 Mean Skin Temperature 

The final model contained main effects for condition (p < 0.001) and time (p < 0.001). 

Overall, mean Tsk was significantly greater in HOT compared with EUT conditions 

(mean difference = 2.96°C, 95% CI = 2.63 – 3.29°C, p < 0.001, d = 1.88 ± 0.08). 

During the TT, mean Tsk was significantly higher than Baseline at all time points, with 

the exception of the 20% time point (p < 0.001; Figure 3.3b). Compared with the 20% 

time point, mean Tsk was also higher at all subsequent time points, with the exception of 

the 100% time point (p < 0.002; Figure 3.3b). 
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Figure 3.3 Mean ± SD a) core temperature (°C) (n = 12) and b) mean skin temperature (°C) (n = 6) during each 20% work period of the 

time-trial (TT) following supplementation with beetroot juice (BR) or placebo (PLA) in both hot (HOT) and euthermic (EUT) conditions. 
* Significant condition effect between HOT and EUT (p < 0.05). 
a Significantly different to Baseline (p < 0.05). 
b Significantly different to 20% time point (p < 0.05). 
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3.4.5 Heart Rate 

The final model contained main effects for condition (p = 0.001) and time (p < 0.001). 

Overall, HR was significantly greater in HOT compared with EUT conditions (mean 

difference = 5 beats.min-1, 95% CI = 2 – 8 beats.min-1, p = 0.001, d = 0.24 ± 0.05). 

During the TT, HR was significantly higher than Baseline at all subsequent time points 

(p < 0.001; Figure 3.4a). The HR was significantly greater at the end of the 100% work 

period than all previous time points (p < 0.001; Figure 3.4a). 

3.4.6 Ratings of Perceived Exertion and Thermal Sensation 

For the RPE and RPTS, the final model contained main effects for condition (p < 0.001) 

and time (p < 0.001). Overall, RPE was significantly greater in HOT compared with 

EUT conditions (mean difference = 0.5, 95% CI = 0.3 – 0.8, p < 0.001, d = 0.41 ± 0.14; 

Figure 3.4b) and RPTS was significantly greater in HOT compared with EUT 

conditions (mean difference = 1.3, 95% CI = 1.0 – 1.6, p < 0.001, d = 1.71 ± 0.15; 

Figure 3.4c). During the TT, RPE increased significantly with every subsequent 20% 

work period (p < 0.05). The RPTS also increased significantly with every subsequent 

work period as the TT progressed (p < 0.05), with the exception of the 80% time point 

(p = 1.000). 
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Figure 3.4 Mean ± SD a) heart rate (HR) (beats.min-1), b) ratings of perceived exertion (RPE) and c) ratings of perceived thermal sensation 

(RPTS) for each 20% work period of the time-trial (TT) following supplementation with beetroot juice (BR) or placebo (PLA) in both hot 

(HOT) and euthermic (EUT) conditions (n = 12). 
* Significant condition effect between HOT and EUT (p < 0.05). 
a Significantly different to Baseline (p < 0.05). 
b Significantly different to 100% work period (p < 0.05). 
c Significantly different to previous 20% work period (p < 0.05). 
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3.5 Discussion 

The principal finding of this study was that short-term supplementation with NO3--rich 

BR did not result in a significant performance improvement during a 14kJ.kg-1 cycling 

TT in either hot or euthermic conditions, despite a significant increase in salivary NO2- 

and NO3-. This finding is in contrast to previous work reporting a significant 

improvement in cycling TT performance over 4 km and 16.1 km following BR 

supplementation (Lansley et al., 2011a). Notably, the cyclists used in the current study 

likely presented with a higher training status than the participants used in the 

aforementioned study by Lansley and colleagues. In fact, the athlete cohort assessed 

here were of a similar fitness level as those used in a study by Wilkerson et al. (2012), 

who also did not find a statistically significant increase in 50-mile cycling TT 

performance. Previously, it has been suggested that an individual’s aerobic fitness may 

show an inverse relationship with the ergogenic benefits of NO3- supplementation 

(Porcelli et al., 2014); such that, performance improvements are harder to realise as the 

participants’ underlying fitness increases. As such, the well-developed physical 

capacities of the group assessed here may help explain the limited outcomes seen on 

performance enhancement. 

Moreover, there was no significant effect of BR supplementation on Tc or mean Tsk 

during the TT as compared with PLA, despite previous findings to suggest that 

supplementation with BR results in an increase in both Tc and Tsk during exercise in the 

heat (Kuennen et al., 2015). The similarity in Tc values between BR and PLA 

supplementation in both HOT and EUT conditions seen here are in contrast to our 

original hypothesis (i.e., a lowered Tc response following BR), and also with the 

findings of Kuennen et al. (2015), who observed a higher Tc during constant workload 

treadmill walking in the heat following 6 days of BR supplementation. These authors 

postulated that the rise in Tc was due to a preferential distribution of cardiac output 

towards active skeletal muscle and away from peripheral circulation, which is 

advantageous to muscle performance, but undesirable for thermoregulatory processes 

(Kuennen et al., 2015). Data from previous research supports an increase in blood flow 

to skeletal muscle (particularly fast-twitch muscle fibres) following BR 

supplementation; however, these studies were conducted in euthermic conditions 

(Breese et al., 2013; Ferguson et al., 2013). The increase in Tc was not replicated in the 

current study; disputing the idea that thermal strain is increased following BR 
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supplementation during exercise in the heat due to increased vascular conductance of 

muscle tissue at the expense of peripheral perfusion. However, neither peripheral nor 

muscle blood flow were directly measured here, leaving the discussion open for further 

debate. 

Of note, previous research has also attributed non-significant performance outcomes to 

an insufficient dosage of NO3- to elicit physiological changes. The current study used 

analysis of saliva samples to assess the effectiveness of the supplementation protocol 

prior to the commencement of the TT, and showed an average ~10- and 11-fold increase 

in salivary NO2- and NO3- following BR supplementation, respectively. It has long been 

established that an increase in dietary NO3- intake corresponds directly to an increase in 

the NO2- and NO3- content of saliva (Spiegelhalder et al., 1976). Absolute NO2- and 

NO3- concentrations are higher in saliva than plasma (Yang et al., 2013; Bondonno et 

al., 2015), and the analysis of saliva samples is more sensitive to changes in NO2- than 

plasma samples (Pannala et al., 2003). The novel GC/MS process used in the current 

study has been shown to improve the accuracy of analysis, detect a wider range of NO2- 

and NO3- concentrations, and also reliably assess the concentrations of both compounds 

simultaneously (Yang et al., 2013). These factors support the use of salivary analysis as 

an accurate, less invasive technique of assessing changes in circulating NO2- levels in 

athletes following dietary NO3- supplementation. This technique is also more suitable 

for fieldwork, therefore expanding the potential scope of future studies into the 

ergogenic effects of dietary NO3- supplementation. 

Past investigations into dietary NO3- supplementation and exercise performance have 

identified “responders” and “non-responders” to the supplement (Wilkerson et al., 2012; 

Christensen et al., 2013; Boorsma et al., 2014). In the current study, these potential 

“responders” had significantly lower aerobic capacity compared with the “non-

responders”, supporting previous studies showing a diminished ergogenic effect of BR 

supplementation in higher trained cohorts (Jonvik et al., 2015). However, in contrast to 

studies showing a correlation between baseline NO2- levels and exercise capacity 

(Totzeck et al., 2012; Porcelli et al., 2014), no differences in baseline NO2- levels 

between the groups were seen here. Therefore, a greater increase in plasma NO2- levels 

does not appear to contribute to whether an athlete potentially responds to BR 

supplementation; however, exercise capacity does seem to play a role. Additionally, 

repeated controlled trials under similar conditions are required to fully establish whether 
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such a “responder phenomenon” actually exists, along with the potential underlying 

factors. 

When determining the real-world significance of an intervention, it is important to 

consider the magnitude of effect in relation to the within athlete reliability (coefficient 

of variation; CV) of performance. The CV for a road cycling TT is likely within the 

range of 1 – 3%, with elite cyclists being at the lower end of this range (Paton & 

Hopkins, 2006). Furthermore, previous modelling of performance changes suggests that 

a change equivalent to ~0.3 – 0.5 of the appropriate CV could produce a meaningful 

difference in the outcome of an event (Hopkins et al., 1999), with a 0.6% change being 

identified as a meaningful change for road cycling TTs (Paton & Hopkins, 2006). A 

performance change that is smaller than this 0.6% threshold can be considered within 

the “noise” of the test; however, the observed TT performance changes (BREUT vs. 

PLAEUT = 1.5%; BRHOT vs. PLAHOT = 2.7%) observed in the current study are much 

greater than this threshold, and therefore, there may exist a performance change that is 

not accounted for by the typical variation of the test. Despite this improvement not 

achieving statistical significance, athletes may still choose to consider using BR as a 

race-day supplement, as it does not appear to be detrimental to performance, and may 

convey a real performance enhancement. Finally, considering the small deviations in 

performance that may be practically meaningful to a highly trained population, studies 

utilising larger participant groups may be more sensitive to detecting these marginal 

changes. In order to fully establish this, a post-hoc power analysis suggests that a 

further 47 athletes (critical-t: 1.67, observed power: 0.81) would be necessary to 

elucidate a significant performance outcome using a traditional p-value approach; 

however, there are clear limitations in attaining highly trained sample cohorts of such 

magnitude, possibly suggesting that future work may wish to consider a multi-centred 

approach to achieve such participant numbers at the desired training status. 

3.6 Conclusions 

In conclusion, this investigation found that 48 h of BR supplementation provided to 

endurance-trained cyclists did not significantly improve cycling TT performance in the 

heat. However, the consumption of BR was not detrimental to performance, and there 

was no increase in thermal strain, as has been previously reported. Supplementation 

with BR may yet be practically relevant in a race setting; however, further studies are 

required. The potential cardiovascular and metabolic effects of BR supplementation on 
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exercise in the heat needs to be examined during fixed work rate cycling with measures 

of skin and muscle blood flow considered before any definitive conclusions can be 

made.  
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4.1 Abstract 

This study investigated whether reported improvements in blood flow distribution, and 

the possible related effects on thermoregulation during exercise following 

supplementation with beetroot juice (BR), a rich source of dietary nitrate (NO3-), are 

mitigated in the heat. 12 male endurance-trained cyclists (age: 27 ± 6 y, VO2peak: 68.6 ± 

8.1 mL.kg-1.min-1) completed two 60 min submaximal cycling trials at 60% of VO2peak 

power output. Trials were performed in hot environmental conditions (33.3 ± 0.4°C, 

48.8 ± 3.0% relative humidity) following 48 h of supplementation with either NO3--rich 

BR (6.5 mmol NO3- for 2 days and 13 mmol NO3- 2 h prior to exercise) or NO3--

depleted placebo (PLA). Salivary NO3- and nitrite (NO2-) were measured before and 

after the supplementation period. During exercise, cutaneous blood flow, mean arterial 

pressure (MAP), core temperature (Tc), mean skin temperature (Tsk), indices of muscle 

oxygenation and oxygen (O2) utilisation were measured. Salivary NO3- and NO2- 

increased significantly following BR by 680% and 890%, respectively. There were no 

significant differences observed for cutaneous blood flow, MAP, Tc, mean Tsk, muscle 

oxygenation, or O2 utilisation between BR and PLA. This investigation shows that the 

physiological effects and health benefits of BR supplementation, such as augmented 

cutaneous blood flow, reduced MAP, increased muscle oxygenation, and improved 

aerobic efficiency may be attenuated when exercise is performed in hot conditions. 

  



 71 

4.2 Introduction 

It is well known that dietary nitrate (NO3-) supplementation in the form of beetroot juice 

(BR) has ergogenic effects across multiple forms of exercise (McMahon et al., 2017). 

Supplementation with BR has been shown to decrease the oxygen (O2) cost of 

moderate-intensity exercise (Bailey et al., 2009; Wylie et al., 2013) and increase time-

to-exhaustion during severe-intensity exercise (above the anaerobic threshold) (Wylie et 

al., 2013; Aucouturier et al., 2015). These effects have translated to a 1 – 3% 

improvement in cycling and rowing time-trial performance (Lansley et al., 2011a; 

Cermak et al., 2012; Hoon et al., 2014). The ergogenic effects of BR are attributed to its 

high concentration of inorganic NO3-, which converts to nitrite (NO2-), and subsequently 

nitric oxide (NO) (Lundberg and Weitzberg, 2009; Lansley et al., 2011b). An increase 

in NO2- and NO bioavailability has been shown to improve the efficiency of 

mitochondrial O2 utilisation (Larsen et al. 2011) and reduce systolic (SBP), diastolic 

and mean arterial pressure (MAP) during exercise (Bond et al., 2014; Lee et al., 2015). 

Additionally, BR supplementation may enhance skeletal muscle oxygenation, as 

evidenced by an increase in red blood cell and oxygenated haemoglobin (HbO2) 

concentration in muscle microvasculature during high-intensity exercise (Aucouturier et 

al., 2015; Bailey et al., 2015). This allows O2 delivery to better match the metabolic 

demand of active muscle (Umbrello et al., 2013). Alternatively, greater muscle O2 

delivery during moderate-intensity constant work rate exercise will permit a reduced 

fractional muscle O2 extraction, evidenced by a decrease in muscle deoxygenated 

haemoglobin (HHb) concentration (Bailey et al., 2009; Thompson et al., 2014). 

Furthermore, in consideration of the improvement in O2 utilisation efficiency following 

NO3- supplementation (Larsen et al., 2011), it is hypothesised that the O2 demand of 

skeletal muscle for a fixed submaximal external workload would be reduced. However, 

it is unknown whether the aforementioned metabolic and cardiovascular effects of NO3- 

supplementation will persist during exercise in the heat. 

Exercising in hot conditions promotes greater cardiovascular strain as a result of an 

increase in cutaneous vasodilation to allow for more heat loss. Despite the redistribution 

of blood away from systemic regions (e.g. splanchnic region) to the peripheral vascular 

beds involved in heat transfer (e.g. cutaneous vessels; Savard et al., 1988), cutaneous 

vasodilation and thus thermoregulation is governed by the need to sustain adequate 

MAP (Johnson, 2010). However, acute and chronic BR supplementation is able to 

increase cutaneous vasodilation during local and whole body heating, seemingly due to 
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NO-mediated vasodilation resulting in a decrease in MAP (Keen et al., 2015; Levitt et 

al., 2015). Potentially, this could improve thermoregulation by accelerating heat loss 

from the skin; however, this is yet to be examined during exercise in the heat. 

Furthermore, improvements in O2 utilisation efficiency following BR ingestion could 

potentially decrease the adenosine triphosphate (ATP) cost of energy production and 

subsequently reduce the rate of metabolic heat generation. Finally, improvements in 

oxidative efficiency may help to maintain exercise capacity if NO3- supplementation 

results in the redistribution of cardiac output from skeletal muscle to the periphery. 

Recently, we found that 48 h of BR supplementation resulted in a (non-significant) 

2.7% improvement in performance during a ~60 min cycling time trial in the heat (Kent 

et al., 2018). This performance change occurred without concomitant increases in core 

temperature (Tc), mean skin temperature (Tsk), or perceived thermal sensation, which 

we attributed to a marginal decrease in the ratio of heat production to O2 utilisation 

following BR supplementation. However, this is speculative given that exercise 

intensity was not controlled. Therefore, the aim of this study was to examine the effects 

of 48 h of BR loading (versus a placebo) on skin blood flow, muscle oxygenation and 

thermoregulation during constant workload submaximal cycling in hot conditions. It 

was hypothesised that athletes supplemented with NO3--rich BR would achieve greater 

skin blood flow, which would attenuate the rate of rise in Tc. 

4.3 Methods 

4.3.1 Participants 

Twelve male endurance-trained cyclists (age: 27 ± 6 y, body mass: 75.4 ± 10.0 kg, peak 

O2 utilisation (VO2peak): 68.6 ± 8.1 mL.kg-1.min-1) completing a minimum of 200 km of 

cycling training per week were recruited for this study. Sample size estimations were 

made using a power analysis (G*Power Version 3.1.9.2, Bonn University, Bonn, 

Germany), based on the effect sizes reported from relevant previous research into BR 

supplementation and blood flow changes (Ferguson et al., 2013); (critical F = 18.51, 

expected power = 0.90; alpha level = p < 0.05). 

Compliance with ethical standards 

Participants provided written informed consent prior to commencing testing. The host 

institution’s Human Research Ethics Committee (RA/4/1/7127) approved the study. All 

procedures performed in this study were in accordance with the code of ethics of the 

Declaration of Helsinki. 
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4.3.2 Experimental Overview 

Participants initially completed an incremental cycling test for determination of VO2peak 

and the associated power output. Subsequently, individuals undertook two experimental 

trials to assess the impact of a BR supplement on skin blood flow, thermoregulation and 

muscle oxygenation when exercising in the heat. The experimental trials were 

conducted in a double-blind, repeated-measures, counter-balanced fashion; separated by 

a minimum of 4 days to allow for supplement washout. 

During the experimental trials, nude body mass was initially recorded using digital 

platform scales (MultiRange, Model ED 3300, Sauter GmbH, Ebingen, Germany). 

