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ABSTRACT 

The study objective was to evaluate the dose-dependent effects of dietary nitrate 

supplement on dynamic, multi-joint exercise performance.  Thirteen males (mean age, 25.2 ± 2.7 

years; squat 1-repetition-maximum 146 ± 33 kg) completed a randomized, double-blind, 

crossover study.  Participants consumed beetroot juice with 8 mmol (BRH) or 1.2 mmol nitrate 

(BRL), or a placebo (PLA) for seven days, executed a dynamic resistance exercise, and seven-

day washout between treatments.  Assessment included plasma nitrate/nitrite (NOx) levels, blood 

lactate, gross motor unit efficiency; measured by electromyography (EMG), during isometric 

contractions pre, intra, and post-exercise, and exercise repetition to failure.  BRH elevated (P < 

0.0001) plasma NOx compared to BRL and PLA. BRH and BRL increased mean peak EMG 

amplitude compared to PLA (79.1 ± 16.3%, 77.5 ± 9.7% and 70.0 ± 9.5% respectively), but it 

was not significant (P > 0.05).   No differences (P > 0.05) were observed in any other outcome.  

Even 8 mmol nitrate may not decrease neuromuscular fatigue nor enhance resistance exercise 

performance in some recreational athletes. 
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Chapter I: Literature Review 

Introduction  

Dietary nitrate (NO3
-) refers to inorganic NO3

-, which differs greatly from organic NO3
-, 

the latter being commonly found in a variety of compounds known as NO3
- vasodilators or 

nitrovasodilators used to treat angina pectoris, myocardial infarction, and congestive heart 

failure, as well as being used in a variety of explosives such as nitromethane (Torfgard & Ahlner, 

1994).  Dietary NO3
- is obtained primarily through the consumption of vegetables, particularly 

green leafy vegetables such as spinach, lettuce, and beets (McKnight et al., 1997).  Once 

ingested, NO3
- is converted to nitrite (NO2

-) and then to nitric oxide (NO) through the nitrate-

nitrite-nitric oxide (NO3
--NO2

--NO) pathway (Bailey, Vanhatalo, Winyard, & Jones, 2012) 

(Figure 1).  NO is the main bioactive molecule from the pathway that has a variety of functions 

in the body; exerting physiological effects of interest in both clinical and athletic applications. In 

summary, some of the main effects of NO include: antimicrobial- It is toxic to some human 

pathogens such as E. coli and Salmonella (Dykhuizen et al., 1996).  It is also a potent vasodilator 

capable of lowering blood pressure and improving blood flow (Moncada & Higgs, 2006).  Most 

importantly when discussing athletic applications, it improves exercise tolerance (Bailey et al., 

2010; Bailey et al., 2009) and lowers the oxygen (O2) cost of exercise (Bailey et al., 2009; 

Lansley, Winyard, Fulford, et al., 2011; Larsen, Weitzberg, Lundberg, & Ekblom, 2007), which 

essentially allows an individual to perform the same amount of physical work with less O2.  The 

mechanism responsible for this is still under investigation but it is thought to be related to 

mitochondrial respiration, either through decreased proton leak through the mitochondrial wall, 

or NO acting as a supplementary terminal electron acceptor to O2 (Bailey et al., 2010; Larsen et 

al., 2011). 
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Figure 1.  (Adapted from Bailey et al. (2012)): Simplified view of pathways responsible for 

nitric oxide (NO) generation in humans. 

 

Right branch represents a simplified view of conventional L-arginine nitric oxide synthase-nitric 

oxide (NOS-NO) pathway.  Left branch represents the nitrate-nitrite-nitric oxide (NO3
--NO2

—

NO) pathway.  Portions of NO are capable of being recycled back to both NO3
- and NO2

- as 

shown by the dashed arrows.  O2, oxygen; NADPH, nicotinamide adenine dinucleotide 

phosphate; FAD, flavin adenine dinucleotide; BH4 tetrahydrobiopterin; Ca2
+, calcium. 
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The human body also produces NO through another pathway called the nitric oxide 

synthase-nitric oxide (NOS-NO) pathway (Figure 1), which is aerobic (O2 dependent), unlike the 

NO3-NO2-NO pathway which is anaerobic (O2 independent) (Bailey et al., 2012).  The NOS-NO 

pathway uses the amino acid arginine to produce NO as opposed to the NO3-NO2-NO pathway 

which converts NO3
- into NO.  The two pathways are complimentary to each other (Bailey et al., 

2012) with the NO3-NO2-NO pathway becoming dominant in acidic (Modin et al., 2001), 

hypoxic (Stuehr, Santolini, Wang, Wei, & Adak, 2004) tissues such as those found during 

exercise induced stress (Bailey et al., 2012). 

It has been understood for some time that consuming a diet rich in fruits and vegetables 

has some beneficial health effects in humans, primarily in clinical applications dealing with 

cardiovascular disease, with green leafy vegetables showing some of the greatest promise for 

protection against coronary events (Joshipura et al., 2001).  This suggested that the effects were 

not simply attributed to high levels of calcium, potassium and fibre along with low sodium 

content typically present in fruits and vegetables, but perhaps due to the vasodilatory and blood 

pressure lowering effects of NO3
- derived NO (Hord, Tang, & Bryan, 2009).  In recent years, 

building on the knowledge that NO3
- ingestion provided a viable and substantial pool of 

physiological NO, research has been conducted into the effects of dietary NO3
- on athletic 

performance, specifically on O2 consumption levels, work capacity and time to completion over 

a set distance (Dominguez, Cuenca, et al., 2017).  Most of these studies have focused on the use 

of supplements which deliver concentrated doses of NO3
- in a quick and convenient fashion for 

use by athletes.  This review will explore the structure of the pathway responsible for converting 

NO3
- to NO, the physiological effects related to athletic populations and the results of the 

research conducted thus far through a review and discussion of the literature. 
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Dietary Nitrate: Overview 

Naturally occurring, inorganic NO3
- that is found in food is referred to as dietary NO3

-.  A 

misconception is often made that because it is consumed in the diet, that dietary NO3
- is organic.  

It is important to remember that the term “organic” in terms of chemistry, generally concerns 

compounds which contain a carbon atom.  Dietary NO3
- is composed of one nitrogen atom and 

three O2 atoms and is therefore classified as inorganic.  While there are clinical and therapeutic 

applications for organic NO3
-, the focus of this review will be on inorganic NO3

- consumed 

orally and any further references to NO3
- will concern inorganic NO3

-.  NO3
-, in quantities 

sufficient to elicit a measurable effect, is primarily (approximately 80%) obtained through 

ingestion of plant matter (Hord et al., 2009), especially from green leafy vegetables such as 

spinach, lettuce, arugula and beets (McKnight et al., 1997).  NO3
- itself is not the compound that 

exerts the beneficial effects of interest on the human body.  The bioactive molecule that produces 

positive physiological influences is NO. 

Nitric Oxide: Function, Generation and Physiological Effects in the Body 

Nitric oxide: Physiological functions in the body.  In mammalian physiology, 

physiological NO is a signaling molecule that was initially identified as a vasodilator; promoting 

relaxation of vascular tissue, capable of reducing blood pressure and improving blood flow 

(Bailey et al., 2012).  The ability of dietary NO3
- to lower blood pressure through its conversion 

to NO has long been known and utilized in clinical applications, particularly in persons suffering 

from cardiovascular disease.  A single dose of beetroot juice providing 340 mg of NO3
- has been 

shown to lower systolic blood pressure by 5.4 mmHg in 6 hours (Coles & Clifton, 2012).  A 

reduction of systolic blood pressure by 5 mmHg is associated with a 10% reduction in the risk of 

mortality due to cardiovascular disease (Staessen, Wang, & Thijs, 2001).  Overall, NO is among 
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the most investigated molecules in human medicine and physiology with a wide variety of other 

important and useful functions in the body.  Some of the main functions in the body include: 

antimicrobial- It is toxic to some human pathogens such as E. coli and Salmonella (Dykhuizen et 

al., 1996).  It is also known to impact processes such as skeletal muscle satellite cell activation 

following muscle injury (Anderson, 2000), glucose uptake by skeletal muscle (Merry, Lynch, & 

McConell, 2010), calcium handling (Ca2+) by sarcoplasmic reticulum (Hart & Dulhunty, 2000), 

neurotransmission (Garthwaite, 2008), skeletal muscle fatigue (Percival, Anderson, Huang, 

Adams, & Froehner, 2010) and mitochondrial respiration (Brown & Cooper, 1994).  