Participants were then fitted with a heart rate (HR) monitor, skin thermistors, a laser 

Doppler probe, portable muscle oxygenation sensor and finger blood pressure cuff 

before completing the ensuing cycling exercise trial in hot environmental conditions 

(33.3 ± 0.4°C, 48.8 ± 3.0% relative humidity). Each exercise trial involved 60 min of 

steady-state submaximal cycling at a power output equivalent to 60% of VO2peak. Both 

the incremental cycling test and the experimental exercise sessions were performed on 

the participants’ own personal bike attached to a modified bike trainer that measured 

power output (LeMond Revolution, HOIST Fitness, Poway, USA) (see Kent et al., 

2018). Power output (W) and work (kJ) were captured at 1 Hz via customised software 

(CycleMax, Sport Science, Exercise & Health, School of Human Sciences, The 

University of Western Australia, Crawley, WA). A pedestal fan was set up at a distance 

of 70 cm from the front wheel, and was operated at a consistent speed setting (1.8 m.s-1) 

from the start of exercise. Upon completing the exercise task, nude body mass was 

again recorded for determination of sweat loss. 

Throughout the 60 min cycling session, skin blood flow, mean Tsk, MAP and indices of 

muscle tissue oxygenation were measured continuously. Furthermore, Tc and HR were 

recorded every 5 min, while ratings of perceived exertion (RPE) and thermal sensation 

(RPTS) were measured every 10 min. Finally, expired gases were collected for a 10 min 

period during the exercise task (from 30 – 40 min) for the calculation of O2 utilisation 

(VO2). Throughout the exercise task, participants were offered tap water in 100 mL 

quantities every 15 min. The volume consumed during the first trial was replicated for 

the second trial. 
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4.3.3 Experimental Procedures 

Incremental cycling test 

Participants started cycling at a power of 160 W for 3 min, with 30 W increases every 3 

min until volitional exhaustion (455 ± 43 W). Throughout the test, expired air was 

analysed for O2 and carbon dioxide concentrations using Ametek gas analysers (Applied 

Electrochemistry, SOV S-3A/1 and COV CD-3A, Pittsburgh, PA), calibrated pre-test 

and verified post-test using certified gravimetric gas mixtures (BOC Gases, Chatswood, 

AUS). Ventilation was recorded at 15 s intervals via a calibrated turbine ventilometer 

(VacuMed Universal Ventilation Meter 17125, Ventura, CA). Determination of VO2peak 

was made by summing the four highest consecutive 15 s VO2 values obtained during 

the test. 

Supplementation protocol 

Two days prior to each experimental trial, participants attended the laboratory to collect 

their 48 h supply (4 x 70 mL bottles) of BR (or placebo) supplement. Over this period, 

participants were required to record all food and water intake, plus all physical activity 

in a written diary. This was replicated prior to the second experimental trial. 

Additionally, participants consumed either a NO3--rich BR supplement, or a NO3--

depleted BR placebo equivalent (PLA) over the 48 h. Both supplements were consumed 

at a rate of 70 mL per day (consumed in the morning) for 2 days, and 140 mL on the 

day of the exercise trial. The final 140 mL of BR or PLA was taken by the participants 2 

h prior to the commencement of the exercise session. The BR supplement contained 6.5 

mmol NO3- per 70 mL bottle (Beet-It Hi Nitrate Sport Shot, James White Drinks Ltd, 

Ipswich, UK). The PLA was the same product as the BR; however, the NO3- content 

was selectively removed via negative ion exchange filtration (Beet-It Nitrate Depleted 

Shot, James White Drinks Ltd, Ipswich, UK) (Gilchrist et al., 2013). For 24 h prior to 

the trial, participants were provided with a pre-packaged standardised diet, according to 

recommended guidelines (Jeacocke & Burke, 2010). The macronutrient quantities of the 

24 h pre-trial diet were scaled according to body mass: 200 kJ.kg-1 energy; 8.0 g.kg-1 

carbohydrates; 1.6 g.kg-1 protein; ~0.8 g.kg-1 fat. Analysis of the pre-test diet was 

undertaken using nutrient analysis software (FoodWorks Professional v7, Xyris 

Software, AUS) to confirm no significant differences existed in the pre-trial diets 

between BR and PLA (energy: p = 0.811; carbohydrates: p = 0.826; protein: p = 0.589; 

fat: p = 0.960), and that the diets between the two trials were also strongly positively 
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correlated (energy: r = 0.96, p < 0.01; carbohydrates: r = 0.93, p < 0.01; protein: r = 

0.94, p < 0.01; fat: r = 0.93, p < 0.01). 

Biochemical parameters 

Participants provided baseline saliva samples prior to commencing the supplementation 

protocol (2 days before each experimental trial). Upon returning to the laboratory 2 days 

later at 0600 h, a second saliva sample was collected to measure post-supplementation 

NO2- and NO3- levels. Approximately 10 mL of saliva was collected into an unsterilised 

70 mL polypropylene specimen container (PV1555, Rowe Scientific, Wangara, AUS) 

(aided by chewable inert paraffin wax to stimulate saliva production), and stored at -

80°C in 1.5 mL aliquots for later analysis. A novel gas chromatography/mass 

spectrometry method was used to quantify salivary NO2- and NO3- concentrations (Yang 

et al., 2013). This method has been shown to improve the accuracy of analysis, detect a 

wider range of NO2- and NO3- concentrations, and also reliably assess the 

concentrations of both compounds simultaneously (Yang et al., 2013). Participants were 

required to abstain from using toothpaste, antibacterial mouthwash and chewing gum on 

the morning of each test. 

Cutaneous vascular conductance measurement 

Skin blood flow measurements were normalised to MAP, and expressed as cutaneous 

vascular conductance (CVC). Red blood cell flux, expressed as Perfusion Units (PU), 

was measured using laser Doppler flowmetry (PeriFlux System 5001, Perimed AB, 

Sweden). A combined laser Doppler and thermostatic probe (Probe 457, Perimed AB, 

Sweden) was affixed using double-sided adhesive tape to the ventral side of the mid-

point of the forearm. The probe placement site was photographed for later reference to 

ensure consistent placement across both trials. A finger cuff on the middle finger of the 

left hand was used to measure beat-by-beat MAP and SBP via a continuous blood 

pressure monitor (Finapres NOVA, Finapres Medical Systems BV, The Netherlands). 

Blood pressure was verified via manual brachial auscultation every 10 min from the 

right arm. Data for both PU and MAP was acquired through a PowerLab data 

acquisition device (AD Instruments Pty Ltd, Bella Vista, AUS) and recorded at 10 Hz 

onto a laptop using LabChart software (AD Instruments Pty Ltd, Bella Vista, AUS). 

The CVC was calculated as the ratio of red blood cell flux to MAP (PU/MAP); these 

values were normalised as a percentage of peak CVC (%CVCpeak). Peak CVC was 

achieved at the completion of the exercise session and involved gradually heating the 
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laser Doppler probe over 1 min to 43°C, and maintaining the temperature for an average 

of 5 min until a plateau in PU was reached. 

Temperature measurement 

An ingestible radiotelemetry capsule (HQ Inc., Palmetto, USA) was swallowed 8 – 10 h 

prior to arrival for the exercise session. Participants’ Tc was recorded every 5 min using 

a wireless data recorder (HQ Inc., Palmetto, USA). Participants’ mean Tsk was 

measured on a sub-sample of n = 9 (due to thermistor failure during the dynamic 

cycling task) using skin thermistors (SST-1, Physitemp Instruments, Inc., USA) 

attached to the mid-point of the sternum, centre of the mid-point of the forearm, and the 

centre of widest girth of the calf. Data was acquired (Thermes-USB, Physitemp 

Instruments, Inc., USA) and recorded at 1 Hz using DASYLab software (Measurement 

Computing Corporation, MA. USA), before 5 min averages of mean Tsk were 

calculated, using the equation: 

Mean Tsk = 0.5 Tsk(sternum) + 0.36 Tsk(calf) + 0.14 Tsk(forearm)  (Burton, 1934) 

Muscle oxygenation (NIRS) 

Muscle oxygenation (n = 8 due to data signal drop-out for four participants) was 

assessed using near-infrared spectroscopy (NIRS). A portable sensor unit (Moxy 

Muscle Oxygen Monitor, Minnesota, USA) was attached using double-sided tape to the 

right thigh over the vastus lateralis muscle at the mid-point between the trochanterion 

and the tibiale laterale. Skinfold thickness at the sensor placement site was measured 

using Harpenden calipers (Baty International, West Sussex, UK). The sensor was held 

in place with strapping tape, and then tucked under the participants’ cycling shorts to 

reduce movement and contamination from external light. The sensor uses four 

wavelengths of near-infrared light (ranging from 630 to 850 nm) emitted through the 

skin surface and into the muscle tissue. Due to the different absorption spectra of HbO2 

and HHb, different intensities of light return to the two detector optodes (12.5 mm and 

25 mm from the emitter). This allows the sensor to calculate concentration changes in 

total haemoglobin, HHb, and the percentage of HbO2 to total haemoglobin in the muscle 

tissue, reported as the tissue oxygenation index (TOI). Data was transmitted via ANT+ 

to a computer and recorded at 0.5 Hz using the Moxy PC software, before 5 min 

running averages were calculated. 

Heart rate, ratings of perceived exertion and thermal sensation 

Throughout all testing sessions HR was monitored using a Polar HR monitor (FT7, 

Polar Electro, Kempele, FIN); RPE was recorded using a Borg scale, encompassing the 
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anchor points 6 – no exertion, to 20 – maximal exertion (Borg, 1982); and RPTS was 

assessed using an 8-point scale encompassing the anchor points 0 – unbearably cold, to 

8 – unbearably hot (Young et al., 1987). 

4.3.4 Statistical Analysis 

Data were analysed using SPSS Version 20.0. Linear mixed models were used to 

analyse the variables of %CVCpeak, MAP, SBP, TOI, Tc, mean Tsk, sweat loss, HR, 

RPE, RPTS, (log-transformed) salivary NO2- and (log-transformed) salivary NO3-. Each 

model contained fixed effects of Supplement (BR vs. PLA), Time and their interaction, 

as well as random effects of ID and Supplement within ID. Variables significant at the 

5% level were retained for the final model. Pairwise comparisons of significant effects 

were performed with the Bonferroni adjustment for multiple comparisons, and pairwise 

comparisons of log-transformed results were exponentiated. Mean differences, 

95% confidence intervals (CI) and p-values are provided. The magnitude of difference 

between groups and 90% CI was expressed via Cohen’s d effect size (Cohen, 1988). 

Such data are only presented where moderate or large effect sizes exist. Moderate and 

large effect sizes were defined as d = 0.5 – 0.8, and d ≥ 0.8, respectively (Cohen, 1988). 

4.4 Results 

4.4.1 Salivary Nitrate and Nitrite 

Salivary NO2- and NO3- (log-transformed) showed significant main effects for 

supplement (NO2-: p < 0.001; NO3-: p = 0.002), time (both p < 0.001), and their 

respective interaction (both p < 0.001) (Table 4.1). There were no significant 

differences in pre-supplementation salivary NO2- or NO3- between BR and PLA (p = 

0.404 and p = 0.240, respectively). Mean salivary NO2- and NO3- levels were 8.9 fold 

(95% CI = 5.2 – 15.4 fold) and 6.8 fold (95% CI = 4.0 – 11.6) higher, respectively post-

BR supplementation, compared with PLA (p < 0.001, d = 1.72 ± 0.36; p < 0.001, d = 

1.71 ± 0.39). 
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Table 4.1 Mean ± SD salivary nitrite (NO2-) and nitrate (NO3-) (nmol.mL-1) 

pre- and post-supplementation with beetroot juice (BR) or placebo (PLA) (n = 12). 

* Significantly different to BR (p < 0.05). 

4.4.2 Cardiovascular Measures 

The %CVCpeak, MAP and SBP data showed significant main effects for time (p < 

0.001), but not supplement (p = 0.426, p = 0.121 and p = 0.666, respectively) or their 

interaction (p = 0.921, p = 0.813 and p = 0.788). Compared with baseline, %CVCpeak, 

MAP and SBP were all significantly higher at all subsequent time points during exercise 

in both conditions (p < 0.05; Figure 4.1). 

  

  NO2- (nmol.mL-1) NO3- (nmol.mL-1) 

  Pre Post Pre Post 

BR 104.8 ± 75.8 705.6 ± 248.9 386.1 ± 198.8 2198.8 ± 731.1 

PLA 154.1 ± 162.7 81.0 ± 46.3* 569.9 ± 441.5 355.1 ± 192.1* 
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Figure 4.1 Mean ± SD a) cutaneous vascular conductance (%CVCpeak), b) mean 

arterial pressure (MAP) (mmHg) and c) systolic blood pressure (SBP) (mmHg) 

during the 60 min exercise task following supplementation with beetroot juice 

(BR) or placebo (PLA) (n = 12). 
a Significantly different to the 5 min time point (p < 0.05).  

a 
a) 

b) 

c) 
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4.4.3 NIRS Measurements and Oxygen Utilisation 

The muscle TOI showed significant main effects for time (p < 0.001), but not 

supplement (p = 0.797) or their interaction (p = 0.988). Compared with baseline, TOI 

was significantly lower at all subsequent time points throughout the exercise task in 

both conditions (p < 0.05; Figure 4.2). 

Steady-state VO2 showed significant main effects for time (p < 0.001), but not 

supplement (p = 0.812) or their interaction (p = 0.624). Compared with the first minute, 

VO2 was higher at every minute time point from the 3rd min onwards in both conditions 

(Figure 4.3). 

Figure 4.2 Mean ± SD tissue oxygenation index (TOI) (%) during the 60 min 

exercise task following supplementation with beetroot juice (BR) or placebo (PLA) 

(n = 8). 
a Significantly different to Baseline (p < 0.05.) 
b Significantly different to the 5 min time point (p < 0.05). 
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Figure 4.3 Mean ± SD oxygen utilisation (VO2) (L.min-1) from the 30 min – 40 min mark of the exercise task following supplementation 

with beetroot juice (BR) or placebo (PLA) (n = 12). 
a Significantly different to the 1st minute (p < 0.05). 
b Significantly different to 2nd minute (p < 0.05). 

a 
a a a a 

a,b a,b a 
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4.4.4 Thermoregulation  

For both Tc and mean Tsk, there were significant main effects for time (p < 0.001), but 

not supplement (p = 0.546 and p = 726) or their interaction (p = 0.939 and p = 0.710). 

Compared with baseline, Tc was significantly higher at all time points during exercise 

from 10 min onwards (p < 0.05; see Figure 4.4a). Compared with baseline, mean Tsk 

was higher from the 10 min to 25 min time points (p < 0.05; see Figure 4.4b). With 

regard to sweat loss during exercise, there was no main effect for supplement, indicating 

there was no significant difference in sweat loss between the BR and PLA conditions 

(BR: 1.44 ± 0.17 L vs. PLA: 1.39 ± 0.15 L, p = 0.247). Average water intake during 

exercise was not significantly different between the BR and PLA (BR: 0.38 ± 0.06 L vs. 

PLA: 0.38 ± 0.03 L, p = 0.867). 
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Figure 4.4 Mean ± SD a) core temperature (°C) (n = 12) and b) mean skin temperature (°C) (n = 9) during the 60 min exercise task 

following supplementation with beetroot juice (BR) or placebo (PLA). 
a Significantly different to the start point (p < 0.05). 
b Significantly different to the 5 min time point (p < 0.05). 
c Significantly different to the previous time point (p < 0.05). 
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4.4.5 Heart rate, Ratings of Perceived Exertion and Thermal Sensation 

For HR, there were significant main effects for time (p < 0.001), but not supplement (p 

= 0.371); however, there was a significant crossover interaction effect (p = 0.009) 

(Table 4.2). Specifically, HR was significantly higher at the start of exercise following 

BR supplementation, compared with PLA (mean difference = 9 beats.min-1, 95% CI = 4 

– 15 beats.min-1, p = 0.002, d = 0.52 ± 0.52), whereas HR was significantly lower at the 

60 min time point of exercise following BR supplementation, compared with PLA 

(mean difference = 6 beats.min-1, 95% CI = 0 – 12 beats.min-1, p = 0.036, d = 0.39 ± 

0.22). 

For both RPE and RPTS, there were significant main effects for time (p < 0.001 and p = 

0.002, respectively), but not for supplement (p = 0.521 and p = 0.622, respectively) or 

their interaction (p = 0.226 and p = 0.464). During exercise in both conditions, RPE was 

significantly higher compared with the 10 min time point at all subsequent time points 

(p < 0.05; Table 4.3). Compared with the 10 min time point, RPTS was higher at the 40 

min and 50 min mark of exercise (p < 0.05; Table 4.3). 
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Table 4.2 Mean ± SD heart rate (HR) (beats.min-1) during the 60 min exercise task following supplementation with beetroot juice 

(BR) or placebo (PLA) (n = 12). 

* Significantly different to BR (p < 0.05). 
a Significantly different to the start point. 
b Significantly different to the 5 min time point. 
c Significantly different to the 10 min time point. 
  

Time 

(min) 
0 5 a 10 a 15 a 20 ab 25 abc 30 abc 35 abc 40 abc 45 abc 50 abc 55 abc 60 abc 

BR 97 ± 17 123 ± 17 126 ± 15 128 ± 15 131 ± 15 135 ± 14 134 ± 14 135 ± 15 136 ± 15 137 ± 16 138 ± 14 140 ± 16 139 ± 16 

PLA 88 ± 18* 125 ± 16 128 ± 19 132 ± 18 131 ± 16 134 ± 15 135 ± 15 136 ± 16 139 ± 17 141 ± 15 140 ± 15 143± 15 145 ± 15* 
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Table 4.3 Mean ± SD ratings of perceived exertion (RPE) and ratings of perceived thermal sensation (RPTS) during the 60 min 

exercise task following supplementation with beetroot juice (BR) or placebo (PLA) (n = 12). 