Interestingly, and of relevance to athletic populations, NO can increase VO2 max and reduce the 

O2 cost of exercise (Bailey et al., 2009).  Generally, while the elevated O2 cost of exercise above 

the gas exchange threshold (GET) can be increased with rigorous training (Jones & Poole, 2005), 

the O2 cost of submaximal exercise is assumed fixed and is not influenced by factors such as age, 

gender or fitness level (Poole, Ward, Gardner, & Whipp, 1988), so the fact that increasing NO 

levels can lower this is of great importance to athletes of all types.  This essentially allows an 

individual to perform the same amount of work with less O2, which is highly beneficial in 

hypoxic conditions such as those present under exercise stress.  The mechanism through which 

NO derived from NO3
-, as opposed to NO synthesized from L-arginine, exerts this effect is not 

yet well understood but there are several leading theories.  First, the mechanisms responsible for 

reducing NO2
- to NO are known to be enabled by hypoxia and therefore, it is possible that more 

NO is produced in areas of muscle tissue that are using more or receiving less O2.  Due to its 

vasodilatory effects a more consistent O2 distribution is ensured in skeletal muscle and assists to 

balance blood flow to meet the O2 requirement in a given area (Bailey et al., 2009).  It is also 

possible that NO somehow reduces proton leakage through the inner mitochondrial membrane 
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(Larsen et al., 2011).  During mitochondrial respiration, energy is used to pump hydrogen ions 

through the inner membrane into the inter-membrane space.  The inner mitochondrial membrane 

is slightly permeable and allows some of the hydrogen ions to leak back into the mitochondrial 

matrix, effectively wasting energy and decreasing the power output of the mitochondria (Larsen 

et al., 2011).  At rest, this leakage phenomenon has been found to be responsible for up to 25% 

of energy expenditure (Rolfe, Hulbert, & Brand, 1994).  Uncoupling proteins can increase the 

permeability of the wall of the mitochondria allowing more protons to leak through and 

adenosine nucleotide translocase (ANT) is one of the most potent of these proteins (Brand & 

Esteves, 2005).  NO significantly lowers the expression of ANT resulting in less proton leakage 

(Brand & Esteves, 2005) and more efficient energy production within the mitochondria, thereby 

lowering the amount of O2 required to perform physical work.  Another leading theory behind 

the ability of NO to lower the O2 cost of exercise is that NO acts as a secondary electron acceptor 

in place of O2 at the end of the electron transport chain allowing the same amount of adenosine 

triphosphate (ATP) to be produced with less O2 or the continued production of ATP in hypoxic 

conditions (Basu et al., 2008).  Working synergistically with this enhanced ATP production is 

the potential reduced O2 and ATP cost of force production in skeletal muscle (Bailey et al., 2010; 

Fulford et al., 2013) and modification of intracellular Ca2+ handling in fast twitch muscle fibers 

leading to increased muscle force production (Hernandez et al., 2012).  It is proposed that NO 

acts to reduce the O2 and ATP cost of force production through inhibition of the enzymes 

actomyosin-ATPase (Walsh, Howlett, Stary, Kindig, & Hogan, 2006) and Ca2+-ATPase (Takaki 

et al., 1998) which are O2 dependant and are responsible for a small amount of ATP turnover in 

muscle (Barclay, Woledge, & Curtin, 2007).  The ATP cost of force production is further 

modulated by NO through reduction of Ca2+ cycling (Barclay et al., 2007), a ATP driven 
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process, and enhanced expression of Ca2+ handling proteins allowing for activation of fast-twitch 

muscle fibers at lower level of stimuli to elicit equal force production (Hernandez et al., 2012).  

Lowered ATP turnover and enhanced contractile efficiency could result in decreased levels of 

metabolic waste markers such as adenosine di-phosphate (ADP) and inorganic phosphate 

accumulation (Bailey et al., 2010).  This could lead to delayed muscle fatigue and maintenance 

of neuromuscular efficiency.  These theories are not entirely separate from each other and likely 

work together to produce the observed results. 

In recent years, with a greater understanding of the other beneficial capabilities of 

physiological NO, research has started to be conducted on the potential of NO to increase athletic 

performance.  Rather than obtaining the high levels of NO3
- required to see an ergogenic effect 

from food alone, which is possible but may prove somewhat impractical due to avoidance of 

fibrous or bulky foods, particularly for athletes near or during competitions, supplements have 

begun to enter the marketplace that provide concentrated doses of NO3
- in convenient, easy to 

consume formats.  Most, of these supplements are derived from beets, which are one of the 

richest sources of dietary NO3
- available containing >250mg NO3

-/100g of fresh weight (Hord et 

al., 2009).  Nearly every study conducted to date on the relationship between athletic 

performance and NO3
- consumption has used a form of  beetroot supplement with the majority of 

these relying on beetroot juice (Hoon, Johnson, Chapman, & Burke, 2013). 

Nitric oxide synthase-Nitric oxide pathway.  The NOS-NO pathway (Figure 1) is a 

well-established pathway that produces NO from the amino acid L-arginine through a series of 

enzymatic reactions relying on NOS enzymes (Bailey et al., 2012).  Three isoforms of NOS 

enzymes have been identified taking their names from the body systems or cells in which they 

were first isolated and in order of discovery are known as neuronal (n) NOS, macrophage 
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(immune) (i) NOS, and endothelial (e) NOS (Stamler & Meissner, 2001).  NO, along with L-

citrulline, are produced by NOS enzymes through a five electron oxidation reaction of L-arginine 

in a complex process necessitating the substrates/cofactors; O2, flavin adenine dinucleotide 

(FAD), flavin mononucleotide (FMN), nicotinamide adenine dinucleotide phosphate (NADPH), 

tetrahydrobiopterin (BH4), haem and calmodulin (Alderton, Cooper, & Knowles, 2001).  The 

production of NO through the NOS-NO pathway can be impacted by a low bioavailability of any 

of these compounds including O2.  This is of particular importance when considering the roles 

NO plays in governing the function of skeletal muscle performing work, which under intense 

stress develops an acidic, hypoxic environment and impairs the aerobically enzymatic dependant 

mechanisms involved.  Indeed it has been shown that persons with NO synthesis impairments 

exhibit reduced tolerance to exercise (Lauer et al., 2008). 

Nitrate - Nitrite - Nitric oxide conversion pathway.  In addition to the NOS-NO 

pathway, NO is also produced following consumption of dietary NO3
- through a specialized 

pathway called the NO3
--NO2

--NO pathway (Figure 1).  In contrast to the NOS-NO pathway, the 

NO3
--NO2

--NO pathway is anaerobic and therefore is not influenced by O2 concentration levels.  

Figure 1 represents a general overview and comparison of the two pathways.  The two pathways 

are complimentary to each other with the NO3-NO2-NO pathway becoming dominant in hypoxic, 

acidic conditions such as those produced during strenuous exercise (Bailey et al., 2012).  For this 

reason, it is considered the primary pathway of interest for athletic populations seeking 

performance enhancement.  The first step in the NO3-NO2-NO conversion pathway is 

consumption of dietary NO3
- which is rapidly absorbed from the gut and passes into the 

circulatory system, elevating plasma NO3
- levels with peak plasma NO3

- seen at around 60 

minutes post-ingestion (Lundberg & Weitzberg, 2009, 2010).  Approximately 60% of the 
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circulating plasma NO3
- is filtered out by the kidneys and excreted in the urine (Lundberg & 

Weitzberg, 2009, 2010).  Around 25% of the plasma NO3
- is taken up by the salivary glands 

providing a continuous stream of NO3
- which is excreted in the saliva (Lundberg & Govoni, 

2004).  The salivary glands concentrate the NO3
- before releasing it into the oral saliva, with 

NO3
- levels in saliva ranging anywhere from 10-20 times the concentrations seen in the 

circulating plasma (Lundberg & Weitzberg, 2010).  Once the NO3
- enters the oral cavity in the 

saliva, facultative anaerobic bacteria in the mouth convert NO3
- to NO2

- through the use of NO3
- 

reductase enzymes (Lundberg & Weitzberg, 2009, 2010).  The NO2
- is then swallowed with the 

saliva and mixes with gastric juices.  The acidic conditions of the stomach pronate NO2
- to 

nitrous acid (HNO2), which  then breaks down to form various nitrogen oxides, the most 

important of which is NO (Benjamin et al., 1994).  A small amount of swallowed NO2
- is also 

absorbed into plasma circulation, elevating circulating NO2
- levels (Lundberg & Govoni, 2004).  