  RPE RPTS RPE a RPTS RPE a RPTS RPE ab RPTS a RPE ab RPTS a RPE ab RPTS 

Time (min) 10 20 30 40 50 60 

BR 12 ± 1 5.0 ± 0.5 12 ± 1 5.5 ± 0.5 12 ± 1 5.0 ± 0.5 13 ± 1 5.5 ± 0.5 13 ± 1 5.5 ± 0.5 13 ± 1 5.5 ± 1.0 

PLA 12 ± 1 5.0 ± 0.5 13 ± 1 5.0 ± 0.5 13 ± 1 5.0 ± 0.5 13 ± 1 5.5 ± 0.5 13 ± 1 5.5 ± 1.0 13 ± 1 5.5 ± 1.0 

a Significantly different to the 10 min time point. 
b Significantly different to the 20 min time point. 
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4.5 Discussion 

This study found that, although 48 h of BR loading achieved the expected significant 

increase in both salivary NO2- and NO3-, there were no differences in skin blood flow, 

MAP, Tc, mean Tsk, or muscle oxygenation during 60 min of submaximal cycling in the 

heat, compared with a placebo treatment. These results do not support our hypothesis 

that BR supplementation would enhance peripheral circulation, thereby facilitating 

improved heat dissipation and reduced rate of Tc rise during exercise. However, the 

lowered end-exercise HR response indicates a potential lowering of central 

cardiovascular strain during submaximal exercise in the heat where substantial strain is 

ordinarily placed on the cardiovascular system. Additionally, these findings highlight 

that reductions in blood pressure (Bond et al., 2014; Lee et al., 2015) and increases in 

muscle oxygenation that have been observed following NO3- supplementation during 

exercise in temperate conditions (Bailey et al., 2015) are not translatable to exercise in 

hot conditions. This could be due to the different thermoregulatory requirements that 

occur in such environments. 

The 48 h supplementation protocol used in this study increased salivary NO2- and NO3- 

by 680% and 890%, respectively. Although not measured, it is likely that circulating 

concentrations of plasma NO2-, which acts as a storage form of bioactive NO (Gladwin 

et al., 2005), would have also been increased by our supplementation protocol. Indeed, 

the observed NO2- and NO3- increases are considerably greater than those seen in 

previous research employing a similar NO3- supplementation protocol in a similarly-

trained cohort (Bescós et al., 2012). Despite this, within the present study, we observed 

no significant effect of BR supplementation on MAP, VO2, muscle oxygenation or 

cutaneous blood flow. This is in contrast to earlier studies (exercising in cool 

conditions) reporting significant reductions in MAP and SBP during exercise (Bond et 

al., 2014; Lee et al., 2015), and the O2 cost of fixed work rate submaximal exercise 

(Bailey et al., 2010; Wylie et al., 2013), increased skeletal muscle O2 delivery 

(Ferguson et al., 2013; Vanhatalo et al., 2014) and increased cutaneous vasodilation 

(Keen et al., 2015; Levitt et al., 2015) following NO3- supplementation. 

The differences in environmental conditions in our study may be important in 

explaining the disparities: exercise in the heat results in higher sympathetic nervous 

activity, reflected by an increase in circulating catecholamines (Febbraio et al., 1996; 

Hargreaves et al., 1996), which has substantial effects on vascular control and muscle 
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metabolism (Febbraio et al., 1994; Johnson, 2010). As such, it is likely that the 

processes involved in thermoregulation could potentially take precedence over the 

aforementioned physiological effects of BR supplementation on blood pressure, muscle 

oxygenation, VO2 and cutaneous blood flow; however, this does not explain the reduced 

HR recorded at the end of the 60 min exercise task. Previous reductions in MAP during 

exercise following NO3- supplementation reflect a NO-mediated drop in total peripheral 

resistance, despite the vasoconstriction caused by the sympathetic nervous activity 

associated with exercise (Buckwalter et al., 1997). As such, a corresponding reduction 

in afterload following BR ingestion has resulted in increases in both stroke volume and 

cardiac output during cycling at 60% VO2peak (Lee et al., 2015). An increase in stroke 

volume in the final minutes of exercise may explain the significantly lower HR data 

recorded in the BR trials of the current study, since there is a proportional negative 

relationship between stroke volume and HR during submaximal exercise (Rowell, 

1974). However, since our data does not show a significant reduction in MAP, we 

cannot conclusively state that a reduction in afterload was responsible for this effect. 

Cutaneous blood flow is also heavily influenced by changes in Tc (Caldwell et al., 

2016). Activation of sympathetic vasodilator nerves increases skin blood flow as Tc 

increases during exercise (Charkoudian, 2003; Johnson, 2010). This creates 

simultaneous demand for blood flow between active muscle tissue, cutaneous 

circulation and vital organs, such as the brain (Johnson, 2010). Given that blood volume 

and cardiac output are finite, cutaneous vasodilation needs to be controlled via a 

reduction in active vasodilator activity in order to maintain MAP (Kellogg et al., 1993; 

Charkoudian, 2003). It has been found that during prolonged exercise in hot 

environmental conditions, a plateau in cutaneous vasodilation typically occurs when Tc 

reaches ~38°C (Brengelmann et al., 1977; Kellogg et al., 1993). While the average Tc 

values observed in the current study did not quite reach 38°C, it is plausible that 

hyperthermia-induced cutaneous vasodilation was near maximal. Therefore, any further 

increases in CVC that might have occurred as a result of BR supplementation may have 

been too small to detect. The importance of regulating blood pressure during hot 

conditions could also explain the absence of any changes in MAP between BR and PLA 

supplementation seen in the current study. An increase in sympathetic neural activity 

may have tightly mediated MAP, rather than allowing NO2- and NO to vasodilate the 

periphery. Earlier studies showing a reduction in MAP during exercise following NO3- 

supplementation were performed in standardised laboratory conditions, under much 



 89 

lower environmental stress, thereby reducing the impact of sympathetic stimulation on 

the vascular system (Ferguson et al., 2013; Bond et al., 2014). 

In addition to the altered neural stimulation on the blood vessels, the impact of heat 

stress on the other pathways of NO production may have an influence on the 

effectiveness of BR supplementation. Predominantly, the interaction between 

endothelial NO synthase (eNOS) and heat shock protein 90 (HSP90) may reduce the 

effectiveness of NO3- ingestion in altering cutaneous or muscle blood flow. Expression 

of HSP90 is increased when Tc rises (Csermely et al., 1998), and the binding of HSP90 

with eNOS enhances the activity of this enzyme, subsequently increasing NO 

production and the consequential vascular relaxation (García-Cardeña et al., 1998). 

Upregulation of eNOS activity by HSP90 may reduce the demand on the NO3--NO2--

NO pathway for NO production. As a result, there may be a blunting of the 

physiological effects of dietary NO3- supplementation if inorganic NO3- metabolism is 

contributing less to NO production. The performance effects of NO3- supplementation 

are thought to be amplified when NO production through the NO synthase pathway is 

blunted, which may explain the relatively smaller increases in cycling time-trial 

performance previously recorded following BR supplementation in the heat (Kent et al., 

2018). 

Previous data from our laboratory found that well-trained cyclists performing a ~60 min 

time-trial in the heat achieved a non-significant (but potentially practically relevant) 

2.7% improvement in performance following BR supplementation. This occurred 

without a concomitant increase in Tc, suggesting a possible reduction in the amount of 

heat produced for a given rate of ATP production (Kent et al., 2018). Observations in 

the current study do not support this contention, since it would have been reflected here 

as a decreased Tc for the fixed power output following BR, compared with PLA. 

Additionally, the reported increase in Tc, RPE and RPTS during treadmill walking in 

hot, dry conditions following BR reported by Kuennen et al. (2015) was not replicated 

here, with the exception of an increased RPTS at the 20 min mark of exercise in the BR 

condition. However, this difference in RPTS was not accompanied by a parallel 

increase in Tc. Previous research has shown that BR supplementation may increase 

muscle blood volume, as reflected by an increase in the microvascular red blood cell 

and HbO2 content of skeletal muscle (Bailey et al., 2009, 2015; Aucouturier et al., 

2015). This may be a consequence of NO-mediated vasodilation of vessels supplying 

skeletal muscle fibres, particularly type II fibres (Ferguson et al., 2013); however, the 
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TOI results from our study do not support this theory. This suggests that blood flow 

may not be preferentially distributed away from cutaneous circulation and toward active 

skeletal muscle following BR supplementation during exercise in the heat, as speculated 

in the aforementioned study (Kuennen et al., 2015). Therefore, although BR 

supplementation does not appear to alleviate thermal strain during fixed work rate 

cycling, these results suggest that it does not accentuate the rate of Tc rise. This is a 

positive finding for athletes considering using BR as an ergogenic aid for events staged 

in hot conditions, since the potential for marginal time-trial performance gains (Kent et 

al., 2018) are not hindered by any negative thermoregulatory factors, and also may have 

positive effects on cardiovascular strain, high-intensity exercise fatigue resistance and 

muscle contractile function (Jones, 2014). 

An alternative explanation for the contrasting results of this study regards the aerobic 

fitness level of the participants used. This investigation used well-trained cyclists with a 

mean VO2peak of 68.6 mL.kg-1.min-1. In earlier research using similarly well-trained 

individuals, NO3- supplementation had no significant effect on oxidative efficiency or 

time-trial performance (Peacock et al., 2012; Christensen et al., 2013; Arnold et al., 

2015; MacLeod et al., 2015). While several investigations have identified variation in 

the degree of benefit gained between individuals, possibly due to gender, the magnitude 

of change in NO2- levels following supplementation, or muscle fibre type distribution, 

the exact factors underpinning this “responder/non-responder” effect remain to be 

firmly established (Wilkerson et al., 2012; Boorsma et al., 2014; Coggan et al., 2018; 

Kent et al., 2018). The submaximal intensity of the exercise protocol used here may also 

have contributed to the limited effectiveness of the BR supplement. There is evidence to 

suggest that the metabolic and vascular effects of NO3- supplementation are amplified in 

type II muscle fibres due to the lowered O2 tension in these fibres aiding in the 

reduction of NO2- to NO (Hernández et al., 2012; Breese et al., 2013; Jones et al., 2016). 

Since the participants in the current investigation were only cycling at ~60% VO2peak, it 

is likely that there was insufficient recruitment of type II fibres to access the full effects 

of BR supplementation. 

Finally, the effectiveness of BR supplementation is often questioned when an 

insufficient dose is given to significantly elevate circulating NO2- and/or NO3- above 

baseline levels. To avoid this, we measured both salivary NO2- and NO3- to confirm that 

our supplementation protocol was effective. Indeed, we found a greater increase in both 

NO2- (890%) and NO3- (680%) than those seen in previous studies showing significant 



 91 

ergogenic effects of BR supplementation (McMahon et al., 2017). It has previously 

been shown that the absolute concentrations of both NO3- and NO2- are higher in 

salivary samples, compared with plasma samples (Yang et al., 2013; Bondonno et al., 

2015); however, increases in both plasma and salivary NO3- and NO2- concentrations do 

appear to occur in parallel following the ingestion of a diet high in NO3- (Bondonno et 

al., 2015). Therefore, we are confident that an insufficient dose is not a likely 

explanation for the results shown here. 

4.6 Conclusions 

In summary, the physiological effects of BR supplementation on variables such as 

muscle oxygenation, MAP, VO2 and thermoregulation appear to be attenuated when 

exercise is performed in hot conditions, but there is evidence to suggest that the HR 

response may be reduced during prolonged exercise (<60 min) via a possible decrease 

in afterload and associated increase in stroke volume. Therefore, for the same increase 

in Tc, BR supplementation may lower central cardiovascular strain. These findings 

suggest that while BR supplementation may not help well-trained athletes regulate their 

Tc directly during exercise in a hot climate, the use of this supplement may help regulate 

HR during submaximal exercise in the heat, and may therefore still provide marginal 

performance gains to certain individuals. As such, use of this supplement for 

competition in the heat should be trialled on an individual basis before any major 

events. 
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5.1 Abstract 

This investigation assessed the effect of dietary nitrate (NO3-) supplementation, in the 

form of beetroot juice (BR), on repeat-sprint performance in normoxia and normobaric 

hypoxia. 12 male team sport athletes (age: 22.3 ± 2.6 y, VO2peak: 53.1 ± 8.7 mL.kg-

1.min-1) completed three exercise trials involving a 10 min submaximal warm-up and 4 

sets of cycling repeat-sprint efforts (RSE; 9 x 4 s) at sea level (CON), or at 3000 m 

simulated altitude following acute supplementation (140 mL) with BR (HYPBR; 13 

mmol NO3-) or NO3--depleted BR placebo (HYPPLA). Peak (PPO) and mean (MPO) 

power output, plus work decrement were recorded during the RSE task, while oxygen 

utilisation (VO2) was measured during the warm-up. There were no significant 

differences observed between HYPBR and HYPPLA for PPO or MPO; however, work 

decrement was reduced in the first RSE set in HYPBR compared with HYPPLA.  There 

was a moderate effect for VO2 to be lower following BR at the end of the 10 min warm-

up (d = 0.50 ± 0.51). Dietary NO3- may not improve repeat-sprint performance in 

hypoxia but may reduce VO2 during submaximal exercise. Therefore, BR 

supplementation may be more effective for performance improvement during 

predominantly aerobic exercise. 
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5.2 Introduction 

Nitric oxide (NO) is a signaling molecule that plays an important role in regulating 

numerous physiological processes such as vasodilation and oxidative respiration 

(Stamler & Meissner, 2001). Endogenous production of NO occurs via the oxygen (O2)- 

and nicotinamide adenine dinucleotide phosphate (NADPH)-dependent conversion of 

L-arginine to NO and L-citrulline (Palmer et al., 1988), while the formation of 

exogenous NO follows the reduction of nitrate (NO3-) to nitrite (NO2-), and finally NO 

(Lundberg & Weitzberg, 2010). Circulating NO2- acts as a NO reservoir that can be 

used during times of hypoxemia or acidosis, commonly presenting in muscle tissue 

during exercise (Lundberg & Weitzberg, 2010). Ingestion of dietary NO3- has been 

shown to increase circulating levels of NO2-, and, subsequently, NO bioavailability 

(Lundberg & Weitzberg, 2010). Dietary NO3- supplementation prior to exercise has 

resulted in significant improvements in submaximal exercise efficiency, high-intensity 

exercise tolerance, and time-trial performance (McMahon et al., 2017). Due to its 

commercial availability and high concentration of NO3-, beetroot juice (BR) has become 

a popular supplement consumed by athletes to exploit these ergogenic effects 

(McMahon et al., 2017). 

The conversion of NO2- to NO is accelerated in both acidic and hypoxic environments 

(Lundberg et al., 2008). As such, the conversion of NO2- to NO may be accelerated in 

type II (fast twitch) muscle fibres due to their lower O2 availability (Jones et al., 2016). 

Conceivably, NO3- supplementation may therefore be effective during high-intensity 

exercise activity (Jones et al., 2016) and also during exercise under hypoxic conditions 

(Shannon et al., 2017). Dietary NO3- supplementation has been shown to increase 

tolerance to severe-intensity exercise (Vanhatalo et al., 2011; Kelly et al., 2014) and 

improve cycling time-trial performance (Muggeridge et al., 2014) in hypoxia. This is 

likely due to a reduction in the degradation of phosphocreatine (PCr), a decrease in 

metabolite accumulation (adenosine diphosphate and inorganic phosphate) (Bailey et 

al., 2010; Vanhatalo et al., 2011), and a faster PCr recovery rate (Vanhatalo et al., 

2014). In combination, these effects likely slow the development of muscular fatigue 

and contribute to improved performance of subsequent high-intensity exercise bouts. 

Initial evidence proposing the benefits of dietary NO3- ingestion on high-intensity 

exercise was shown during incremental and constant work rate time-to-exhaustion 

exercise tests (recently summarised by McMahon et al., 2017). More recently, BR 



 102 

ingestion has been shown to increase the number of intermittent supramaximal (170% 

maximal aerobic power) cycling efforts completed before volitional exhaustion 

(Aucouturier et al., 2015). Furthermore, NO3- supplementation has been shown to 

improve tolerance to repeated high-intensity efforts by improving performance during 

intermittent recovery tests that reflect the demands of team-sport competition (Wylie et 

al., 2013b; Thompson et al., 2016). Chronic NO3- supplementation has also improved 

mean power output by 5% across 24 x 6 s cycling sprints with 24 s active recovery 

(Wylie et al., 2016). However, the influence of a faster PCr recovery rate on intermittent 

high-intensity activity undertaken in hypoxia is yet to be explored, despite the potential 

for an amplification of the ergogenic effects. 

Therefore, the aim of this study was to assess the influence of dietary NO3- 

supplementation, in the form of BR, on the repeat-sprint performance of team sport 

athletes in a hypoxic environment. It was hypothesised that repeat-sprint performance 

would be impaired in simulated altitude when compared with sea level; however, it was 

projected that BR supplementation would ameliorate the decrement in performance, 

compared with placebo supplementation. Such findings could be applied to many team 

sports, since these are regularly played in cities such as Johannesburg or Denver at 

moderate altitude (~1600 – 1700 m) or higher altitude locations such as Bogota and La 

Paz (~2600 – 3600 m). Furthermore, pre-season altitude training camps are frequently 

completed by a variety of team sport athletes (Girard et al., 2013), offering a possible 

scenario where dietary NO3- may also be utilised as a training supplement. 

5.3 Methods 

5.3.1 Participants 

Twelve moderately-trained, male team sport athletes (age: 22.3 ± 2.6 y, body mass: 74.4 

± 7.3 kg, peak oxygen utilisation (VO2peak): 53.1 ± 8.7 mL.kg-1.min-1) were recruited for 

participation in this study from local soccer and Australian football clubs. Data 

collection occurred across the athlete’s pre-season training and early stages of regular 

season matches. Participants provided written informed consent prior to testing. Ethical 

approval was obtained from the host institution’s Human Research Ethics Committee 

(RA/4/1/8795). All procedures complied with the ethics code of the Declaration of 

Helsinki. 

5.3.2 Experimental Overview 
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Participants initially completed a graded exercise test (GXT) to determine VO2peak and 

the associated cycling power output. This was followed by a familiarisation trial and 

three experimental trials, conducted in a double blind, repeated-measures, counter-

balanced fashion. Each experimental trial was preceded by a 24 h period of diet and 

training standardisation. A minimum washout period of 7 days separated the completion 

of each experimental trial and the commencement of the subsequent supplementation 

period. The experimental trials included normoxia without supplementation (CON); 

hypoxia (HYP) with BR supplementation (HYPBR); and hypoxia with placebo (PLA) 

supplementation (HYPPLA). The BR supplementation was provided in the form of 2 x 

70 mL shots of NO3--rich BR containing 6.45 mmol NO3- per 70 mL bottle (Beet-It 

Sport Shot, James White Drinks Ltd, Ipswich, UK). The PLA supplement was the same 

product with the NO3- content selectively removed via negative ion exchange filtration. 

Participants consumed these supplements 2 h prior to the commencement of exercise in 

the hypoxic trials to allow plasma NO3- and NO2- levels to peak (Wylie et al., 2013a). 

5.3.3 Experimental Procedures 

Graded exercise test 

The GXT was conducted on a custom-built front-access bicycle ergometer connected to 

a computer equipped with customised software to capture power data (CycleMax, 

School of Human Sciences, The University of Western Australia, Crawley, AUS). A 

starting power output of 160 W was used, with 30 W increments every 3 min to 

volitional exhaustion. At the end of each 3 min workload, heart rate (HR) and ratings of 

perceived exertion (RPE) were recorded. Throughout the GXT, expired air was 

analysed for O2 and carbon dioxide (CO2) concentrations using Ametek gas analysers 

(Applied Electrochemistry, SOV S-3A/1 and COV CD-3A, Pittsburgh, PA), calibrated 

pre-test and verified post-test using certified gravimetric gas mixtures (BOC Gases, 

Chatswood, AUS). Ventilation was recorded at 15 s intervals via a calibrated turbine 

ventilometer (VacuMed Universal Ventilation Meter 17125, Ventura, CA). 

Determination of VO2peak was achieved by summing the four highest consecutive 15 s 

O2 utilisation (VO2) values obtained during the test. Since not all participants achieved 

the four criteria for a true ‘maximal’ oxygen uptake (a ‘plateau’ in VO2; respiratory 

exchange ratio ≥ 1.10; peak HR ≥ 90% predicted maximum; and peak blood lactate ≥ 8.0 

mM) (Howley et al., 1995), the highest VO2 value attained during this test was referred 

to as the participants’ VO2peak, rather than VO2max. 

Pre-trial standardisation 
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Participants attended the laboratory 1 day prior to each exercise session to collect their 

BR or PLA supplement and a pre-packaged diet to allow a 24 h period of dietary 

standardisation (Jeacocke & Burke, 2010). The consumption of this diet and any water 

intake was noted in a food diary provided at this time, and any exercise was also 

recorded. Any training was replicated prior to all subsequent experimental trials. The 

energy and macronutrient content of the pre-packaged diet was scaled according to 

body mass: 200 kJ.kg-1 energy; 8.0 g.kg-1 carbohydrates; 1.6 g.kg-1 protein; ~0.8 g.kg-1 

fat. 

Experimental trials 

In the experimental trials, participants arrived at the laboratory in the afternoon (16:00 

pm – 19:00 pm). On arrival, body mass was measured (MultiRange, Model ED 3300, 

Sauter GmbH, Ebingen, Germany) and a HR monitor fitted. Participants then entered an 

environmental chamber set to normobaric hypoxia (O2: 14.5 ± 0.5%, CO2: 0.14 ± 

0.04%; ~3200 m simulated altitude), or normoxic conditions (O2: 20.3 ± 0.5%, CO2: 

0.10 ± 0.03%; ~300 m simulated altitude). The exercise session was conducted on the 

aforementioned front-access bicycle ergometer, and encompassed the following: 

Warm-up: 10 min at 50% VO2peak power + 3 x 4 s “bursts” of increasing 

intensity (70%, 80% and 90% effort) on a 20 s cycle; then 2 min passive rest. 

Main-set: 4 sets of 9 x 4 s Repeat-Sprint Efforts (RSE) with 16 s active recovery 

and 6 s passive rest recovery per sprint. Sets were separated by 3 min of low-

intensity cycling. 

Cool-down: 5 min self-paced low-intensity cycling. 

Following the 10 min warm-up and the final sprint of each RSE set, HR, RPE, blood 

lactate (La-), pH, partial pressure of O2 (pO2) and O2 saturation (sO2) were measured. 

Peak power output (PPO; W), mean power output (MPO; W) and total work completed 

(kJ) were recorded for each sprint using the aforementioned CycleMax software. The 

total amount of work completed across each RSE set was summed over the 9 sprints, 

and percentage performance decrement was calculated as the difference between the 

actual sum of work over the 9 sprints and “ideal” amount of work (the highest 4 s kJ 

value multiplied by the number of sprints) (Fitzsimons et al., 1993). Expired air was 

collected during the steady-state 10 min warm-up for measurement of VO2. 

Biochemical parameters 
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Fingertip capillary blood samples taken during the exercise trials were sampled into 

unsterilised 125 μL capillary tubes and analysed using CG4+ cartridges for La-, pH, pO2 

and sO2 using a portable blood analyser (i-Stat Handheld, Abbott Point of Care Inc., 

Princeton, USA). 

Heart rate and ratings of perceived exertion 

Throughout all testing sessions, HR was monitored using a Polar HR monitor (FT7, 

Polar Electro, Kempele, FIN). The RPE was measured using a Borg scale, 

encompassing the anchor points 6 – no exertion at all, to 20 – maximal exertion (Borg, 

1982). 

5.3.4 Statistical Analysis 

Data are presented as mean ± SD. Linear mixed models were used to analyse the 

variables of HR, RPE, VO2, La-, pH, sO2 and (log-transformed) pO2. Each model 

contained fixed effects of condition (HYP vs. CON), supplement (BR vs. PLA), time 

and all of their two-way interactions, as well as random effects of ID and 

Supplement*Condition within ID. Variables significant at the 5% level were retained 

for the final model. Pairwise comparisons of significant effects were performed with the 

Bonferroni adjustment for multiple comparisons, and pairwise comparisons of the log-

transformed results were exponentiated. Mean differences, 95% confidence intervals 

(CI) and p-values are provided. The magnitude of difference between groups and the 

associated 90% CI was expressed via Cohen’s d effect sizes (Cohen, 1988). Where the 

CI exceeded the effect size by >0.2, the effect was deemed unclear. Only moderate (d = 

0.5 – 0.79) or large (d ≥ 0.8) effects are presented here. For the repeat-sprint 

performance variables only, the likelihood that a true effect was substantially beneficial, 

trivial or harmful is also reported using magnitude-based inferences (MBI) with the 

following scale: <1% almost certainly not; 1 – 5% very unlikely; 6 – 24% unlikely; 25 – 

75% possibly; 75 – 95% likely; 96 – 98% very likely; ≥99% almost certainly (Hopkins, 

2003). 

5.4 Results 

Repeat-sprint performance 

There were no large effects for PPO, MPO or total work between the three experimental 

conditions (Tables 5.1 and 5.2). However, when work decrement was compared 

between the HYPBR and HYPPLA trials, there was a likely benefit of BR 

supplementation on decreasing the magnitude of work decrement during the first set of 
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the RSE task. When compared with CON, there were large and moderate effects 

indicating that work decrement in HYPPLA was increased during RSE sets 1 and 2. 
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Table 5.1 Mean ± SD peak power output (PPO) (W) and mean power output (MPO) (W) for repeat-sprint effort (RSE) sets 1 – 4 in 

hypoxia with beetroot supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level (CON) (n = 12). 

  PPO (W) MPO (W) 

  RSE 1 RSE 2 RSE 3 RSE 4 RSE 1 RSE 2 RSE 3 RSE 4 

HYPBR 1185 ± 172 1157 ± 178 1159 ± 186 1152 ± 194 807 ± 144 794 ± 156 809 ± 150 779 ± 156 

HYPPLA 1214 ± 179 1181 ± 163 1165 ± 160 1164 ± 139 829 ± 144 770 ± 142 792 ± 131 804 ± 122 

CON 1220 ± 136 1173 ± 140 1167 ± 139 1188 ± 136 845 ± 106 834 ± 122 829 ± 118 817 ± 103 

HYPBR vs. 

HYPPLA 

d 0.22 ± 0.25 0.17 ± 0.21 0.04 ± 0.29 0.10 ± 0.38 0.20 ± 0.29 0.03 ± 0.26 0.15 ± 0.33 0.02 ± 0.39 

MBI# 0(99/1) 0(100/0) 0(100/0) 0(98/2) 0(98/2) 0(100/0) 2(98/0) 1(98/1) 

CON vs.  

HYPBR 

d 0.21 ± 0.78 0.06 ± 0.82 0.05 ± 0.77 0.18 ± 0.89 0.34 ± 0.89 0.31 ± 0.72 0.10 ± 0.69 0.25 ± 0.92 

MBI 19(76/5) 13(78/9) 8(81/11) 7(72/21) 30(65/4) 24(74/2) 11(84/5) 25(68/6) 

CON vs. 

HYPPLA 

d 0.04 ± 0.30 0.06 ± 0.22 0.02 ± 0.27 0.17 ± 0.29 0.16 ± 0.37 0.30 ± 0.33 0.32 ± 0.40 0.31 ± 0.41 

MBI 0(100/0) 0(100/0) 0(100/0) 0(99/1) 3(97/0) 6(94/0) 12(88/0) 12(88/0) 
#Beneficial (trivial/harmful): the probability of the true effect being beneficial was assessed as follows: <1% almost certainly not; 1 – 5% very unlikely; 6 – 24% 
unlikely; 25 – 75% possibly; 75 – 95% likely; 96 – 98% very likely; ≥99% almost certainly. 
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Table 5.2 Mean ± SD total work (J) and work decrement (%) for repeat-sprint effort (RSE) sets 1 – 4 in hypoxia with beetroot 

supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level (CON) (n = 12). 

  Total Work (J) Work Decrement (%) 

  RSE 1 RSE 2 RSE 3 RSE 4 RSE 1 RSE 2 RSE 3 RSE 4 

HYPBR 29058 ± 5183 28587 ± 5606 29131 ± 5384 28989 ± 5602 -11.9 ± 6.9 -12.9 ± 9.1 -13.9 ± 8.4 -12.2 ± 6.3 

HYPPLA 29837 ± 5185 28730 ± 5103 28409 ± 4752 28929 ± 4394 -17.5 ± 11.7 -15.7 ± 14.5 -13.3 ± 11 -11.9 ± 7.1 

CON 30436 ± 3833 30036 ± 4407 29833 ± 4232 30073 ± 3694 -10.9 ± 4.4 -11.0 ± 6.1 -11.5 ± 6.7 -11.6 ± 6.1 

HYPBR vs. 
HYPPLA 

d 0.20 ± 0.29 0.03 ± 0.26 0.17 ± 0.33 0.02 ± 0.39 0.48 ± 0.49 0.47 ± 0.96 0.09 ± 0.64 0.05 ± 0.46 

MBI# 0(98/2) 0(100/0) 2(98/0) 1(98/1) 81(17/1) 40(56/4) 4(87/9) 1(98/3) 

CON vs. 
HYPBR 

d 0.34 ± 0.89 0.31 ± 0.72 0.10 ± 0.69 0.25 ± 0.92 0.06 ± 0.67 0.34 ± 1.12 0.26 ± 1.08 0.00 ± 0.94 

MBI 30(65/4) 24(74/2) 11(84/5) 25(68/6) 5(86/9) 34(58/8) 29(62/9) 13(73/14) 

CON vs. 
HYPPLA 

d 0.16 ± 0.37 0.30 ± 0.33 0.34 ± 0.40 0.31 ± 0.41 1.51 ± 1.22 0.77 ± 0.96 0.28 ± 0.63 0.06 ± 0.38 

MBI 3(97/0) 6(94/0) 13(87/0) 12(88/0) 90(10/1) 62(37/1) 19(80/2) 1(98/1) 
#Beneficial (trivial/harmful): the probability of the true effect being beneficial was assessed as follows: <1% almost certainly not; 1 – 5% very unlikely; 6 – 24% 
unlikely; 25 – 75% possibly; 75 – 95% likely; 96 – 98% very likely; ≥99% almost certainly. 
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Blood variables 

There were no significant differences in La-, pH, sO2 or pO2 between HYPBR and 

HYPPLA (Table 5.3 & 5.4). The final model for La- contained main effects for condition 

(p < 0.001) and time (p = 0.05). Overall, La- was significantly higher in HYP compared 

with CON (mean difference = 1.93 mmol, 95% CI = 1.02 – 2.94 mmol, p < 0.001, d = 

0.69 ± 0.14). Following RSE 4, La- was significantly higher compared with RSE 1 

(mean difference = 0.86 mmol, 95% CI = 0.01 – 1.71 mmol, p = 0.047, d = 0.33 ± 

0.23). The final model for blood pH contained a main effect for time (p = 0.026); 

specifically, blood pH following RSE 4 was significantly higher than RSE 1 (mean 

difference = 0.014, 95% CI = 0.001 – 0.018, p = 0.026, d = 0.42 ± 0.28). Both blood 

sO2 and pO2 (log-transformed) showed a main effect for condition (p < 0.001). In HYP, 

sO2 was significantly lower (mean difference = 10.5%, 95% CI = 9.3 – 11.8%, p < 

0.001, d = 6.84 ± 0.42) and pO2 was decreased by 43% (95% CI = 40 – 47%, p < 0.001, 

d = 3.89 ± 0.19), compared with CON. 
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Table 5.3 Mean ± SD blood lactate (La-) (mmol.L-1) and pH following repeat-sprint effort (RSE) sets 1 – 4 in hypoxia with beetroot 

supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level (CON) (n = 12). 

 La- (mmol.L-1) pH 
 RSE 1 RSE 2 RSE 3 RSE 4* RSE 1 RSE 2 RSE 3 RSE 4* 

HYPBR 8.54 ± 2.75 9.26 ± 3.31 8.92 ± 2.93 10.34 ± 3.05 7.348 ± 0.034 7.342 ± 0.039 7.356 ± 0.035 7.359 ± 0.049 

HYPPLA 9.01 ± 2.62 9.13 ± 2.62 9.61 ± 3.47 9.47 ± 3.04 7.338 ± 0.037 7.351 ± 0.034 7.346 ± 0.049 7.363 ± 0.035 

CON 6.98 ± 2.24 7.26 ± 3.12 7.89 ± 2.97 7.29 ± 3.11 7.340 ± 0.035 7.340 ± 0.044 7.341 ± 0.041 7.346 ± 0.033 
*Significantly different to RSE 1 
 

 

Table 5.4 Mean ± SD blood oxygen saturation (sO2) (%) and partial pressure of oxygen (pO2) (mmHg) following repeat-sprint effort 

(RSE) sets 1 – 4 in hypoxia with beetroot supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level 

(CON) (n = 12). 

  sO2 (%) pO2 (mmHg) 
 RSE 1 RSE 2 RSE 3 RSE 4 RSE 1 RSE 2 RSE 3 RSE 4 

HYPBR 83 ± 5 84 ± 3 85 ± 4 86 ± 4 50 ± 6 51 ± 5 53 ± 6 53 ± 7 

HYPPLA 84 ± 5 83 ± 4 84 ± 3 85 ± 3 52 ± 7 50 ± 5 51 ± 4 52 ± 5 

CON 94 ± 2 95 ± 1 95 ± 1 95 ± 1 77 ± 10 81 ± 7 80 ± 5 79 ± 7 
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Heart rate and RPE 

There were no significant differences in HR or RPE between HYPBR and HYPPLA 

(Table 5.5). The final model for HR contained main effects for condition (p < 0.001) 

and time (p < 0.001). In HYP, HR was significantly higher (mean difference = 6.0 

beats.min-1, 95% CI = 3.2 – 8.9 beats.min-1, p < 0.001, d = 0.57 ± 0.11) compared with 

CON. During the main set, HR was significantly higher than RSE 1 following each 

subsequent set (p < 0.05; Table 5.5). The final model for RPE contained main effects 

for condition (p = 0.026) and time (p < 0.01). In HYP, RPE was significantly higher 

(mean difference = 0.76, 95% CI = 0.10 – 1.42, p = 0.026, d = 0.37 ± 0.11). During the 

main set, RPE was significantly higher than RSE 1 following each subsequent set (p < 

0.05; Table 5.5). 

Oxygen utilisation 

The final model for VO2 contained main effects for condition (p = 0.001) and time (p < 

0.001), but not supplement (p = 0.108); however, there was a moderate effect for lower 

VO2 values in HYPBR compared with HYPPLA in the 9th and 10th minute (Table 5.6). 

Overall, VO2 was significantly lower in HYP compared with CON (mean difference = 

0.28 L.min-1, 95% CI = 0.12 – 0.43 L.min-1, p = 0.001, d = 0.78 ± 0.26). Compared with 

the first minute, VO2 was higher at every subsequent time point in all conditions (p < 

0.01; Table 5.6). 
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Table 5.5 Mean ± SD heart rate (HR) (beats.min-1) and ratings of perceived exertion (RPE) following repeat-sprint effort (RSE) sets 

1 – 4 in hypoxia with beetroot supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level (CON) (n 

= 12). 

*Significantly different to RSE 1. 
a Significantly different to RSE 2. 
b Significantly different to RSE 4. 