The NO3
--NO2

--NO pathway is cyclical, which serves to regenerate the highly reactive and short 

lived NO molecule by converting it back to NO3
-
 or NO2

- so that the process can begin again and 

produce another molecule of NO (Bailey et al., 2012).  The NO3
--NO2

--NO can also recycle NO 

produced from L-arginine in the NOS-NO pathway under normal physiological conditions.   

L-Arginine Derived Nitric Oxide: Effects on Athletic Performance  

L-arginine has been studied as a potential ergogenic aid for both aerobic and anaerobic 

exercise due to its role in producing NO, as well as its function as a hormone secretagogue.  

Consumption of L-arginine increases plasma insulin and growth hormone (GH) levels 

(McConell, 2007), which could increase performance by sparing glycogen stores through 

increased fatty acid oxidation (Sonksen, 2001).  Additionally, GH promotes the release of 

insulin-like growth factor (IGF)-1 which upregulates protein synthesis and amino acid uptake 
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(Gibney, Healy, & Sonksen, 2007).  Therefore it has been hypothesized that arginine 

supplementation could increase skeletal muscle mass and strength, leading to better performance 

(Gibney et al., 2007).  However, long term supplementation would likely be required for any 

appreciable benefit to be realized due to the time required for accumulation of muscle mass 

caused through hormonal upregulation of muscle protein synthesis and the results would not 

likely reach practical significance (Gibney et al., 2007).  Therefore, studies focusing on L-

arginine for performance enhancement have typically centered on its role in NO production.  

Unlike studies focusing on NO3
- supplementation as an ergogenic aid for athletic performance 

where the treatments were studied in isolation from other potentially helpful metabolites, many 

of the studies on the ergogenic effects of oral L-arginine supplementation have been done in 

conjunction with other various compounds (Campbell et al., 2006; Paddon-Jones, Borsheim, & 

Wolfe, 2004; Willoughby, Boucher, Reid, Skelton, & Clark, 2011).  Indeed, this makes it 

difficult to determine whether any observed positive effects came from L-arginine and the NO 

produced from it, or if the enhancements in performance were in whole, or in large part due to 

the added components consumed (McConell, 2007).  When an acute administration of L-arginine 

alone has been studied it has often been supplied by direct intravenous infusion with nearly all 

studies done by oral route containing supplementary compounds.  For obvious reasons, when 

seeking to use L-arginine outside of clinical applications and instead seeking to augment exercise 

performance through supplementation, infusion techniques prove impractical and oral 

administration is greatly preferred.  When infused prior to exercise and compared with a placebo, 

Schaefer et al. (2002) observed reduced plasma ammonia and lactate levels following maximal 

exercise in recreationally active men.  However, plasma lactate levels were not altered with L-

arginine infusion in trained cyclists following a bout of exercise (McConell, Huynh, Lee-Young, 



 

11 

 

Canny, & Wadley, 2006).  Overall there have been mixed results reported in the studies 

conducted to test the performance enhancing capabilities of oral consumption of L-arginine alone 

in athletic populations.  Studies focusing on markers of aerobic athletic performance, such as 

power output or maximal O2 uptake (VO2max) on either a cycle ergometer (Liu et al., 2009; 

Sunderland, Greer, & Morales, 2011) or treadmill (Bescos et al., 2009) found no significant 

benefit of L-arginine supplementation.  Other studies have been conducted focusing on response 

to anaerobic exercise in the form of resistance training (Alvares et al., 2012; Fahs, Heffernan, & 

Fernhall, 2009).  Following supplementation with arginine, an increase in muscle blood volume 

(Alvares et al., 2012), forearm blood flow and arm circumference with a decrease in brachial 

artery stiffness (Fahs et al., 2009) were noted, although strength performance measured as peak 

torque, total work and set total work failed to increase.  Anaerobic performance has also been 

assessed through a study conducted by Olek et al. (2010).  Six, healthy, recreationally active 

volunteers performed three Wingate tests (WAnTs) with 4 minutes of rest between WAnTs 

following ingestion of 2 g of arginine or placebo 60 minutes prior to exercise in a crossover 

design.  The WAnT is a supramaximal test that involves pedaling “all-out” against a constant 

load based on participant bodyweight for 30 seconds and measures peak power, mean power and 

the rate of fatigue (Bar-Or, 1987; Vandewalle, Peres, & Monod, 1987).  No significant 

improvements were seen in mean power, peak power, fatigue index, O2 uptake, lactate and 

ammonia concentrations, or plasma NO3
-/NO2

- (NOx) levels (Olek et al., 2010). 

Nitrate Derived Nitric Oxide: Effects on Athletic Performance 

46 studies relating to the effect of dietary NO3
- consumption on aerobic exercise 

performance including the type of participants used, supplementation protocols, mode of 

performance assessment and performance results are summarized in Table 1.  Sixteen of the 
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studies used time trials to gauge the effects of NO3
- use.  Six of the sixteen studies in this 

category used cyclists with three of these six studies using distance based time trials.  Jo et al. 

(2017) also used a distance-based time trial, but differed from previous works in that the 

participants were recreationally active as opposed to trained cyclists.  Both Cermak, Res, et al. 

(2012) and Christensen, Nyberg, and Bangsbo (2013) relied solely on energy expenditure based 

time trials.  Hoon, Hopkins, et al. (2014) examined the effect of NO3
- supplementation on high-

intensity performance on cyclists by having participants aim to achieve maximum power output 

in two 4-minute cycle ergometer bouts.  Lowings, Shannon, Deighton, Matu, and Barlow (2017) 

conducted the only study to date using a swimming time trial in which male and female 

swimmers completed 168 m (8 x 21 m) backstroke swim in a pool.  Bond, Morton, and 

Braakhuis (2012) used rowers who performed repeated short distance rowing tests on an 

ergometer, while Hoon, Jones, et al. (2014) had rowers complete a single 2000 meter ergometer 

time trial.  The studies performed by Boorsma, Whitfield, and Spriet (2014), de Castro, Manoel, 

Figueiredo, Figueiredo, and Machado (2018), Murphy, Eliot, Heuertz, and Weiss (2012), 

Oskarsson and McGawley (2018), Peacock et al. (2012) and Shannon et al. (2017) tested the 

effects of NO3
- supplementation through running time trials.  Boorsma et al. (2014) utilized elite 

distance runners and measured time to completion of a 1500-meter track run, while Shannon et 

al. (2017) used trained, but non-elite runners and examined time to completion over both 1500 

and 10,000-meter treadmill runs.  The investigation carried out by de Castro et al. (2018) also 

recruited trained, but non-elite runners and had them complete a 10,000-meter track run.  

Oskarsson and McGawley (2018) again used trained, but non-elite distance runners and observed 

completion of two, five-minute submaximal treadmill runs and a single 1-km treadmill time trial 

while supplemented with beetroot juice and caffeine both in isolation and together.  The studies 
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by Murphy et al. (2012) and Peacock et al. (2012) both measured performance as time to 

completion of a 5 km running time trial, but differed in population and means of NO3
- delivery.  

Whereas Peacock et al. (2012) used elite cross-country skiers and the pre-beetroot mode of NO3
- 

supplementation of sodium NO3
- (NaNO3), Murphy et al. (2012) recruited recreationally fit men 

and women and provided them with whole, cooked beetroot to deliver the NO3
-.  Interestingly, 

while nearly all work to date on the effects of NO3
- supplementation on athletic performance 

uses some form of beetroot juice, the study by Murphy et al. (2012) is the only one to exclusively 

use whole beetroot.  Seven of the fourteen studies showed a measurable increase in performance 

through either a decrease in time to completion for the distance tests, increased power output, or 

an increase in time to reach the set energy expenditure.  The studies that failed to cause 

measurable improvements in performance typically used elite or highly trained athletes, single 

bolus doses, or a combination of these factors.   

Three studies utilized steady state time to exhaustion tests as their measure of 

performance outcome.  All participants were healthy and participated in recreational sporting 

activities.  Bailey et al. (2010) had participants perform a leg extension time to exhaustion (TTE) 

test at 30% of their determined maximum voluntary contraction, while the studies conducted by 

Bailey et al. (2009) and Lansley, Winyard, Fulford, et al. (2011) used cycling and treadmill TTE 

tests respectively as their assessments for performance outcomes.  All three experiments 

observed a significant increase in time to exhaustion with NO3
- supplementation compared to 

placebo.  

Three studies had participants perform a variety of different testing modalities at 

simulated altitudes to help induces hypoxia and promote conversion of NO2
- to NO.  Vanhatalo 

et al. (2011) used a leg extension TTE at 14.5% O2 concentration, while Masschelein et al. 
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(2012) had participants complete a cycle TTE at a simulated 5000 m altitude.  Finally, Arnold, 

Oliver, Lewis-Jones, Wylie, and Macdonald (2015) used two separate treadmill tests to assess 

performance.  The first was an incremental TTE at a simulated 4000m, while the second test was 

a 10 km TT completed at a simulated 2500 m altitude.  The TTE trials performed by Vanhatalo 

et al. (2011) and Masschelein et al. (2012) both demonstrated increased TTE with NO3
- 

supplementation (P < 0.05).  The TTE and TT test conducted by Arnold et al. (2015) returned 

results at p = 0.05 and p =0.6 respectively. 

Twelve investigations employed graded exercise tests in which the participants 

performed treadmill, cycle and/or arm crank time to exhaustion tests in which the resistance 

increased over time, with the exception of the studies done by  Coggan et al. (2014) who utilised 

a knee extension test with a variety of angular velocities followed by a 50 contraction fatigue 

test, and Pinna et al. (2014) who performed a tethered, incremental resistance swimming test to 

assess performance.  Six studies in this category used participants that were classified as healthy 

and recreationally fit while the other six studies used elite middle and long-distance runners 

(Balsalobre-Fernandez et al., 2018), trained cyclists and/or triathletes (Bescos et al., 2011; 

Christensen, Petersen, Friis, Weitzberg, & Nybo, 2017; Larsen et al., 2007), moderately trained 

swimmers (Pinna et al., 2014), and Thompson et al. (2018) who utilized non-elite team sport 

athletes.  An improvement was seen with NO3
- supplementation in eleven of the twelve studies in 

either O2 cost, time to exhaustion, total distance covered, energy cost or peak power output when 

compared to placebo, with the study by Coggan et al. (2014) being the exception, seeing an 

improvement only in maximum velocity in the leg extension test. 

Six studies examined how NO3
- supplementation impacted performance in intermittent 

exercise through the use of cycling tests or sprinting.  While all six studies fall into the same 
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category of testing the effects on intermittent exercise, they varied greatly in the protocol used 

for assessment.  Wylie, Mohr, et al. (2013) used recreationally fit males and provided them with 

16.4 mmol NO3
- the day before exercise with a further 8.2 mmol 2.5 hours and 4.1 mmol NO3

- 

1.5 hours prior to exercise.  The Yo-Yo intermittent recovery test was utilized as the means of 

assessment which consists of repeated 2 x 20 m back and forth sprints with pre-recorded audio 

signals increasing speed in a progressive manner with 10 seconds of active rest between sprints 

until a participant fails to reach the finish line in time on two occasions (Krustrup et al., 2003).  

Performance was measured by the total distance completed with beetroot producing a 4.2% 

greater outcome compared to placebo.  The study that was undertaken by Byrne, Wardrop, and 

Storey (2014) is currently only available in an abstract form and as such, limited information is 

available.  Although the authors state that active participants received either a low or high dose 

of a commercially available beetroot juice in a randomized crossover design, the actual NO3
- 

content is not stated.  Treatments were provided two hours prior to performing three, 30 second 

WAnT cycling tests on an ergometer with three minutes of low intensity active cycling between 

tests.  While no significant differences were reported in mean power, peak power, or fatigue 

index, the values are not provided.  Combined with the unreported NO3
- content of the treatments 

it is difficult to make any substantial inferences about the results of this particular study at this 

time.  Another study used a modified WAnT protocol, this time with 20 second intervals instead 

of the traditional 30, and additionally examined isometric, short-duration force production, but 

differed from all other work due to using adolescents instead adults ages 18 years and older 

(Bender et al., 2018).  A single bolus dose of 12.9 mmol of NO3
- was given to participants 2.5 

hours prior to completing repeated bouts of a modified WAnT protocol along with isometric 

mid-thigh pulls on a fixed barbell.  While no significant effects were seen in the cycling test, 
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force production in the isometric pull was increased (P = 0.004).  Aucouturier, Boissiere, 

Pawlak-Chaouch, Cuvelier, and Gamelin (2015) recruited team sports athletes and had them 

consume 5.5 mmol of NO3
- at breakfast for two days preceding testing and also two hours prior 

to the test.  The participants performed an intermittent cycling test consisting of 15 second 

intervals at 170% of their maximum aerobic power interspersed with 30 second passive recovery 

periods until volitional exhaustion.  Total work performed, the number of repetitions, and time to 

volitional failure were significantly increased.  Thompson et al. (2015) also utilized team sports 

athletes and provided them with 6.4 mmol of NO3
- in both the morning and evening for 6 days, 

with an additional 12.8 mmol on the 7th day 2.5 hours before performance testing.  This study 

differed from all previous work in that it assessed not only physical performance, but also 

cognitive functioning.  Testing consisted of intermittent sprint tests on a cycle ergometer with 

100 seconds and 16 seconds of active and passive rest respectively, in between performing 6 

second maximal sprints.  This was repeated in two-minute blocks over two 40-minute halves 

with a 15 minute ‘half time’.  Additionally, twice during each of the 40-minute halves, 

participants performed 5 x 4 second sprints with 16 seconds of active rest.  Participants were 

asked to complete cognitive tasks lasting 90 seconds at 15 minutes prior to testing, 7.5 minutes 

during the ‘half time’, 15 minutes after completion of testing, and during all 100 second recovery 

periods.  The cognitive tasks alternated between Stroop tests, which evaluate information 

processing speed and selective attention, and Decision-Reaction tests which are used to measure 

the association between information processing speed and nutrient consumption.  Total work 

performed measured in kJ was found to be significantly different (P < 0.05) with NO3
- compared 

to placebo, as was reaction time in milliseconds in the second half of testing only (P < 0.05).  

Response accuracy on the cognitive test, however, was not significantly different between the 
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two treatments (P > 0.05).  Again using team sports athletes, Wylie et al. (2016) had participants 

consume 8.2 mmol of NO3
- from beetroot juice split into two doses for two days, followed by 8.2 

mmol in a single dose over the next three days 2.5 hours prior to testing.  Participants completed 

24 x 6-s all-out sprints, 7 x 30-s all-out sprints, and 6 x 60-s self-paced maximal efforts on days 

3, 4, and 5 respectively.  Mean power output was significantly increased for the 24 x 6 session, 

but not in the following sessions with longer sprint times. 

Two studies utilized a WAnT protocol similar to those mentioned previously but did not 

employ repeated bouts such as those used in the studies by Bender et al. (2018) and Byrne et al. 