Table 5.6 Mean ± SD oxygen utilisation (VO2) (L.min-1) during the 10 min steady-state warm-up cycle in hypoxia with beetroot 

supplementation (HYPBR), in hypoxia with placebo supplementation (HYPPLA), and at sea level (CON) (n = 12). 

  VO2 (L.min-1) 

 1:00 2:00* 3:00* 4:00* 5:00*a 6:00*a 7:00*a 8:00*a 9:00*a 10:00*a 

HYPBR 0.87 ± 0.11 1.54 ± 0.22 1.61 ± 0.23 1.63 ± 0.24 1.65 ± 0.25 1.65 ± 0.26 1.67 ± 0.26 1.64 ± 0.25 1.63 ± 0.27 1.63 ± 0.25 

HYPPLA 0.96 ± 0.48 1.69 ± 0.35 1.76 ± 0.35 1.74 ± 0.35 1.79 ± 0.31 1.79 ± 0.31 1.80 ± 0.28 1.79 ± 0.28 1.80 ± 0.33 1.80 ± 0.30 

CON 1.15 ± 0.41 1.88 ± 0.38 1.91 ± 0.37 1.93 ± 0.32 1.99 ± 0.45 1.99 ± 0.36 2.02 ± 0.38 2.04 ± 0.40 2.02 ± 0.35 2.02 ± 0.34 

*Significantly different to 1st minute. 
a Significantly different to 2nd minute. 

 HR (bpm) RPE 

 RSE 1 RSE 2*b RSE 3*b RSE 4* RSE 1 RSE 2*b RSE 3*ab RSE 4* 

HYPBR 159 ± 9 161 ± 9 163 ± 8 165 ± 9 14 ± 2 15 ± 2 16 ± 2 17 ± 1 

HYPPLA 159 ± 9 162 ± 9 163 ± 10 165 ± 9 14 ± 2 15 ± 1 16 ± 1 17 ± 2 

CON 152 ± 12 155 ± 10 157 ± 12 160 ± 9 13 ± 2 14 ± 2 16 ± 2 17 ± 2 
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Exploratory post-hoc analyses revealed that 7 out of the 12 participants significantly 

reduced their average steady-state VO2 in HYPBR, compared with HYPPLA, [1.46 ± 0.19 

L.min-1 vs. 1.79 ± 0.37 L.min-1, p = 0.032, d = 0.9 ± 0.6, MBI = 81(19/0)], while the 

remaining 5 participants recorded either an increased or unchanged VO2 in HYPBR, 

compared with HYPPLA [1.68 ± 0.22 L.min-1 vs. 1.55 ± 0.18 L.min-1, p = 0.066, d = 0.7 

± 0.6, MBI = 0(37/63)]. Interestingly, the sO2 and pO2 values recorded during the 

hypoxic trials were significantly lower in the n = 7 who experienced a reduction in 

steady state VO2 during the constant load warm-up (possibly considered “responders”), 

as compared to the n = 5 who showed no response [sO2: 83 ± 3% vs. 86 ± 3%, p < 

0.001, d = 1.2 ± 0.3, MBI = 0(0/100); pO2: 49 ± 4 mmHg vs. 55 ± 6 mmHg, p < 0.001, 

d = 1.2 ± 0.3, MBI = 0(0/100)]; however, there were no significant differences found in 

the aerobic capacity (VO2peak) between these two sub-cohorts [p = 0.758, d = 0.5 ± 3.1, 

MBI = 25(28/47)]. 

5.5 Discussion 

The main finding of this study was that BR supplementation had no effect on PPO, 

MPO or total work output during a repeat-sprint task conducted in hypoxia in male team 

sport athletes; however, there was a moderate trend for a reduction in work decrement 

during the first RSE set and reduced VO2 during 10 min of steady state cycling 

following BR supplementation. Interestingly, there were no differences in the 

performance of the RSE task between normoxia and 3000 m simulated altitude, despite 

a significant reduction in pO2 and sO2 during exercise in hypoxia. The exercise protocol 

utilised in this study may have allowed sufficient recovery time between short duration 

efforts for adequate repletion of PCr stores and insufficient aerobic energy contribution 

to harness the full ergogenic effects of BR supplementation. These results contrast with 

previous findings regarding the influence of BR supplementation on high-intensity 

intermittent exercise activity. 

Although several studies have reported an ergogenic effect of dietary NO3- 

supplementation on short duration, high-intensity exercise, these improvements are not 

demonstrated consistently. Indeed, while several of these studies indicate an 

enhancement of muscle contractile function following BR supplementation (Wylie et 

al., 2013b; Coggan et al., 2015; Thompson et al., 2016), an increase in PPO was not 

observed in the current study. This result supports other investigations which have 

failed to detect a change in PPO between BR and PLA supplementation during 24 x 6 s 
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repeated-sprint cycling efforts (Wylie et al., 2016) and 8 s repeated-sprints to 

exhaustion (Martin et al., 2014), or reported no significant difference in knee extensor 

maximal voluntary force output (Aucouturier et al., 2015; Hoon et al., 2015). We note 

that increased muscle twitch force was observed following BR supplementation during 

a testing protocol (Coggan et al., 2015), which employed fewer contractions than 

involved in the current protocol. Indeed, since our participants were asked to complete a 

total of 36 “all-out” efforts, it is likely that an element of pacing was employed to 

manage the increased exercise demand. As such, participants were unlikely to have 

completed the maximal contractions previously shown to respond to BR 

supplementation with an increase in peak force output. 

An alternative explanation for the absence of increased PPO following BR 

supplementation may relate to the degree of PCr recovery for the chosen RSE protocol.  

Prior studies showing improved exercise tolerance during high-intensity exercise 

propose a benefit due to reduced depletion and increased repletion rate of PCr following 

BR ingestion (Bailey et al., 2010; Vanhatalo et al., 2011, 2014). However, the protocols 

in the aforementioned studies have involved longer efforts (24 s – 12 min) compared 

with the 4 s sprints utilised in the current study. Previous research has shown that stores 

of PCr are reduced to ~16% of pre-exercise values following 10 x 6 s sprints with 30 s 

recovery, with PCr returning to 45% of resting values after the 30 s of recovery prior to 

the final sprint (Gaitanos et al., 1993). In our study, using 4 s sprints and 22 s recovery, 

PCr stores are unlikely to have been depleted to the same extent compared with this 

previous study. It can be suggested that the combination of a 22 s recovery interval 

between sprints and 3 min recovery interval between sets was sufficient time to allow 

for significant PCr resynthesis (Gaitanos et al., 1993). As such, the limited O2 delivery 

caused by hypoxic exposure would have less impact on RSE performance than expected 

for exercise protocols inducing full PCr depletion, since it is only the initial fast phase 

of PCr repletion that is O2-dependent (Haseler et al., 1999). This may explain why 

minimal effects were apparent during the RSE task, but marginal improvements were 

evident during the submaximal (aerobic) warm-up block. Future investigations should 

evaluate the effect of BR supplementation on repeat-sprint protocols involving longer 

sprints or shorter recovery periods to confirm this theory. 

An additional finding contrasting our original hypothesis was that there was no 

significant supplement effect on MPO during the RSE task. This outcome differs from 

the findings of recent research showing an increase in MPO during 24 x 6 s sprints 
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(Wylie et al., 2016), although this outcome has not been consistently reported (Martin et 

al., 2014; Aucouturier et al., 2015; Hoon et al., 2015). Nonetheless, there was a 

moderate effect indicating that work decrement was reduced in the first set of the RSE 

task in HYPBR, compared with HYPPLA. In support of this finding, BR supplementation 

has reduced the decline in force production during an ischaemic knee extension fatigue 

test (Hoon et al., 2015) and increased time to exhaustion during intermittent cycling at 

170% VO2max (Aucouturier et al., 2015). Since this effect was only seen during the first 

RSE set in the current study, it may be that maintenance of repeat-sprint performance 

during team sport activity following NO3- supplementation may only be seen in the 

early stages of matches. 

Despite this slight reduction in work decrement, the current results are not in complete 

agreement with research that shows that BR supplementation can significantly enhance 

team sport specific intermittent exercise (Wylie et al., 2013b; Thompson et al., 2016). A 

likely cause for this discrepancy is protocol differences since exercise intensity, sprint 

length, work-to-rest ratio and total exercise duration will impact on energy system 

contribution. Possibly, our chosen protocol did not involve enough aerobic energy 

utilisation to maximise the ergogenic potential of the BR supplement, a concept 

supported by the lack of performance decrement seen between the normoxic and 

hypoxic trials. Previously, it has been shown that the performance of a similar RSE 

protocol can be maintained at 3000 m (but not at 4000 m) simulated altitude, indicating 

that decreased O2 delivery is not a principal limiting factor to performance of this type 

of protocol, or that the degree of hypoxia at 3000 m is not great enough to have a 

negative effect performance on the RSE task (Goods et al., 2014). It may be that BR 

supplementation is more useful for improving exercise performance during 

(predominantly) aerobic exercise tasks, which may explain why few improvements 

were seen during the RSE task employed here, but marginal reductions in VO2 were 

recorded with BR during the submaximal warm-up block in hypoxia. It remains unclear 

whether BR supplementation may be useful where maximal work activities are 

undertaken within the context of aerobic exercise, such as, when team sport players 

undertake short bouts of maximal activity while working aerobically during matches. 

Although there was only a moderate effect for reduced VO2 following BR 

supplementation at the end of the 10 min steady-state warm-up, this is in agreement 

with research showing that NO3- supplementation reduces the O2 cost of fixed work rate 

submaximal exercise in hypoxia. Improvements in aerobic efficiency have regularly 
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occurred during equivalent steady-state exercise intensities at similar levels of 

normobaric hypoxia (Kelly et al., 2014; Muggeridge et al., 2014; Shannon et al., 2016). 

Currently, the most plausible explanations for this effect include an increase in 

mitochondrial metabolic efficiency (Larsen et al., 2011), a reduction in the energy cost 

of muscle force production (Bailey et al., 2010), and the NO-mediated modulation of 

vasodilation (Maher et al., 2008), which may improve O2 delivery to hypoxic muscle 

tissue. 

The magnitude of the physiological effects of NO3- supplementation appears to be 

highly variable between individuals (Arnold et al., 2015; Coggan et al., 2018). Using 

the VO2 response to submaximal exercise as a criterion measure, 7 of 12 participants in 

the current study appeared to respond positively to the supplement. Contrary to previous 

findings, there were no differences seen in aerobic capacity of this group compared with 

the remaining 5 participants. Regardless, in keeping with the findings of Arnold and 

colleagues (2015), this group of 7 participants did record significantly greater arterial O2 

desaturation during the hypoxic trials than the group of 5 athletes in which VO2 was 

unaffected, supporting the postulation of Shannon et al. (2016) that “the arterial O2 

saturation response to hypoxia may moderate the performance effects of NO3- 

supplementation, possibly due to greater nitrite reduction into NO at lower O2 tensions” 

(p. 68). It is well established that the conversion of NO2- to NO is accelerated in 

hypoxic environments (Lundberg et al., 2008), so it is plausible to suggest that the 7 

athletes who seemingly “responded” to the supplement may have been able to convert a 

larger proportion of circulating NO2- to NO, thereby amplifying the positive effects of 

NO on the O2 cost of energy production. However, this participant group would need to 

be retested to confidently classify these individuals as “responders” to the supplement, 

since there is a risk of misclassification of individual responders following a single 

testing session due to the “regression to the mean” artifact that can occur in individuals 

presenting with extreme data values (Margaritelis et al., 2016). 

In consideration of this study’s limitations, these include: 

1) There were no measurements of salivary or plasma NO2-/NO3- taken following 

BR ingestion. To confirm the successful conversion of ingested NO3- to NO2-, 

future studies should include some measurements of NO bioavailability; 

2) The acute supplementation protocol used here may be a potential limitation, since 

previous research studies displaying positive ergogenic effects of BR 
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supplementation on intermittent, high-intensity exercise have employed chronic 

supplementation protocols (Aucouturier et al., 2015; Thompson et al., 2016; 

Wylie et al., 2016); 

3) There is current debate around the disparate physiological responses to 

normobaric hypoxia vs. hypobaric hypoxia, meaning caution should be taken 

when translating these findings to athletes exercising at “real”, rather than 

simulated altitude (Girard et al., 2012). 

Practical applications 

This study assessed the influence of dietary NO3- supplementation on repeat-sprint 

performance in normobaric hypoxia. For the protocol used here, BR supplementation 

did not improve repeat-sprint performance; however, it did reduce the percentage work 

decrement for the first RSE set, compared with PLA. This could prove useful to team 

sport athletes during the early stages of a match when intensity is generally highest. 

Furthermore, moderate effects for a reduced VO2 during submaximal exercise suggest 

that BR supplementation may be more effective during primarily aerobic endurance 

exercise tasks. 

5.6 Conclusions 

Overall, these results suggest that the efficacy of NO3- supplementation on repeated-

sprint activity in simulated altitude is influenced by many factors, including the duration 

and number of high-intensity efforts, total exercise duration and individual arterial 

oxygenation responses to hypoxia. Further research is required to determine what 

individual characteristics and type of high-intensity intermittent exercise may benefit 

most from BR supplementation. 
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EFFECT OF DIETARY NITRATE SUPPLEMENTATION 

IN TRAINED CYCLISTS ON A CYCLING POWER 

PROFILE TEST IN NORMOBARIC HYPOXIA 
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6.1 Abstract 

While there is general consensus that dietary nitrate (NO3-) supplementation provides 

positive effects for recreational athletes completing submaximal endurance exercise in 

both normoxia and at altitude, debate still surrounds its effects on high-intensity, short 

duration activities, and its efficacy in more highly trained populations. The purpose of 

this study was to assess the performance effects of NO3--rich beetroot juice (BR) on 

high-intensity exercise efforts lasting between 6 s – 10 min in well-trained male cyclists 

exercising in normoxia and normobaric hypoxia. Eight male endurance-trained cyclists 

completed three cycling Power Profile tests (PPT); two in normobaric hypoxia (oxygen: 

14.4 ± 0.3%,) and one in normoxia (oxygen: 20.7 ± 0.2%). For 48 h prior to the hypoxic 

trials, participants consumed either NO3--rich BR or a NO3--depleted BR placebo 

(PLA). During the PPT, mean power output (MPO) and total work was measured for 

maximal efforts lasting 6 s, 15 s, 30 s, 1 min, 4 min and 10 min, whereas oxygen 

utilisation (VO2) was measured during the 4 min and 10 min efforts only. Results 

showed that there were no improvements following BR, compared with PLA, in MPO, 

total work or VO2 (p > 0.05). However, there was an ergolytic effect of hypoxia on 

MPO and work output for the 1 min, 4 min and 10 min efforts. In conclusion, 

supplementation with BR did not improve cycling PPT performance in normobaric 

hypoxia. This result supports previous research suggesting that endurance-trained 

athletes receive a diminished benefit from NO3- supplementation, and that BR is less 

effective for short duration, high-intensity efforts. 
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6.2 Introduction 

The use of dietary nitrate (NO3-) supplementation, particularly in the form of beetroot 

juice (BR), as an ergogenic aid has received growing attention over the past decade. The 

ingested inorganic NO3- contained within BR is metabolised to nitrite (NO2-) and further 

reduced to nitric oxide (NO) through the well-documented NO3--NO2--NO pathway 

(Lundberg et al., 2004). Early research into the effects of BR supplementation on 

exercise performance identified a reduction in the oxygen (O2) cost of fixed work rate 

low- and moderate-intensity exercise, and an increase in tolerance to high-intensity 

exercise during time-to-exhaustion tests lasting ~8 – 12 min (Bailey et al., 2009, 2010; 

Lansley et al., 2011b). The proposed mechanisms underlying these effects include a 

NO-mediated inhibition of mitochondrial oxidative respiration (Cleeter et al., 1994), a 

reduction in the energy cost of muscle force production (Bailey et al., 2010), and an 

improvement in the matching of O2 delivery to demand in skeletal muscle (Bailey et al., 

2009; Thompson et al., 2014). Subsequently, these effects have translated to 

performance improvements in the range of 0.8 – 2.8% during cycling (Lansley et al., 

2011a; Cermak et al., 2012; Wilkerson et al., 2012), running (Murphy et al., 2012; 

Lanceley et al., 2013) and kayaking (Peeling et al., 2015) time-trials lasting between 2 – 

137 min in duration. 

More recently, the ergogenic effects of BR consumption have been observed during 

exercise tests involving shorter duration, high-intensity efforts. For example, NO3- 

intake increased maximal voluntary knee extensor power (Coggan et al., 2015), 

maximal cycling sprint power (Rimer et al., 2016) and 20 m running sprint time 

(Thompson et al., 2016), in addition to improved performances during prolonged 

intermittent sprint testing (Thompson et al., 2015), repeated 500 m (~90 s) rowing 

efforts (Bond et al., 2012), repeated 15 s cycling efforts at 170% maximal aerobic 

power until exhaustion (Aucouturier et al., 2015) and the Yo-Yo intermittent recovery 

test (Wylie et al., 2013; Thompson et al., 2016; Nyakayiru et al., 2017b). 

The mechanisms relevant to improved intermittent, high-intensity exercise performance 

include an improved perfusion of type II muscle fibres (Ferguson et al., 2013) and 

increased muscle contractile force production due to augmented calcium release from 

the sarcoplasmic reticulum (Hernández et al., 2012), plus the slowing of 

phosphocreatine (PCr) degradation and metabolite (adenosine diphosphate and 

inorganic phosphate) accumulation (Bailey et al., 2010). However, while these studies 
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have provided evidence to support the efficacy of BR supplementation for short 

duration, high-intensity exercise, other studies have returned contrasting results 

(Christensen et al., 2013; Muggeridge et al., 2013; Martin et al., 2014; Hoon et al., 

2015; Kent et al., 2018). The results of the latter studies may indicate that BR 

supplementation may be more effective during predominantly aerobic exercise tasks, 

but further research is needed to verify this theory. 