(2014).  Dominguez, Garnacho-Castano, et al. (2017) had participants consume 5.6 mmol of 

NO3
- in the form of beetroot juice 3 hours before completing a standard WAnT protocol and 

observed a 6% improvement in peak power compared to placebo (P = 0.034) along with average 

power being 6.7% greater at 0-15 seconds of the 30 second test (P = 0.048).  Kramer, Baur, 

Spicer, Vukovich, and Ormsbee (2016) also used a single WAnT session to measure 

performance along with having participants return the following day to complete a Grace 

protocol.  These tests were performed both before and after six days of supplementation.  The 

Grace protocol is commonly seen in CrossFit competitions and involves completing 30 clean-

and-jerk repetitions of a 61.37 kg barbell in the shortest amount of time possible.  Due to the 

sport specificity of the Grace protocol, the authors recruited 12 male CrossFit athletes to 

participate.  Unlike the vast majority of previous studies that delivered NO3
- from beetroot juice 

alone, Kramer et al. (2016) supplied 8 mmol of NO3
- to participants daily for 6 days solely from 

KNO3
-.  Also, in contrast to most other studies, the final dose was consumed ≥ 24 hours prior to 

the first testing session.  They observed an increase in peak power over time in the WAnT with 
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KNO3
- (P = 0.01) while no such increase was seen with placebo (P = 0.75).  No improvement 

was noted in the Grace protocol. 

One study examined the effect of blood occlusion and isometric force production 

(Papadopoulos et al., 2018).  Physically active males performed an occlusion-reperfusion 

maneuver where blood flow to the forearm was stopped for 5 minutes and then quickly allowed 

to return.  Participants then performed a three-minute isometric handgrip test at 30 percent of 

their maximum voluntary contraction (MVC) strength, measured previously, followed by 15 

minutes of rest.  A second isometric handgrip test was then performed at 30 percent of their 

MVC this time with arterial occlusion until the MVC value dropped to 20 percent. 

Two studies employed healthy, recreationally active males and utilized electrical 

stimulation of skeletal muscles to assess the effects of NO3
- supplementation on performance 

(Tillin, Moudy, Nourse, & Tyler, 2018; Whitfield et al., 2017).  The study by Whitfield et al. 

(2017) delivered the highest dosage of NO3
- seen in the literature having participants consume 

approximately 26 mmol of NO3
- from beetroot juice per day for seven days.  Another uncommon 

feature of the study design was the splitting of the participants into two groups, with one group 

undergoing the electrical stimulation tests, while the other had skeletal muscle biopsies for 

determination of proteins associated with Ca2+ handling in the muscle.  Participants in the 

electrical stimulation group underwent two electrically stimulated twitches of the quadriceps 

muscles with 150V at 0.5 Hz followed by 50 µs pulses at 40% of their MVC values at 10, 20, 30, 

50 and 100 Hz, followed a repeat of the two 150V, 0.5 Hz twitches.  While no change in 

maximum voluntary force production or electrically induced tetanic contractions were noted, 

force production increased at the 10 Hz pulse (P < 0.05), as did peak twitch tension (P < 0.01).  

Despite these improvements in force, the muscle biopsy group showed no alterations to the 
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measured proteins associated with Ca2+ handling.  Still using a high, but more commonly 

administered dose of NO3
- (12.9 mmol) from concentrated beetroot juice, Tillin et al. (2018) 

used electrical muscle stimulation to compare differences in fatigued and unfatigued leg muscle 

tissue.  Unfatigued performance was assessed by having participants perform ten explosive, 

three-second MVCs followed by two sets of four-second involuntary tetanic contractions with 

one contraction each at 10, 20, 50, and 100 Hz per set.  After ten minutes of rest, muscular 

fatigue was induced by having participants perform 60, three second MVCs followed by a repeat 

of the previous involuntary tetanic contractions.  The unfatigued muscle tissue showed no effect 

with NO3
- supplementation.  In contrast, the fatigued muscle showed a lowered percent decline 

in explosive, voluntary impulse from the first to the last six MVCs (P = 0.039) along with a 

smaller reduction in the rate of tetanic peak force development in the 20/50 Hz range from the 

pre to post-fatigue protocol (P = 0.011) with NO3
- compared to placebo. 

The remaining study conducted by Flanagan et al. (2016) assessed the effect of NO3
- on 

neuromuscular fatigue through electromyography (EMG) measurements and reps to failure 

performed in a dynamic exercise testing protocol.  Participants were asked to complete fatiguing 

sets at various percentages of their 1 repetition maximum (1RM) in a squat exercise, in an 

ascending and descending pyramid fashion while having EMG measurements collected during 

maximum voluntary contractions performed between each of the fatiguing sets, with the final 

fatiguing set being taken to volitional failure. 

The study performed by Bailey et al. (2009) was one of the first published papers to 

examine how supplemental consumption of NO3
- derived from beetroot could enhance athletic 

performance.  Eight recreationally active males were used to assess the effectiveness of 

consuming a beetroot juice supplement delivering 5.5 mmol of NO3
- per day over a 6-day period.  
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They found that at low intensity, NO3
- supplementation served to lower the O2 cost of exercise 

and also extended the time it took to reach failure when subjected to intense exercise.  Blood 

pressure was also lowered when the supplements were consumed and plasma NO3
- levels were 

significantly elevated as expected.  Similar to the study by Bailey et al. (2009), the work of 

Vanhatalo et al. (2010) also tested the effects of NO3
- supplementation against a low NO3

- 

placebo by using the same beetroot juice supplement and delivering the same level of NO3
- per 

day.  The study protocols were very similar with both using randomized, crossover designs and 

measured the effects on performance, blood pressure and plasma NO3
- levels.  The participant 

group was again comprised of eight healthy individuals, but in contrast to the 2009 study by 

Bailey et al. which used all males, the experiment performed by Vanhatalo et al. (2010) also 

included three females.  Whereas the Bailey et al. (2009) study looked at the effects of acute 

supplementation up to six days, the study by Vanhatalo et al. (2010) extended the 

supplementation period to 15 days to capture the impact of prolonged use of the NO3
- 

supplements to determine if there was any adaptation to the supplements resulting in either a 

positive or negative impact on the outcomes of interest.  As in previous studies, blood pressure 

and the O2 cost of exercise were both lowered and plasma NO3
- levels were elevated with acute 

supplementation and these effects were maintained at the 15-day point.  While the lowering of 

blood pressure through acute supplementation was similar to what was seen in the 2009 study 

from Bailey et al., the chronic effects of NO3
- supplementation produced a more pronounced 

lowering of both systolic and diastolic blood pressure beginning at the 12-day point.  VO2max, 

peak power output and work rate were measured at the GET, that is, the point at which the test 

participant had attained the maximum rate at which they could intake and utilize O2 and expel 
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carbon dioxide (CO2).  No effect was observed in these areas at 2.5 hours post consumption or at 

the five-day point, but improvements were seen in all areas at the 15-day point. 

In 2013 Christensen et al. published a paper detailing the results of their work examining 

the impact of NO3
- supplementation on similar factors measured in previous works including 

those by Bailey et al. (2009) and Vanhatalo et al. (2010) such as plasma NO3
- levels, VO2 

kinetics, peak power output and time to completion over a set distance.  Whereas most research 

on the subject of the ergogenic effects of NO3
- supplementation on athletic performance has been 

conducted in healthy, yet moderately trained participants, the study by Christensen et al. (2013) 

used elite athletes, specifically cyclists, as their test subjects.  In order to produce comparable 

results, a protocol similar to that of previous studies was implemented consisting of a blinded, 

randomized crossover design with two, six-day supplemented periods separated by a 14-day 

washout.  The same concentrated beetroot juice supplement was used at the same dose as in the 

studies by Bailey et al. (2009) and Vanhatalo et al. (2010).  Blood pressure was not captured in 

the study by Christensen et al. (2013) but plasma NO3
- levels were elevated to comparable levels 

seen in the prior studies.  In contrast to the work performed on sub-elite populations, no 

improvement was seen in exercise economy when the elite level athletes performed their tests 

after consuming the beetroot supplements for six days.  The authors theorized that athletes of the 

highest caliber and fitness level, such as those used in their study, may already possess optimal 

means of NO production and that their performance is limited by other physiological factors not 

influenced by consumption of dietary NO3
-.  Balsalobre-Fernandez et al. (2018) also conducted a 

study on NO3
- from beetroot juice with elite-level athletes in the form of middle and long-

distance runners and while no improvements to running economy were observed, likely to very 

likely improvements were noted for time to exhaustion in and incremental treadmill running test.  
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Although, while Christensen et al. (2013) used a six day supplementation period, Balsalobre-

Fernandez et al. (2018) delivered the NO3
- supplement for 15 days.  Wilkerson et al. (2012) also 

utilized well trained, though not elite, cyclists in their study prior to the work of Christensen et 

al. (2013).  NO3
- from beetroot juice was provided in a single bolus dose prior to exercising 

testing which consisted of a laboratory based 50-mile time trial which is the longest distance 

studied in relation to NO3
- supplementation and athletic performance.  While time to completion 

and power output (PO) did not differ significantly between NO3
- and placebo, O2 uptake (VO2) 

showed a trend towards being lower with NO3
- (P = 0.06).  This resulted in a significant increase 

in the PO/VO2 ratio indicating a lowered O2 cost of exercise. 

Wylie, Mohr, et al. (2013) conducted the first study on NO3
- supplementation and athletic 

performance using intermittent sprinting in increments to assess the influence of NO3
- on athletic 

performance.  The vast majority of the research on NO3
- supplementation in athletes has been 

centered around steady state or incremental exercise which makes the results difficult to 

extrapolate to athletes requiring intermittent bursts of energy and relying on a mix of aerobic and 

anaerobic power systems such as soccer players.  Wylie, Mohr, et al. (2013) utilized fourteen 

recreational team sports players.  A double-blind, randomized crossover design with a minimum 

of a 72-hour washout period between treatments was used in which participants were assigned to 

receive either beetroot juice with high NO3
- content similar to what has been used in the majority 

of NO3
- supplementation studies, or a NO3

--depleted placebo.  Participants consumed two large 

doses of NO3
- (approximately 8 mmol each) on the day before their performance test and two 

more doses of about 8 mmol and 4 mmol of NO3
- 2.5 hours and 1.5 hours respectively prior to 

their test.  Participants performed the Yo-Yo intermittent recovery test as described previously.  

When consuming beetroot, participants completed an average distance of 1704 ± 304 m 
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compared to 1636 ± 288 m on placebo, representing a 4.2% increase in total distance before 

reaching failure. 

A dose response relationship has been proposed in early work and was demonstrated by 

Wylie, Kelly, et al. (2013).  Their work confirmed the dose-dependent effects of beetroot 

ingestion on plasma NO3
- and NO2

- levels with increases in plasma NO3
- of 334%, 778%, and 

1556% and plasma NO2
- of 121%, 218%, and 338% 2.5 hours following consumption of 4.2, 8.4, 

and 16.8 mmol NO3
- respectively (Wylie, Kelly, et al., 2013).  This increase was especially 

noteworthy for plasma NO2
- levels post ingestion of 8.4 and 16.8 mmol NO3

-, as previous studies 

reported 15-150% rises in plasma NO2
- after acute consumption of 4-6 mmol (Bescos et al., 

2011; Lansley, Winyard, Bailey, et al., 2011; Vanhatalo et al., 2010) and chronic consumption of 

5-6 mmol per day (Bailey et al., 2010; Bailey et al., 2009; Lansley, Winyard, Fulford, et al., 

2011; Vanhatalo et al., 2010) of dietary NO3
- supplementation from beetroot.  Interestingly, the 

study conducted by Flanagan et al. (2016) elected to deliver NO3
- from beetroot to their 

participants through a bar as opposed to beetroot juice and with a much lower dosage of NO3
- 

than what had been previously used in the literature with participants receiving only 1.1 mmol 

NO3
-.  The lowest dose reported in previous works was 4.2 mmol by Hoon, Jones, et al. (2014) 

though no significant improvement in performance was noted.  In contrast, Flanagan et al. (2016) 

reported significant effects on improving neuromuscular efficiency demonstrated by increasing 

mean peak EMG amplitude with NO3
-  (83.3 ± 2.6%) compared to placebo (78.8 ± 3.8%; p = 

0.04).  In the protocol used, EMG amplitude is measured during an MVC performed prior to any 

exercise or muscular fatigue where the participant isometrically contracts the target muscle as 

hard as possible while sensors measure the electrical activity in the muscle.  The highest value 

establishes the maximum EMG amplitude and is representative of the highest amount of motor 
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units able to be detected firing at their highest rates (Hakkinen et al., 1998).  MVCs are then 

performed during or after exercise to determine the peak EMG value, which is the largest EMG 

amplitude observed during the trial and this is then compared to the maximum value.  The 

inability to continue to reproduce the maximum value suggests the development of 

neuromuscular fatigue translating to reduced ability to produce forceful contractions of the 

muscle fibers.  The development of neuromuscular fatigue in the study by Flanagan et al. (2016) 

is suggested by the fact that both the NO3
- and the placebo treatment failed to reproduce the 

maximum EMG amplitudes and could be attributed to interference of neuromuscular 

transmission (Boyas & Guevel, 2011) or the detrimental build-up of metabolic waste 

(Westerblad, Allen, Bruton, Andrade, & Lannergren, 1998).  Bailey et al. (2010) had participants 

perform 3 MVCs and a test of incremental leg extensions on an ergometer and demonstrated 

reduced buildup of metabolic wastes including decreased inorganic phosphate and ADP as well 

as reduced phosphocreatine (PCr) decomposition, suggesting increased ATP production and 

decreased ATP turnover in the muscle under exercising conditions with NO3
- supplementation. 

In the study by Flanagan et al. (2016), the ability of the NO3
- treatment to elicit a higher mean 

peak EMG amplitude compared to placebo could suggest resistance to fatigue from one or both 

of these factors, particularly metabolic waste.  Although the testing modalities and outcomes of 

interest used by Flanagan et al. (2016) differ greatly from previous work and represents the first 

study to examine the potential of NO3
- to improve neuromuscular efficiency during dynamic, 

compound resistance exercise, it is still surprising that such an improvement could be attained 

with a comparatively low dose of NO3
- even when considering that, in theory, the NO3

--NO2
--NO 

pathway should perform even better under anaerobic exercise conditions as opposed to the better 

documented aerobic exercise environment. 
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Table 1.  Summary of Studies Detailing the Effect of Nitrate Supplementation on Athletic 

Performance. 

Reference Participants, 

(n) 

Supplementation 

Protocol 

Performance 

assessment  

Trial result ± 

SD 

Time Trials 

Lansley, 

Winyard, 

Bailey, et al. 

(2011)i 

competitive 

cyclists (9 

males) 

500 ml beetroot 

juice (6.2 mmol 

NO3
-), 150 min 

before exercise 

4 km cycle time 

trial 

N: 6.27 ± 0.35 

min vs. P: 6.45 

± 0.42 min (p < 

0.05) 

N: 292 ± 44 vs. 

P: 279 ± 51 W 

(p < 0.05) 

Lansley, 

Winyard, 

Bailey, et al. 

(2011)ii 

as above as above  16.1 km cycle 

time trial 

N: 26.9 ± 1.8 vs. 

P: 27.7 ± 2.1 

min (p < 0.01) 

N: 247 ± 44 vs. 

P: 233 ± 43 W 

(p < 0.05) 

Bond et al. 

(2012) 

well-trained 

junior rowers 

(14 males) 

500 ml beetroot 

juice (5.5 mmol 

NO3
-) per day for 

6 days 

6 x 500 m 

rowing 

ergometer trials 

N: 0.4% ± 1.0% 

(95% CI) 

improvement vs. 

P 

Cermak, Gibala, 

and van Loon 

(2012) 

trained cyclists 

(12 males) 

140 ml beetroot 

juice 

concentrate/day 

(8 mmol NO3
-) 

for 6 days 

10 km cycle 

time trial  

N: 953 ± 18 vs. 

P: 965 ± 18 s (p 

<0.05) 

N: 294 ± 12 vs. 