There is also evidence to suggest that the ergogenic effects of BR supplementation may 

be enhanced in hypoxic environments. Previously, the negative effects of hypoxia on 

exercise performance have been ameliorated by BR ingestion, such that time to 

exhaustion during high-intensity exercise can be partially or fully restored to levels 

achieved in normoxia (Vanhatalo et al., 2011; Masschelein et al., 2012; Kelly et al., 

2014). This is likely due to the accelerated conversion of NO2- to NO in hypoxic 

environments (Lundberg et al., 2008), thereby boosting the levels of NO available to 

regulate hypoxic vasodilation (Maher et al., 2008), mitochondrial O2 consumption 

(Thomas, 2001) and the energy cost of muscle force production (Bailey et al., 2010). As 

such, any potential ergogenic effects of BR supplementation on short duration, high-

intensity exercise performance may be accentuated when athletes are exposed to a 

hypoxic environment. 

In order to clarify which athletes may receive the greatest benefit from using BR, 

exercise performance following dietary NO3- supplementation needs to be assessed 

across a range of maximal effort durations. This will help to identify which energy 

system(s) may be influenced the most by NO3- ingestion to help inform which sporting 

events may gain the most benefit. Therefore, the aim of this study was to assess the 

influence of dietary NO3- supplementation, in the form of BR, on the performance of a 

cycling test in hypoxic conditions where the highest self-paced mean power was 

maintained over increasing effort durations. It was hypothesised that performance 

would be unaffected during the efforts requiring a majority of anaerobic energy 

production; however, performance would be improved and oxygen utilisation reduced 

with BR (compared with placebo), for efforts requiring considerable aerobic energy 

contribution (>1 min). 
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6.3 Methods 

6.3.1 Participants 

Eight male endurance-trained cyclists (age: 27.9 ± 6.5 y, body mass: 75.1 ± 8.1 kg, peak 

oxygen utilisation (VO2peak): 63.9 ± 7.7 mL.kg-1.min-1) were recruited for this study. 

Ethical approval was obtained from the host institution’s Human Research Ethics 

Committee (RA/4/1/8795) and written informed consent was provided prior to testing. 

All procedures complied with the code of ethics of the Declaration of Helsinki. 

6.3.2 Experimental Overview 

Participants initially completed a graded exercise test (GXT) to determine VO2peak. This 

was followed by a familiarisation trial and three experimental trials, conducted in a 

double blind, repeated-measures, counter-balanced fashion. Each experimental trial was 

preceded by a 48 h supplementation period, separated by a minimum of 7 days to allow 

for supplement washout. In the familiarisation trial, participants completed the full 

exercise protocol to minimise any learning effect on trial performance. The three 

experimental trials were: 

1) Normoxia without supplementation (CON); 

2) Hypoxia with BR supplementation (HYPBR); 

3) Hypoxia with placebo (PLA) supplementation (HYPPLA). 

The supplements were provided throughout the 48 h prior to the hypoxia trials in the 

form of 4 x 70 mL shots of either NO3--rich BR, or a NO3--depleted PLA equivalent. 

Both supplements were consumed as 1 x 70 mL shot 48 h and 24 h pre-trial, and 2 x 70 

mL shots taken 2 h immediately prior to the commencement of the trial. The BR 

supplement contained 6.45 mmol NO3- per 70 mL bottle (Beet-It Hi Nitrate Sport Shot, 

James White Drinks Ltd, Ipswich, UK). The PLA was the same product with the NO3- 

content selectively removed via negative ion exchange filtration (Gilchrist et al., 2013). 

6.3.3 Experimental Procedures 

Graded exercise test 

The GXT was conducted on each participant’s bike attached to a modified bike trainer 

that measured power output (LeMond Revolution, HOIST Fitness, Poway, USA). A 

starting power output of 160 W was used, with 30 W increments every 3 min to 

volitional exhaustion. At the end of each 3 min workload, heart rate (HR) and ratings of 

perceived exertion (RPE) were recorded. Throughout the GXT, expired air was 
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analysed for O2 and carbon dioxide (CO2) concentrations using Ametek gas analysers 

(Applied Electrochemistry, SOV S-3A/1 and COV CD-3A, Pittsburgh, PA), calibrated 

pre-test and verified post-test using certified gravimetric gas mixtures (BOC Gases, 

Chatswood, AUS). Ventilation was recorded at 15 s intervals via a calibrated turbine 

ventilometer (VacuMed Universal Ventilation Meter 17125, Ventura, CA). 

Determination of VO2peak was made by summing the four highest consecutive 15 s O2 

utilisation (VO2) values obtained during the test. 

Experimental trials 

Participants arrived at the laboratory in the afternoon (between 16:00 – 19:00 h) for 

each trial. On arrival, body mass was measured (± 50 g; MultiRange, Model ED 3300, 

Sauter GmbH, Ebingen, Germany), then a HR monitor was fitted. Participants then 

entered an environmental chamber set to normobaric hypoxia (O2: 14.4 ± 0.3%, CO2: 

0.14 ± 0.07%), or normoxic conditions (O2: 20.7 ± 0.2%, CO2: 0.08 ± 0.03%). Once 

inside the chamber, participants completed a cycling Power Profile test (PPT), 

conducted on an air-braked bicycle ergometer (Evolution, Melbourne, Australia). The 

trial began with a standardised warm-up consisting of 5 min submaximal cycling 

(between 100 – 150 W), and three 4 s submaximal sprints, each separated by 1 min 

cycling at ~100 W, followed by 3 min of passive rest. The PPT then commenced 

(Garvican et al., 2013, p. 313-318), involving 7 cycling efforts of varying duration (6 s, 

6 s, 15 s, 30 s, 1 min, 4 min, 10 min) separated by increasing periods of active recovery 

(54 s, 174 s, 225 s, 330 s, 480 s, 600 s) at a self-selected power output between 100 – 

150 W. Participants were instructed to hold the highest average power possible for the 

full duration of each effort. The two 6 s efforts began from a stationary start, while the 

remaining efforts all began from a rolling start. Mean power output (MPO; W) and total 

work completed (kJ) were measured during each effort using customised software 

(CycleMax, Sport Science, Exercise and Health, The University of Western Australia). 

Following each effort, HR and RPE were recorded. Expired air was collected during the 

4 min and 10 min efforts for calculation of VO2. On finishing the test, a 5 min self-

paced cool-down was performed. 

Pre-trial standardisation 

At 48 h prior to the experimental trials, participants attended the laboratory to collect 

their BR or PLA supplement (for hypoxic trials only), in addition to a food and exercise 

diary. Over the subsequent two days, participants recorded all physical activity, plus 

food and water intake in the diary. This was replicated prior to all subsequent trials. For 
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24 h prior to all experimental trials, participants were given a pre-packaged diet, 

according to standardised guidelines (Jeacocke & Burke, 2010); macronutrient 

quantities were scaled according to body mass: 200 kJ.kg-1 energy; 8.0 g.kg-1 

carbohydrates; 1.6 g.kg-1 protein; ~0.8 g.kg-1 fat. 

Heart rate and ratings of perceived exertion 

Throughout all testing sessions, HR was monitored using a Polar HR monitor (FT7, 

Polar Electro, Kempele, FIN). The RPE was measured using a Borg scale, 

encompassing the anchor points 6 – no exertion at all, to 20 – maximal exertion (Borg, 

1982). 

6.3.4 Statistical Analysis 

Data are presented as mean ± SD. Paired samples t tests with an alpha level set at p < 

0.05 were used to assess any differences between the experimental conditions. The 

magnitude of difference between groups and the associated 90% confidence intervals 

(CI) was expressed via Cohen’s d effect sizes (Cohen, 1988). Where the CI exceeded 

the effect size by >0.2, the effect was deemed unclear (Clarke et al., 2015). Only 

moderate (d = 0.5 – 0.79) or large (d ≥ 0.8) effects are presented here. The likelihood 

that a true effect was substantially beneficial, trivial or harmful, is also reported using 

magnitude-based inferences (MBI) with the following scale: <1% almost certainly not; 

1 – 5% very unlikely; 6 – 24% unlikely; 25 – 75% possibly; 75 – 95% likely; 96 – 98% 

very likely; ≥99% almost certainly (Hopkins, 2003). 

6.4 Results 

Cycling power profile 

Data are presented in Table 6.1. During the 6 s efforts, there were no significant 

differences in MPO or total work completed between any of the trial conditions (p > 

0.05). During the 15 s efforts, MPO was significantly higher in HYPPLA, compared with 

HYPBR [902 ± 188 vs. 830 ± 177 W, p = 0.043, d = 0.39 ± 0.30, MBI = 11(89/0)]. There 

was also a moderate effect for MPO to be higher during CON compared with HYPBR 

[898 ± 183 vs. 830 ± 177 W, p = 0.360, d = 0.52 ± 0.50, MBI = 44(52/4)]. Total work 

completed during the 15 s efforts was significantly higher in HYPPLA compared with 

HYPBR [13529 ± 2815 vs. 12452 ± 2651 J, p = 0.042, d = 0.39 ± 0.30, MBI = 12(88/0)]. 

During the 30 s efforts, there were no significant differences in MPO or total work 

completed between any of the trial conditions (p > 0.05). For the 1 min efforts, there 

were large effects for MPO [575 ± 98 vs. 514 ± 104 W, p = 0.117, d = 0.84 ± 0.89, MBI 
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= 69(30/1)] and total work [34489 ± 5893 vs. 30815 ± 6226 J, p = 0.117, d = 0.84 ± 

0.89, MBI = 69(30/1)] to be higher during the CON trials, compared with HYPBR. For 

the 4 min efforts, both MPO and total work were significantly higher in CON compared 

with HYPBR and HYPPLA. Finally, during the 10 min efforts, both MPO and total work 

were significantly higher in CON compared with HYPBR and HYPPLA. 
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Table 6.1 Mean ± SD mean power output (MPO) (W) and total work (J) for the power profile test in hypoxia with either 

beetroot supplementation (HYPBR) or placebo supplementation (HYPPLA), and in normoxia (CON) (n = 8). 
 

#Beneficial (trivial/harmful): the probability of the true effect being beneficial was assessed as follows: <1% almost certainly not; 1-5% very unlikely; 
6-24% unlikely; 25-75% possibly; 75-95% likely; 96-98% very likely; ≥99% almost certainly. 

  MPO (W) Total Work (J) 
 6 s 6 s 15 s 30 s 1 min 4 min 10 min 6 s 6 s 15 s 30 s 1 min 4 min 10 min 

HYPBR 939 ± 
228 

884 ± 
187 

830 ± 
177 

679 ± 
150 

514 ± 
104 

342 ± 
41 

305 ± 
36 

5632 ± 
1369 

5301 ± 
1124 

12452 ± 
2651 

20386 ± 
4509 

30815 ± 
6226 

82160 ± 
9711 

183038 
± 21494 

HYPPLA 961 ± 
236 

883 ± 
204 

902 ± 
188 

721 ± 
110 

537 ± 
79 

352 ± 
30 

312 ± 
26 

5763 ± 
1415 

5299 ± 
1224 

13529 ± 
2815 

21628 ± 
3287 

32254 ± 
4749 

84548 ± 
7265 

187007 
± 15605 

CON 974 ± 
272 

923 ± 
249 

898 ± 
183 

737 ± 
135 

575 ± 
98 

403 ± 
53 

364 ± 
42 

5844 
±1634 

5539 ± 
1494 

13473 ± 
2748 

22107 ± 
4059 

34489 ± 
5893 

96825 ± 
12748 

218315 
± 25261 

HYPBR 
vs 
HYPPLA 

p-value 0.718 0.994 0.043 0.277 0.272 0.256 0.474 0.719 0.995 0.042 0.279 0.267 0.257 0.462 

d 0.08 ± 
0.32 

0.00 ± 
0.95 

0.39 ± 
0.30 

0.31 ± 
0.49 

0.24 ± 
0.38 

0.19 ± 
0.29 

0.15 ± 
0.39 

0.08 ± 
0.32 

0.00 ± 
0.35 

0.39 ± 
0.30 

0.31 ± 
0.49 

0.24 ± 
0.38 

0.19 ± 
0.29 

0.16 ± 
0.38 

MBI# 1(97/2) 1(99/1) 0(89/11) 1(85/15) 0(94/6) 0(98/2) 0(96/3) 1(97/2) 1(99/1) 0(88/12) 1(85/15) 0(94/6) 0(98/1) 0(96/3) 

CON vs 
HYPBR 

p-value 0.717 0.503 0.360 0.221 0.117 0.003 0.013 0.717 0.503 0.359 0.221 0.117 0.003 0.013 

d 0.20 ± 
1.01 

0.35 ± 
0.95 

0.52 ± 
0.50 

0.69 ± 
0.99 

0.84 ± 
0.89 

1.32 ± 
0.53 

1.48 ± 
0.82 

0.20 ± 
1.01 

0.35 ± 
0.95 

0.52 ± 
1.02 

0.69 ± 
0.99 

0.84 ± 
0.89 

1.33 ± 
0.53 

1.49 ± 
0.82 

MBI 23(68/9) 31(64/5) 44(52/4) 57(41/2) 69(30/1) 98(2/0) 96(4/0) 23(68/9) 31(64/5) 44(52/4) 57(41/2) 69(30/1) 98(2/0) 96(4/0) 

CON vs 
HYPPLA 

p-value 0.797 0.393 0.946 0.576 0.095 0.014 0.006 0.794 0.393 0.943 0.573 0.097 0.014 0.003 

d 0.05 ± 
0.35 

0.16 ± 
0.33 

0.02 ± 
0.52 

0.12 ± 
0.38 

0.38 ± 
0.38 

0.96 ± 
0.56 

1.24 ± 
0.54 

0.05 ± 
0.35 

0.16 ± 
0.33 

0.02 ± 
0.52 

0.12 ± 
0.38 

0.38 ± 
0.38 

0.96 ± 
0.56 

1.24 ± 
0.54 

MBI 1(99/0) 2(98/0) 3(94/4) 2(97/0) 16(84/0) 87(13/0) 97(3/0) 1(99/0) 2(98/0) 3(94/4) 2(97/0) 15(85/0) 87(13/0) 97(3/0) 
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Heart rate and ratings of perceived exertion 

There were no differences in HR between any of the three experimental conditions. 

Compared with HYPPLA, there were moderate effects for a higher RPE during the CON 

trials following the first 6 s effort, and lower following the 10 min effort, respectively 

(Table 6.2). 
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Table 6.2 Mean ± SD heart rate (HR) (beats.min-1) and ratings of perceived exertion (RPE) for the power profile test in hypoxia 

with either beetroot supplementation (HYPBR) or placebo supplementation (HYPPLA), and in normoxia (CON) (n = 8). 

#Beneficial (trivial/harmful): the probability of the true effect being beneficial was assessed as follows: <1% almost certainly not; 1-5% very unlikely; 6-24% 
unlikely; 25-75% possibly; 75-95% likely; 96-98% very likely; ≥99% almost certainly. 

 HR (beats.min-1) RPE 

 6 s 6 s 15 s 30 s 1 min 4 min 10 min 6 s 6 s 15 s 30 s 1 min 4 min 10 min 

HYPBR 130 ± 12 138 ± 14 149 ± 14 159 ± 11 161 ± 12 164 ± 10 170 ± 13 12 ± 3 13 ± 3 15 ± 2 16 ± 2 17 ± 2 18 ± 1 18 ± 1 

HYPPLA 127 ± 11 135 ± 11 147 ± 10 156 ± 6 162 ± 8 166 ± 11 168 ± 14 13 ± 2 13 ± 1 15 ± 2 17 ± 2 18 ± 2 18 ± 2 18 ± 2 

CON 126 ± 18 134 ± 20 149 ± 14 158 ± 14 163 ± 12 167 ± 10 173 ± 13 11 ± 3 12 ± 3 14 ± 3 16 ± 3 17 ± 2 18 ± 2 19 ± 1 

HYPBR 
vs 
HYPPLA 

p-
value 0.548 0.404 0.618 0.414 0.824 0.573 0.623 0.217 0.487 0.826 0.316 0.626 0.351 0.442 

d 0.16 ± 
0.47 

0.17 ± 
0.36 

0.16 ± 
0.57 

0.19 ± 
0.42 

0.05 ± 
0.38 

0.17 ± 
0.54 

0.10 ± 
0.36 

0.21 ± 
0.29 

0.18 ± 
0.46 

0.04 ± 
0.36 

0.19 ± 
0.34 

0.11 ± 
0.43 

0.19 ± 
0.36 

0.32 ± 
0.75 

MBI# 1(93/6) 0(97/0) 2(89/9) 0(94/0) 2(97/1) 9(90/2) 0(98/2) 2(98/0) 6(93/1) 1(98/1) 3(97/0) 3(96/3) 0(97/3) 3(72/25) 

CON vs 
HYPBR 

p-
value 0.671 0.764 0.863 0.926 0.766 0.447 0.739 0.353 0.278 0.289 0.516 0.723 0.334 0.818 

d 0.19 ± 
0.82 

0.13 ± 
0.81 

0.10 ± 
1.08 

0.05 ± 
1.05 

0.19 ± 
1.19 

0.44 ± 
1.06 

0.22 ± 
1.23 

0.67 ± 
1.30 

0.71 ± 
1.16 

0.60 ± 
1.01 

0.33 ± 
0.93 

0.20 ± 
1.02 

0.36 ± 
0.66 

0.12 ± 
0.99 

MBI 18(76/5) 15(79/6) 20(67/13
) 

18(69/14
) 

12(61/27
) 5(56/39) 12(59/28

) 54(40/5) 57(39/4) 50(47/3) 30(65/5) 24(67/9) 25(73/2) 10(70/19) 

CON vs 
HYPPLA 

p-
value 0.936 0.946 0.652 0.621 0.839 0.741 0.144 0.116 0.102 0.247 0.329 0.504 0.815 0.155 

d 0.02 ± 
0.48 

0.02 ± 
0.51 

0.12 ± 
0.49 

0.15 ± 
0.54 

0.04 ± 
0.38 

0.10 ± 
0.53 

0.34 ± 
0.39 

0.55 ± 
0.58 

0.49 ± 
0.49 

0.31 ± 
0.46 

0.24 ± 
0.44 

0.17 ± 
0.46 

0.06 ± 
0.49 

0.75 ± 
0.89 

MBI 3(95/2) 3(94/3) 1(93/1) 2(91/8) 1(98/1) 2(92/6) 0(88/12) 44(56/0) 34(65/0) 13(86/0) 8(91/0) 6(93/1) 4(94/2) 1(37/62) 
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Oxygen utilisation 

During both the 4 min and 10 min efforts, average VO2 was significantly higher in CON 

compared with both HYPBR and HYPPLA (Figure 6.1). There were no significant 

differences between the HYP conditions (p > 0.05). 
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Figure 6.1 Mean ± SD oxygen utilisation (VO2) (L.min-1) for the a) 4 min and b) 10 min efforts during the power profile test in hypoxia 

with either beetroot supplementation (HYPBR) or with placebo supplementation (HYPPLA), and in normoxia (CON) (n = 8). 
* Significant difference between CON and HYPBR. 