P: 288 ± 12 W 

(p < 0.05) 

Cermak, Res, et 

al. (2012) 

trained cyclists 

(20 males) 

140 ml beetroot 

juice concentrate 

(8.7 mmol NO3
-), 

150 min before 

exercise 

energy 

expenditure 

based time trial 

N: 65.5 ± 1.1 vs. 

P: 65.0 ± 1.1 s 

(p > 0.05) 

N: 275 ± 7 vs. P: 

278 ± 7 W (p > 

0.05) 

Murphy et al. 

(2012) 

11 recreationally 

fit (5 men; 6 

women) 

200 g whole 

cooked beetroot 

(≥500 mg (8.1 

mmol) NO3
-) 75 

min prior to 

exercise test 

5 km treadmill 

running time 

trial 

N: 12.3 ± 2.7 vs. 

P: 11.9 ± 2.6 

km/h (p = 0.06) 

mean of 41 sec 

faster with NO3
- 
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Peacock et al. 

(2012) 

well-trained 

cross-country 

skiers (10 

males) 

1 g KNO3
- (614 

mg (9.9 mmol) 

NO3
-), 150 min 

before exercise 

5 km running 

time trial 

N: 1005 ± 53 vs. 

P: 996 ± 49s (p 

= 0.12) 

Wilkerson et al. 

(2012) 

well-trained 

cyclists (8 

males) 

500 ml beetroot 

juice (6.2 mmol 

NO3
-), 150 min 

before exercise 

50-mile cycle 

time trial 

N: 136.7 ± 5.6 

vs. 

P: 137.9 ± 6.4 

min (p > 0.05) 

N: 67.4 ± 5.5 vs. 

P: 65.3 ± 4.8 W 

L min-1 (p < 

0.05) 

Christensen et 

al. (2013) 

highly trained 

cyclists (10 

males) 

500 ml beetroot 

juice (8.1 mmol 

NO3
-) per day for 

6 days 

energy 

expenditure 

based time trial 

N: 18:20 vs. 

P: 18:37 min:s 

(p > 0.05) 

Boorsma et al. 

(2014) 

elite distance 

runners (8 

males) 

140 ml beetroot 

juice concentrate 

(13.0 mmol NO3
-) 

on days 2-7 with 

lunch; 210 ml 

(19.5 mmol NO3
-) 

on days 1 and 8 

2.5 hr prior to 

performance test 

treadmill warm-

up run: 7 min @ 

50% VO2peak, 7 

min @ 65%, 5 

min @ 80% 1.5 

hr post 

ingestion. 

Followed by 

1500m time trial 

(acute) N: 250.7 

± 4.3 vs. P: 

250.4 ± 7.0 s (p 

> 0.05); 

(chronic) N:  

250.5 ± 6.2 vs. 

251.4 ± 7.6 s (p 

> 0.05) 

 

2 “responders” 

improved TT by 

5.8 and 5.0 s 

(acute) (p < 

0.05) and 7.0 

and 0.5 s 

(chronic) (p < 

0.05) 

Hoon, Hopkins, 

et al. (2014) 

trained cyclists 

(26 males) 

70 ml beetroot 

juice concentrate 

(4.1 mmol NO3
-) 

at 150 and 75 min 

prior to TT1 and 

an additional 35 

ml dose 75 min 

prior to TT2 

4 min cycling 

time trials 

separated by 75 

min recovery 

period 

Both TT 

difference in 

mean vs. 

placebo: 

150-Pre: 0.4 ± 

2.0s (p > 0.05) 

75-Pre: 0.6 ± 

2.0s (p > 0.05) 

TopUp:0.5 ± 

2.0s (p > 0.05) 

All: 0.5 ± 1.6s (p 

> 0.05) 
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Hoon, Jones, et 

al. (2014) 

highly trained 

rowers (10 

males) 

70 ml (4.2 mmol 

NO3
-) or 140 ml 

(8.4 mmol NO3
-) 

2 hours prior to 

exercise 

2000 m rowing 

ergometer time 

trial 

(90% CI) 0.2 ± 

2.5s difference 

between single 

dose and 

placebo (likely 

trivial); (90% 

CI) 1.6 ± 1.6 s 

difference 

between double 

dose and 

placebo 

(possibly 

beneficial) 

Jo et al. (2017) healthy, 

recreationally 

active (15 

males; 14 

females) 

NO3
- supplement 

containing beet 

powder and 

KNO3
- (8 mmol 

NO3
-) or placebo 

for 14 days.  Both 

groups consumed 

single serving of 

NO3
- supplement 

2.5 hours prior to 

testing 

8.04 km cycling 

time trial 

N: 5.6% 

reduction for 

TTC (p = 0.01); 

4.2% increase 

average power 

(p = 0.04); 2.2% 

increase average 

speed (p = 0.02) 

vs. baseline 

P: no significant 

changes 

Lowings et al. 

(2017) 

trained 

swimmers (5 

males; 5 

females)  

140 ml 

concentrated 

beetroot juice 

(12.5 mmol NO3
-) 

3 hours prior to 

testing 

168 m (8 x 21 m 

lengths) 

backstroke 

swimming time 

trial 

N: 131.59 ± 

9.09 vs. P: 

130.37 ± 8.10 s 

(p = 0.144) 

Shannon et al. 

(2017) 

trained runners 

(8 males) 

140 ml 

concentrated 

beetroot juice 

(12.5 mmol NO3
-) 

3 hr prior to 

testing 

1500 m 

treadmill 

running time 

trial 

N: 319.6 ± 36.2 

vs. P: 325.7 ± 

38.8 s (p < 0.05) 

as above as above as above 10,000 m 

treadmill 

running time 

trial 

N: 2643.1 ± 

324.1 vs. P: 

2649.9 ± 319.8 s 

(p > 0.05) 
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de Castro et al. 

(2018) 

recreational 

runners (14 

males) 

420 ml beetroot 

juice (8.4 mmol 

NO3
-) for 3 days 

with final dose 2 

hours prior to 

testing 

10 km track 

running time 

trial 

TT: N: 50.1 ± 

5.3 vs. P: 51.0 ± 

5.1 min (p = 

0.391) 

MV: N: 12.1 ± 

1.3 vs. P: 11.9 ± 

1.2 km/h (p = 

0.321) 

Oskarsson and 

McGawley 

(2018) 

healthy 

endurance 

runners (9 

males; 2 

females) 

70 ml 

concentrated 

beetroot juice (7.3 

mmol NO3
-) both 

with and without 

caffeine (4.8 ± 0.4 

(4.3-5.6) mg/kg 

bodyweight) 2.5 

hours prior to 

testing 

2 constant load 

(70% and 80% 

of VO2max) 5 

min treadmill 

runs and a single 

1 km self-paced 

treadmill TT 

No significant (p 

> 0.05) 

differences 

among any 

treatment or 

combination of 

treatments vs. 

placebo for both 

submaximal 

runs or for 1 km 

TT 

Time to Exhaustion Tests 

Bailey et al. 

(2009) 

healthy, 

recreationally fit 

(8 males) 

500 ml beetroot 

juice (5.5 mmol 

NO3
-) a day for 6 

days 

cycling TTE @ 

70% between 

GET and 

VO2max 

N: 675 ± 203 vs. 

P: 583 ± 145 s 

(p < 0.05) 

Bailey et al. 

(2010) 

healthy, 

recreationally fit 

(7 males) 

500 ml beetroot 

juice (5.1 mmol 

NO3
-) a day for 6 

days 

leg extension 

TTE @ 30% 

MVC 

N: 734 ± 109 vs. 

P: 586 ± 80 s (p 

< 0.01) 

Lansley, 

Winyard, 

Fulford, et al. 

(2011) 

healthy, 

recreationally fit 

(9 males) 

500 ml beetroot 

juice (6.2 mmol 

NO3
-) a day for 6 

days 

treadmill TTE 

@ 75% between 

GET and 

VO2max 

N: 8.7 ± 1.8 vs. 