 Significant difference between CON and HYPPLA. 
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6.5 Discussion 

The primary finding of this study was that BR supplementation did not enhance cycling 

performance during a PPT in hypoxia (compared to placebo). In fact, the 15 s 

performance in the PLA condition was significantly better than that of the BR trial. 

Aside from this result, the lack of performance change between BR and PLA for the 

shorter (<1 min) efforts is consistent with our hypothesis that the predominantly 

anaerobic efforts in hypoxia would not be affected by BR ingestion; however, it is 

surprising that there were no differences seen in power output or VO2 during the longer 

(>1 min) efforts, since it was expected that increasing the aerobic energy contribution of 

the exercise task would magnify the ergogenic effects of NO3- supplementation. 

The significantly greater MPO and total work values for the 15 s effort during HYPPLA 

(compared with HYPBR) may suggest that BR ingestion was ergolytic to the 

performance of explosive activities. However, no differences in the outcomes of the 6 s 

efforts performed prior to, or the 30 s efforts after this point, were found, so it cannot be 

conclusively stated that BR supplementation is detrimental to short-term (anaerobic) 

performance. Of note, the significant 15 s performance difference only resulted in a 

small effect (d = 0.39), and an MBI with an 89% likelihood that the effect was trivial 

(at best). In addition, the small sample size recruited for this study potentially increases 

the risk of Type I errors (Hopkins, 2006), and as such, a larger sample size should be 

examined in future research relating to BR supplementation and explosive exercise 

efforts. 

The finding that BR supplementation had no significant impact on power and work 

output during the 6 s and 30 s efforts is consistent with our hypothesis, and lends 

support to the findings of studies investigating the positive effects of BR on short 

duration, high-intensity exercise. Prior investigations have shown that NO3- 

supplementation can significantly reduce VO2 during submaximal cycling, but not 

subsequent cycling repeated-sprint performance (Martin et al., 2014; Kent et al., 2018), 

indicating that the ergogenic benefits of BR are less evident in exercise tasks relying 

less on aerobic energy supply. In support, BR supplementation has shown no effect on 

maximal voluntary contractile force production (Fulford et al., 2013; Haider & Folland, 

2014; Hoon et al., 2015), or peak or mean power output during 5 x 10 s and 6 x 20 s 

maximal effort sprints (Christensen et al., 2013; Muggeridge et al., 2013). Positive 

results are seen more frequently for exercise protocols such as the Yo-Yo intermittent 
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recovery test (Wylie et al., 2013; Thompson et al., 2016), prolonged intermittent sprint 

tests (Thompson et al., 2015) and 500 m rowing time-trials (Bond et al., 2012), where 

improvements in oxygen delivery and oxidative efficiency would have a greater impact 

on energy production and metabolic recovery. 

With this in mind, it was expected that a significant BR supplement effect would exist 

on the performance of the 1, 4 and 10 min maximal efforts, since BR ingestion has been 

linked to increased performance of ~90 s maximal rowing efforts (Bond et al., 2012) 

and 1500 m (~5.5 – 6 min) running time-trials (Shannon et al., 2016). Possibly, the 

training status of the participants used here may have influenced these results, as they 

were well-trained, with an average VO2peak of 63.9 mL.kg-1.min-1. Of significance, 

Porcelli and colleagues (2014) found a negative correlation between aerobic fitness and 

the magnitude of performance benefits from NO3- supplementation on 3 km running 

time-trial performance and submaximal exercise economy. Furthermore, studies 

involving elite cyclists (Christensen et al., 2013, 2017; Nyakayiru et al., 2017a), runners 

(Boorsma et al., 2014) and cross-country skiers (Peacock et al., 2012; Sandbakk et al., 

2015) have reported no significant improvements in VO2 kinetics or submaximal 

exercise economy, intermittent sprint performance or time-trial performances lasting 5 – 

20 min following NO3- supplementation. Such outcomes indicate that highly trained 

athletes may experience a diminished benefit from BR supplementation. Additionally, 

improvements in high-intensity exercise performance are primarily demonstrated in 

recreational or untrained individuals (Wylie et al., 2013; Aucouturier et al., 2015; 

Thompson et al., 2015, 2016), rather than more elite level athletes. The elevated 

baseline levels of plasma NO2- (Schena et al., 2002; Totzeck et al., 2012) measured in 

endurance-trained populations leads to smaller increases in NO2- levels following NO3- 

ingestion, which is correlated to reduced performance improvements (Wilkerson et al., 

2012). Finally, the physiological adaptations to endurance training such as increased 

stroke volume, muscle capillary density, mitochondrial content and oxidative enzyme 

activity (Holloszy & Coyle, 1984; Bassett & Howley, 2000) may reduce the scope for 

potential NO-mediated improvements in oxygen delivery and utilisation to further 

improve exercise economy in well-trained athletes, compared with untrained 

populations. 

During the 4 and 10 min efforts, it was expected that VO2 would be reduced for a 

similar cycling power output, or unchanged in association with an increase in power 

output, thus reflecting the previously reported improvements in exercise economy with 
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BR supplementation. In the current study, there were no significant differences in either 

MPO or VO2 between the HYPBR and HYPPLA trials during these longer efforts. 

Interestingly, evidence does exist to suggest that BR supplementation does not reduce 

VO2 if the exercise intensity is >80% VO2peak (Larsen et al., 2007), and it is noted that 

the participants in the current investigation were exercising at between 80 – 100% 

VO2peak for the 4 and 10 min efforts, which may explain the lack of effect seen here. It 

might be considered that work rates >80% VO2peak typically represent an effort 

performed either at, or above, the lactate threshold for most athletes (Coyle et al., 1988). 

At work rates beyond this threshold, the contribution of anaerobic glycolysis to energy 

production increases, as reflected by an increased rate of glycolysis and accumulation of 

lactate (Ivy et al., 1987; Coyle et al., 1988). Therefore, the proposed O2 delivery and 

oxidative metabolic efficiency improvements following BR supplementation would 

likely have a reduced influence on the performance of these tasks. Alternatively, the 

mean VO2 during minutes 2, 3 and 4 of the HYPBR 4 min effort were 5.4%, 5.9% and 

5.5% lower, respectively, when compared with the HYPPLA trial. The magnitude of 

these reductions is comparable to other studies that have resulted in a significantly 

lower VO2 response to BR supplementation (Larsen et al., 2007; Cermak et al., 2012; 

Shannon et al., 2017). As such, it may be that a larger sample size is required for the 

changes seen in the current investigation to result in a statistically significant outcome. 

While firm conclusions cannot yet be drawn, the current dataset suggests that further 

exploration into the VO2 response during 4 and 10 min maximal efforts in hypoxia is 

warranted. 

Despite the lack of BR supplement effects seen here, there were clear differences in the 

power and work output variables between the normoxic and hypoxic trials, which 

appear to be accentuated as the duration of cycling effort increases. Prior research has 

suggested that exposure to 3000 m simulated altitude has no effect on the performance 

of a 9 x 4 s cycling repeat-sprint protocol (Goods et al., 2014; Kent et al., 2018) because 

there is insufficient involvement of the aerobic energy system during such a task. 

However, the aerobic energy system contributes ~50% of energy production during a 1 

min maximal effort task, which increases to ~75% contribution for a 4 min effort 

(Jeukendrup et al., 2000). Since these efforts rely significantly on oxidative metabolism 

for energy production, they are likely more affected by the reduction in O2 delivery 

caused by hypoxia, and therefore, as the aerobic energy contribution of an exercise task 

increases, the performance decrement in hypoxia will be enhanced. Accordingly, it was 
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expected that BR supplementation would attenuate this decrement as a result of the 

previously described augmentations in hypoxic vasodilation and metabolic efficiency; 

however, this outcome was not evident here. 

6.6 Conclusions 

In summary, these findings suggest that BR supplementation does not improve the 

performance of a cycling PPT in well-trained male cyclists, despite being conducted in 

hypoxic conditions, where the ergogenic effects of this supplement are often magnified. 

The well-trained status of the cyclists used here is likely to have had a large impact on 

these results; however, insufficient statistical power due to the small sample size may 

also introduce further uncertainty in these conclusions. 
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7.1 Summary 

As a small and highly reactive molecule, nitric oxide (NO) is involved in numerous 

physiological processes; for example, the regulation of vascular tone, cellular metabolic 

rate and skeletal muscle contractile function, among others (Moncada & Higgs, 1993; 

Stamler & Meissner, 2001). The production of NO occurs primarily through two 

distinct pathways; 1) the nicotinamide adenine dinucleotide phosphate (NADPH)- and 

oxygen (O2)-dependent conversion of L-arginine to L-citrulline and NO, catalysed by 

nitric oxide synthases (Knowles & Moncada, 1994), and 2) the bacterial reduction of 

nitrate (NO3-) to nitrite (NO2-) (Lundberg et al., 2008), with the subsequent reduction of 

NO2- to NO (Weitzberg & Lundberg, 1998; Gladwin et al., 2005). Through this 

bacterial pathway of NO3- metabolism, the ingestion of a large dose of dietary inorganic 

NO3- was shown to significantly increase plasma NO2- (Lundberg & Govoni, 2004), a 

precursor for NO generation in acidic and hypoxic conditions (Dejam et al., 2004; 

Gladwin et al., 2005). Due to these vascular and metabolic functions of NO, NO3- 

supplementation has been shown to reduce resting systemic blood pressure and 

metabolic rate (Webb et al., 2008; Gilchrist et al., 2011; Larsen et al., 2014), which 

subsequently sparked interest into whether increased NO bioavailability following NO3- 

supplementation could also impact on the physiological processes associated with 

exercise performance. 

Dietary NO3- supplementation has been consistently shown to reduce the O2 cost of 

fixed work rate submaximal cycling, walking and running, as evidenced by a 5 – 7% 

reduction in O2 utilisation (VO2), as well as improved tolerance to high-intensity 

exercise (Larsen et al., 2007; Bailey et al., 2009; Lansley et al., 2011b). These effects 

have since been successfully translated to performance improvements in time-trial 

efforts (TTs) over 4 – 16.1 km for cycling (Lansley et al., 2011a; Cermak et al., 2012a), 

and 5 km for running (Lanceley et al., 2013; Hurst et al., 2015). There is also support 

for NO3- supplementation to be ergogenic for high-intensity and repeat-sprint exercise, 

such as single 20 m running sprints (Thompson et al., 2016), the Yo-Yo Intermittent 

Recovery level 1 test (Wylie et al., 2013b; Thompson et al., 2016), 24 x 6 s repeated 

cycling sprints (Wylie et al., 2016) and 6 x 500 m rowing TTs (Bond et al., 2012). 

Regardless, there are also some opposing reports to suggest a limited effect of NO3-

supplementation outcomes (Christensen et al., 2013; Muggeridge et al., 2013; Martin et 

al., 2014). Such equivocal findings are likely a result of potential disparities in the 

exercise protocols utilised (i.e. sprint duration, recovery duration, work/rest ratio or 
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maximal effort intensity), the dosage of NO3- administered or the training status of the 

participants tested across these various investigations. Accordingly, the influence of 

dietary NO3- on TT and repeat-sprint performance appears to be less clear for highly 

trained individuals (Christensen et al., 2013; MacLeod et al., 2015), and over longer 

exercise durations (Cermak et al., 2012b; Wilkerson et al., 2012). 

Of note, the aforementioned studies into dietary NO3- supplementation and exercise 

performance were all conducted at sea level and in cool ambient temperatures. In a 

practical setting, NO3- supplementation is likely to be used prior to competition in a 

wide variety of environmental conditions, including varied elevations above sea level. 

For example, Stage 17 of the 2018 Tour de France will finish with a climb up the Col de 

Portet mountain pass in the French Pyrenees to an altitude of 2215 m, where 

atmospheric O2 is reduced to ~78% of sea level values. Furthermore, multiple 

qualifying matches for the 2018 FIFA World Cup finals were held at the Estadio 

Hernando Siles in La Paz, Bolivia, which is over 3,600 m above sea level, exposing the 

competing athletes to just 65% of the sea level atmospheric O2 levels. As such, it is 

important to discover whether the above performance effects of NO3- supplementation 

are still present in hypoxic environments. In light of this, previous research has shown 

that when dietary NO3- is ingested prior to exercise in hypoxic conditions, the same 

benefits as for studies conducted in normoxia for submaximal O2 utilisation, cycling TT 

performance and high-intensity exercise tolerance are realised (Masschelein et al., 2012; 

Kelly et al., 2014; Muggeridge et al., 2014). Nevertheless, current knowledge about the 

effect of NO3- supplementation on shorter, higher intensity exercise performance in 

hypoxia is limited. 

In addition to sporting events held at altitude, athletes may have to compete in hot and 

humid environmental conditions. For instance, average ambient temperatures during the 

Kona Ironman World Championship typically range from 28 – 35°C, with the relative 

humidity sometimes reaching 90%. To date, only one research group has tested the 

effects of dietary NO3- supplementation on exercise performance in hot environmental 

conditions (Kuennen et al., 2015). These authors recorded a reduction in steady-state 

VO2, but a greater increase in core temperature (Tc) in comparison to placebo (PLA); 

however, the underlying cause for this higher rate of body heat storage remains unclear. 

With this is mind, further research is warranted to determine the effectiveness of dietary 

NO3- supplementation when subsequent endurance exercise is performed in hot 

environmental conditions. 
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As such, Study One of this thesis assessed the effect of dietary nitrate supplementation, 

in the form of beetroot juice (BR), on cycling TT performance and thermoregulatory 

responses of well-trained athletes exercising in both hot (34.9 ± 0.3°C, 48.0 ± 1.9% 

relative humidity), and euthermic (21.1 ± 0.3°C, 51.5 ± 3.3% relative humidity) 

environmental conditions. After 48 h of supplementation with NO3--rich BR (6.5 mmol 

NO3- for 2 days and 13 mmol NO3- 2 h prior to exercise), or a NO3--depleted PLA, 12 

male endurance-trained cyclists (VO2peak: 65.8 ± 5.5 mL.kg-1.min-1) completed a 14 

kJ.kg-1 cycling TT to assess cycling performance, while Tc and mean skin temperature 

(Tsk) were recorded to assess thermoregulatory responses. Results showed that despite 

post-BR supplementation salivary levels of NO2- and NO3- increasing by 1,230% and 

880%, respectively, there was no statistically significant TT performance improvement 

in either hot or euthermic conditions, nor any differences in Tc or mean Tsk, between the 

BR and PLA conditions. In considering these outcomes, it is likely that the high aerobic 

fitness level of the participants reduced the ergogenic impact of BR ingestion, since it 

has previously been revealed that aerobic fitness level is correlated with a decreased 

performance improvement following NO3- supplementation (Porcelli et al., 2014). Of 

interest, however, the mean increase in TT performance in both euthermic (1.5%) and 

hot conditions (2.7%) was, in fact, greater than the previously established smallest 

worthwhile change limit set for road cycling TTs (0.6%) (Paton & Hopkins, 2006). 

Within this study, there also appeared to be substantial variation in the individual 

performance responses to BR, signifying a possible “responder/non-responder” effect, 

which may have masked the significance of the result in statistical analysis. 

Consequently, it is possible that there may be some athletes who receive a practically 

meaningful performance benefit from BR supplementation, and others who do not. 

These marginal performance improvements during exercise in the heat could potentially 

have been owing to NO-mediated cardiovascular or metabolic adjustments, such as 

improved muscle tissue and/or cutaneous perfusion and reduced VO2 and 

cardiovascular strain; however, these variables need to be measured directly during 

fixed workload exercise in the heat to gain greater insight. 

To explore this possibility, Study Two had 12 male endurance-trained athletes (VO2peak: 

68.6 ± 8.1 mL.kg-1.min-1) cycle for 60 min at 60% of VO2peak power output in hot 

conditions (33.3 ± 0.4°C, 48.8 ± 3.0% relative humidity) following the same (Study 

One) 48 h supplementation protocol with either NO3--rich BR or a NO3--depleted PLA. 

Once again, BR supplementation increased salivary NO2- and NO3- by 890% and 680%, 
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respectively. However, during exercise, BR supplementation had no effect on forearm 

cutaneous blood flow, mean arterial pressure, muscle oxygenation indices, 

thermoregulatory variables (Tc and Tsk) or submaximal VO2. These findings were 

unexpected, since all of these variables have been influenced by NO3- supplementation 

in past research. However, the clear differences between this study and previous 

investigations are (a) the training status of the cohort, and (b) the hot environmental 

conditions in which exercise was performed. Possibly (and similarly to Study One), the 

physiological effects of BR supplementation was most likely attenuated as a result of 

the high training status of the cohort used. An alternative explanation may be that the 

tight relationship between Tc and sympathetic nervous system activity may mitigate the 

extent to which BR supplementation can impact systemic blood pressure, peripheral 

vasodilation, skeletal muscle blood flow and oxidative respiration. Exercise in the heat 

creates an extreme challenge for Tc regulation, thus the cardiovascular adjustments 

responsible for maximising heat loss may already be at peak capacity. Therefore, 

cutaneous blood flow could reach maximal levels amid excessive metabolic and 

environmental heat loads, leaving a slim margin for further NO-mediated increases. 

Encouragingly, the augmented rate of rise in Tc seen by Kuennen and colleagues (2015) 

with BR supplementation was not replicated here, and a marginally reduced heart rate 

recorded at the end of 60 min of submaximal exercise may suggest that BR 

supplementation may slightly relieve the central cardiovascular strain typically 

experienced during endurance exercise in the heat. 

With the previous two studies indicating that BR supplementation does not substantially 

impact on continuous aerobic exercise performance in the heat for well-trained 

endurance athletes, the focus of this thesis then moved to exploring the impact of BR 

supplementation during exercise conducted in a different environmental stress; namely, 

at simulated altitude, where O2 availability is limited. Since the area of NO3- 

supplementation in hypoxia during continuous endurance exercise has been well 

researched, the performance effects on repeat-sprint ability were of greater interest here. 

As such, Study Three had 12 moderately-trained male team sport athletes (VO2peak: 53.1 

± 8.7 mL.kg-1.min-1) consume 140 mL of either NO3--rich BR (13 mmol NO3-), or a 

NO3--depleted PLA 2 h prior to an exercise trial encompassing a 10 min submaximal 

warm-up followed by a repeat-sprint effort protocol involving 4 sets of 9 x 4 s maximal 

sprints (separated by 22 s recovery) in normobaric hypoxia (O2: 14.5 ± 0.5%). During 

the testing sessions, peak and mean power and total work output were recorded during 
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the repeat-sprint task, and VO2 was measured during the submaximal warm-up block. 

These variables were compared with an identical exercise trial completed at sea level 

without prior supplementation (O2: 20.3 ± 0.5%). Results showed that in hypoxia, 

supplementation with BR had no effect on peak or mean power, or total work output 

during the repeat-sprint task. These results indicated that, in contrast to some previously 

published findings, BR is not ergogenic for such short duration, intermittent sprint 

protocols. A likely rationale for this outcome may be that the short sprint duration and 

relatively long recovery periods used in this protocol did not deplete phosphocreatine 

(PCr) stores enough to take advantage of the potential restoration of maximal oxidative 

rate or augmented O2-dependent PCr repletion rate previously provided by BR 

supplementation in hypoxia (Vanhatalo et al., 2011). In support of this, hypoxia itself 

did not reduce repeat-sprint performance when compared with normoxia, likely 

highlighting the negligible aerobic strain of the repeat-sprint task. Since there was a 

moderate effect for a lowered VO2 during the submaximal warm-up following BR 

ingestion (compared with PLA), it may still be effective in this population for 

improving exercise economy at the fixed intensity of the warm-up (50% VO2peak 

power). 

Interestingly, the “responder/non-responder” effect was also apparent in this 

investigation, since 7 of 12 athletes recorded a significant decrease in steady-state VO2, 

while the remaining 5 did not receive any benefit. The only measured difference 

between these two groups was the blood O2 response to hypoxia. Here, the “responders” 

displayed significantly lowered blood O2 saturation (%) and partial pressure (mmHg), 

suggesting that they were able to convert a greater proportion of circulating NO2- to NO 

in more hypoxic tissue conditions. Nevertheless, to classify these participants as 

“responders” with certainty, the cohort would need to be re-tested over repeated 

controlled trials to discern whether the same individuals consistently experience 

positive results. 

Since the beneficial effect appeared to be increased during the more aerobic exercise 

component in Study Three, Study Four aimed to explore whether increasing the 

duration of the high-intensity exercise efforts would relate to an increased benefit from 

BR supplementation in hypoxia. To explore this prospect, 8 well-trained male 

endurance athletes (VO2peak: 63.9 ± 7.7 mL.kg-1.min-1) completed the same 48 h pre-trial 

supplementation protocol (as used in Studies One and Two above), with either BR or 

PLA consumed prior to completing a cycling Power Profile test in either normobaric 
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hypoxia (O2: 14.4 ± 0.3%,) or normoxia (O2: 20.7 ± 0.2%). The Power Profile test 

involved maximal cycling efforts lasting 6 s, 15 s, 30 s, 1 min, 4 min and 10 min to 

assess mean power and total work output, as well as VO2 during the 4 min and 10 min 

efforts. The results of this final study showed that, while hypoxia caused an expected 

decrease in mean power, work output and VO2, there were no statistically significant 

improvements in these variables with BR supplementation, as compared with PLA. 

However, moderate effect sizes suggest that BR reduced VO2 by 5.5 – 6.0%, when 

compared with PLA, for an unchanged power output during the 4 min effort. Such an 

outcome may suggest a marginal improvement in exercise economy for this duration of 

effort. 

7.2 Conclusions 

With the collective outcomes of this research considered, the following conclusions are 

offered: 

1) In hot environmental conditions, a 48 h pre-exercise supplementation period with 

BR does not have any significant effect on ~60 min cycling TT performance, 

submaximal steady-state O2 utilisation, temperature regulation, blood pressure or 

muscle oxygenation in well-trained endurance cyclists, despite delivering a 

substantial increase in salivary NO2- and NO3- levels. 

In line with previous research, the high training status of the participants is likely 

to have reduced the magnitude of the beneficial effects of NO3- on exercise 

performance, as it appears that a higher aerobic fitness level may limit the 

effectiveness of BR supplementation. Moreover, the importance of regulating Tc 

likely dominates the regulation of blood pressure and blood flow distribution 

during exercise in hot environmental conditions. In contrast to the augmented rise 

in body temperature observed by Kuennen and colleagues (2015), BR 

supplementation did not enhance thermal strain in the current study, and may still 

deliver small, practically meaningful (marginal) improvements in TT performance 

with a reduced central cardiovascular strain when exercising in the heat. It appears 

that exercising in hot environmental conditions may diminish the previously 

perceived benefits of NO3- supplementation on submaximal steady-state VO2, 

muscle oxygenation, mean arterial pressure, cutaneous blood flow and cycling TT 

performance lasting ~60 min. Nonetheless, there may be some individuals who 
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will receive a meaningful performance benefit from BR supplementation if 

applied correctly in practice. 

2) In hypoxia, an acute dose of BR does not improve the performance of 9 x 4 s 

repeated-sprints in male team sport athletes. 

Of note, the chosen protocol may not have required enough aerobic energy 

contribution for BR supplementation to influence either oxidative energy 

production or PCr repletion; however, a trend for reduced VO2 following BR 

supplementation was apparent during the submaximal steady-state warm-up. 

Therefore, BR appears to impact submaximal aerobic exercise more than 

explosive, intermittent anaerobic sprints. Similarly, mean power and total work 

output were unaffected in hypoxia for high-intensity efforts of increasing duration 

from 6 s to 10 min performed by well-trained endurance athletes; however, for an 

equivalent mean power output over the 4 min effort, participants did record a 

(non-significant) 5.5 – 6.0% reduction in VO2. In hypoxic conditions, single and 

repeat-sprint performance is unlikely to be improved by NO3- supplementation if 

the exercise task does not involve sufficient PCr depletion or aerobic energy 

contribution. 

7.3 Practical Applications 

In respect of the results presented above, athletes, coaches and/or sports 

medicine/science staff contemplating the use of BR supplementation as an ergogenic aid 

prior to competition should consider the following recommendations: 

• Due to the wide variation in individual responses to NO3- supplementation, 

athletes should trial the use of this supplement on multiple occasions to 

determine whether they consistently respond positively to the supplement. 

• There is a chance that athletes may see a smaller increase, or even no 

improvement, in exercise performance if they possess a higher aerobic fitness 

level, or respond to hypoxia with a smaller decrease in blood O2 saturation. 

• Neither acute nor chronic BR supplementation appears to have any detrimental 

effect on either endurance TT performance in the heat or high-intensity 

intermittent exercise performance in hypoxia. Furthermore, in opposition to past 

research, BR supplementation does not exacerbate thermal strain during 

endurance exercise in the heat. 



 155 

• When considering the established margins of smallest worthwhile change for 

road cycling TTs, the observed performance changes in Study One, while not 

statistically significant, may reflect practically meaningful improvements 

outside of the typical day-to-day variation for elite athletes in competition; 

however, this may only be speculative because the specific coefficient of 

variation has not been defined for the cohort studied here. 

• Notwithstanding, athletes planning on supplementing with BR prior to long 

duration endurance events (~60 min) performed in hot and humid environmental 

conditions may receive a diminished benefit from the supplement, compared 

with competition performed in cool ambient conditions. 

• Towards the end of moderate intensity (~60% VO2peak power) endurance 

exercise in the heat, athletes may experience reduced cardiovascular strain with 

BR supplementation. 

• The ergogenic effects of BR supplementation in hypoxia appear to be less 

evident if the aerobic contribution of an activity is low. As such, athletes 

competing in sporting events at altitude, involving a similar repeat-sprint 

protocol with very short, high-intensity efforts (~4 s) and a substantial recovery 

interval (>25 s), are unlikely to benefit from BR supplementation. 

• The reduced VO2 during the 10 min warm-up cycling block suggests that 

recreational athletes may receive an improvement in submaximal fixed work rate 

endurance exercise in hypoxia. 

• Highly trained athletes with a VO2peak >60 mL.kg-1.min-1 may not receive any 

benefit in power or work output for high-intensity cycling efforts in hypoxia 

lasting ≤10 min. 

7.4 Limitations 

Caution should be taken when applying the above recommendations from this research 

due to various limitations associated with these studies. These may include; 

• All studies completed here involved only male participants, and as such, the 

application of the results is appropriate only for males. Female users may 

respond differently to NO3- supplementation. 

• The findings of Studies One, Two and Four are applicable only to endurance-

trained athletes. Similarly, the results of Study Three can be applied only to 

moderately-trained team sport athletes. 
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• The small sample sizes used, particularly in Study Four, may increase the risk of 

Type I errors and may reduce the statistical power for the analysis; especially 

when considering the large standard deviations in the presented datasets. 

• Despite the strong indication of a responder/non-responder effect of NO3- 

supplementation, there were no repeated trials of the same participant group 

conducted in analogous conditions. As such, it cannot be conclusively stated 

that these participants would respond in the same way consistently without 

replicating the same studies over numerous examinations. 

• There was no initial familiarisation trial performed for Study One. Therefore, 

there is a possibility that a learning effect was apparent for some participants, 

which may have skewed the results. Furthermore, there was no coefficient of 

variation calculated for this specific group and this time-trial protocol. Future 

research should use a cohort-specific coefficient of variation to help improve the 

accuracy of post-hoc data analysis. 

• The use of continuous wave near-infrared spectroscopy (NIRS) in Study Two to 

assess indices of muscle oxygenation is associated with assumptions regarding 

the consistency of the optical light path length factor and scattering coefficient, 

both of which have been shown to change during exercise (compared with 

measurements taken at rest) (Ferreira et al., 2006). This may influence the 

accuracy of the measurement of deoxyhaemoglobin amplitudes, potentially 

overestimating the changes in muscle oxygenation during exercise. In addition, 

changes in tissue oxygenation indices may infer changes in muscle blood flow; 

however, fluctuations in the rate of muscle O2 utilisation may also influence 

these values. Therefore, caution should be taken with the interpretation of the 

NIRS data. 

• As there were no measurements of salivary or plasma NO3- or NO2- during 

Studies Three and Four, there is a chance that the chosen supplementation 

protocols did not actually increase the availability of circulating NO2- and 

subsequently, NO. This may be an alternative explanation for the null results. 

However, given the outcomes of Studies One and Two, this appears unlikely. 

• The acute NO3- dose provided to the participants in Study Three is highly likely 

to have been sufficient to increase circulating NO2- levels based on the outcomes 

of prior research implementing similar acute supplementation strategies (Wylie 

et al., 2013a; Hoon et al., 2014). However, there is a chance that the 

supplementation period may not have been long enough to stimulate changes in 
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the expression of proteins such as adenine nucleotide translocase, uncoupling 

protein 3, calsequestrin and dihydropyridine that is believed to underpin some of 

the ergogenic effects of BR supplementation (Larsen et al., 2011; Hernández et 

al., 2012; Muggeridge et al., 2013). 

• All of the presented studies were conducted at either one set level of temperature 

and humidity, or atmospheric oxygen concentration. As such, the results may 

vary if the participants of other investigations are exposed to a different severity 

of heat or hypoxic stress. 

• There is current debate around the discrepancies in the physiological responses 

to exercise in normobaric hypoxia versus hypobaric hypoxia (Girard et al., 

2012). Therefore, caution should be taken when applying the findings of Studies 

Three and Four to natural altitude, or hypobaric hypoxia. 

7.5 Future Research 

After considering the results of the studies in this thesis, numerous questions have been 

raised that would be appropriate for future investigations. These include: 

• What are the mechanisms behind the diminished benefit that highly trained 

individuals receive from NO3- supplementation? A popular current theory is that 

higher basal levels of plasma NO2-, either from accelerated nitric oxide synthase 

activity or greater daily NO3- intake from vegetables, result in a smaller change 

in plasma NO2- following NO3- supplementation. However, the well-trained 

participants in Studies One and Two did not demonstrate significant 

improvements in cycling TT performance or oxidative economy, despite a 

sizeable increase in salivary NO2-. It may be that long-term endurance training 

leads to adaptations that diminish the potential for BR supplementation to 

further improve exercise performance, which is in contrast to the response of 

recreational or untrained users. However, this hypothesis needs to be verified. 

Forthcoming research studies might consider directly comparing athletes of a 

different training status with the same supplementation protocol and exercise 

tests 

• The inter-individual variation in the degree of response to NO3- supplementation 

needs to be explored further to help inform potential supplement users of the 

variables that may preclude them from experiencing any benefits. Several 

potential explanatory ideas have been put forward, such as the variation in the 
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individual’s oral microbiome, the variation in the fibre type of the supplement 

users, the individual’s gender, the degree of tissue hypoxia and acidosis during 

exercise to facilitate the reduction of NO2- to NO, and, from the results of Study 

Four, the variation in blood oxygenation levels in response to hypoxia when 

exercise is performed at altitude. A deeper understanding is needed of the factors 

that might influence the degree to which an individual responds to NO3- 

supplementation, and whether altering parameters such as the chosen 

supplementation protocol or the severity of an environmental stress may change 

the classification of participants from “non-responder” to “responder”. 

• If future studies are able to define the specific attributes that separate responders 

from non-responders, the question is raised: “is there the potential to modify 

these traits and turn a non-responder into a responder?” Conversely, further 

research should explore the prospect of genetic variation between responders 

and non-responders that may predict whether an individual receives substantial 

ergogenic effects from NO3- supplementation, in line with the findings that 

possession of the AA variation of the CYP1A2 gene correlates with a larger 

improvement in 10 km cycling TT performance following caffeine 

supplementation, compared with the individuals with the CC genotype (Guest et 

al., 2018). 

• A possible reason behind the non-significant TT performance change in Study 

One may be that the intensity of a ~60 min cycling TT is not optimal for 

demonstrating the benefits of BR supplementation. Future studies could 

compare the performance effects of the same cohort across increasing TT 

durations to help identify which racing event, distance or duration would benefit 

the most from NO3- supplementation. 

• A more detailed understanding is needed of which protocol of high-intensity, 

intermittent exercise is influenced by BR supplementation. The wide variation in 

sprint duration, work/rest ratio, total number of sprints and recovery interval in 

the current literature make it challenging to offer accurate practical advice on 

which athletes would benefit from supplementing with dietary NO3-. It appears 

that protocols involving longer sprint efforts causing a greater degree of PCr 

depletion in association with limited PCr repletion time and higher contributions 

of aerobic energy production may benefit more from BR supplementation 

protocols. 
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• The studies presented in this thesis may be replicated with a larger sample size 

to increase the statistical power and potentially detect the smaller margins of 

performance changes that are characteristic of well-trained cohorts, particularly 

for cycling TT and power profile tests. 

• The marginal reduction in heart rate at the end of 60 min submaximal cycling in 

the heat may reflect a decrease in central cardiovascular strain; however, the 

underlying mechanism needs to be clarified. Since mean arterial pressure was 

unaffected, an increase in stroke volume following NO3- supplementation is a 

viable explanation, but this needs to be measured directly prior to confirming 

this theory. 

While the results of the studies in this thesis have provided valuable insight into the 

effectiveness of NO3- supplementation (via BR ingestion) on exercise performance in 

challenging climatic conditions such as heat and hypoxia, there are clearly multiple 

areas of research that require further investigation. Clearly, continued research efforts 

are required to further understand the optimised and bespoke use of dietary NO3- 

supplementation for improving the performance of athletes across a range of different 

abilities, sporting activities and environmental conditions. 
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