P: 7.6 ± 1.5 min 

(p < 0.01) 

N: 3.50 ± 0.62 

vs. P: 3.77 ± 

0.57 l/min (p < 

0.01) 

Simulated Altitude Tests 

Vanhatalo et al. 

(2011) 

Healthy, 

recreationally fit 

(7 males; 2 

females) 

750 ml beetroot 

juice (9.3 mmol 

NO3
-), 24 hr prior, 

with last 250 ml 

2.5 hr pre-

exercise 

leg extension 

TTE @ 14.5% 

O2 

N: 477 ± 200 vs. 

P: 393 ± 169 s 

(p < 0.05) (in 

hypoxia) 
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Masschelein et 

al. (2012) 

healthy, 

recreationally fit 

(15 males) 

0.07 mmol NO3
- 

per kg body mass 

per day (as 

beetroot juice) for 

6 days) 

cycle 

incremental 

TTE @ 

simulated 5000 

m altitude 

N: 597 ± 22 vs. 

P: 568 ± 23 s (p 

< 0.05) 

Arnold et al. 

(2015) 

 

 

 

 

well-trained 

competitive 

runners (10 

males) 

70 ml beetroot 

juice concentrate 

(7 mmol NO3
-) 

2.5 hr prior to 

exercise tests 

1st visit: 

treadmill 

incremental 

TTE @ 

simulated 4000 

m altitude 

2nd visit: 10 km 

TT @ simulated 

2500 m altitude 

TTE: N: 402 ± 

80 vs. P: 393 ± 

62 s (p = 0.05) 

TT: N: 2862 ± 

233 vs. 

P: 2874 ± 265 s 

(p = 0.6) 

Graded Exercise Tests 

Larsen et al. 

(2007) 

well trained 

cyclists (9 

males) 

0.1 mmol NO3
- 

per kg body mass 

per day (as 

NaNO3) for 3 

days, last dose 60 

min before 

exercise 

cycle 

incremental 

TTE 

N: 2.82 ± 0.58 

vs P: 2.98 ± 0.57 

L/min (p < 0.02) 

Larsen, 

Weitzberg, 

Lundberg, and 

Ekblom (2010) 

healthy (7 

males; 2 

females) 

0.1 mmol NO3
- 

per kg body mass 

per day (as 

NaNO3) for 2 

days 

arm crank and 

cycle 

incremental 

TTE 

TTE N: 563 ± 

30 vs P: 524 ± 

31 s (p = 0.13) 

N: 3.62 ± 0.31 

vs. P: 3.72 ± 

0.33 L/min (p < 

0.05) 

 

Vanhatalo et al. 

(2010) 

healthy (5 

males; 3 

females) 

500 ml beetroot 

juice (5.2 mmol 

NO3
-) 2.5 hr 

before exercise 

cycle 

incremental 

TTE 

N: 325 ± 71 vs. 
P: 322 ± 68 

Wmax (p > 0.05) 

as above as above 500 ml beetroot 

juice (5.2 mmol 

NO3
-) per day for 

5 days 

as above N: 328 ± 68 vs. 
P: 323 ± 67 

Wmax (p > 0.05) 

as above as above 500 ml beetroot 

juice (5.2 mmol 

NO3
-) per day for 

15 days 

as above N: 331 ± 68 vs. 

P: 323 ± 68 

Wmax (p < 0.05) 



 

30 

 

Bescos et al. 

(2011) 

competitive 

cyclists or 

triathletes (11 

males) 

10 mg NO3
- per 

kg body mass (as 

NaNO3) 3 hr 

before exercise 

cycle 

incremental 

TTE 

N: 11.2 ± 1.1 vs. 

P: 11.8 ± 1.1 

mL·min-1·W-1 (p 

= 0.031) 

N: 416 ± 32 vs. 

P: 409 ± 27 s (p 

> 0.05) 

 

Breese et al. 

(2013) 

healthy, 

recreationally fit 

(4 males; 5 

females) 

140 ml beetroot 

juice 

concentrate/day 

(8 mmol NO3
-) 

for 6 days 

cycle 

incremental 

TTE 

N: 635 ± 238 vs. 

P: 521 ± 158 s 

(p < 0.05) 

Wylie, Kelly, et 

al. (2013) 

Two phases (s1 

and s2) healthy 

recreationally 

active men (10 in 

each phase) 

70, 140, or 280 

ml beetroot juice 

(4.2, 8.4, 16.8 

mmol NO3
- 

respectively) 1, 

2, 4, 8, 12, and 

24 hr prior to 

venous blood 

samples (s1) 

Same dosage 

protocol 2.5 hr 

prior to exercise 

test (s2) 

venous blood 

samples (s1). 

2 x cycle 

incremental 

TTE moderate-

intensity (93 ± 

11W) and 1 x 

severe-intensity 

(258 ± 23W) all 

separated by 5 

min (s2) 

 

(s1) NO3
- peaked 

at 1 hr post 

administration of 

4.2mmol (160 ± 

43µM), 8.4 

mmol (269 ± 

92µM) and 2 hr 

16.8 mmol (581 

± 209µM) 

(s2) 

O2 uptake 

decreased by 

1.7% (8.4 mmol) 

(p = 0.06) and 

3.0% (16.8 

mmol) (p < 

0.05) 

TTE increased 

for 8.4 and 16.8 

mmol by 14% 

and 12% 

respectively (p < 

0.05)  
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Coggan et al. 

(2014) 

healthy, normally 

active, non-

exercising (7 

males, 5 females) 

140 ml beetroot 

juice 

concentrate 120 

min prior to 

testing 

knee extension 

at various 

angular 

velocities; 50 

contraction 

fatigue test 

No significant 

difference (p > 

0.05) in max 

isometric torque 

or peak 

isokinetic torque 

or power. Max 

velocity 

increased 

significantly (p 

< 0.05) with 

NO3
-. No sig 

differences (p > 

0.05) in torque, 

power, work, or 

rate of fatigue 

during 50 

contraction 

fatigue test 

Pinna et al. 

(2014) 

moderately 

trained 

swimmers (14 

males) 

500 ml beetroot 

juice (5.5 mmol 

NO3
-) per day for 

6 days 

swimming 

incremental TTE 
N: 6.7 ± 1.1 vs. 

C: 6.3 ± 1.0 kg 

(p < 0.05);  

N: 1.7 ± 0.3 vs. 

C: 1.9 ± 0.5 

kcal·kg-1·h-1 (p 

< 0.05) 

Bailey et al. 

(2015) 

healthy, 

recreationally fit 

(7 males) 

unspecified 

volume 

concentrated 

beetroot juice 

(8.4 mmol NO3
-) 

per day for 9 days 

additional dose 

(NO3
- content not 

specified) 

provided 2 hours 

following each 

exercise test 

cycling TTE 

ramp 

incremental 

cadence-specific 

(35 rpm and 115 

rpm)  

N: @ 35 rpm: 

344 ± 74 vs. P: 

341 ± 99 s (p > 

0.05);  

@ 115 rpm: 

N:362 ± 137 vs. 

P: 297 ± 79 s (p 

< 0.05) 
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Christensen et 

al. (2017) 

trained cyclists 

(9 males) and 

recreationally 

active (8 males) 

150 ml 

concentrated 

beetroot juice (9 

mmol NO3
-) 2.5 

hours prior to 

testing on 2 

consecutive test 

days 

4 sessions of 3, 

6-minute 

moderate 

intensity 

submaximal 

exercise bouts 

alternating 

between arm 

and leg cycling 

separated by 15 

minutes rest; 

followed by a 

final bout of 

incremental arm 

(15 W/min) or 

leg (25 W/min) 

cycling.  Order 

was alternated 

so both 

supplement and 

placebo 

treatments 

experienced arm 

and leg cycling 

as incremental 

test over 4 

sessions 

Incremental test 

peak power 

higher in leg 

cycling for 

cyclists N: 418 

± 47 vs. P: 407 

± 46 W (p < 

0.05) 

No other 

improvements 

for either group 

Balsalobre-

Fernandez et al. 

(2018) 

elite middle and 

long-distance 

runners (12 

males) 

70 ml 

concentrated 

beetroot juice 

(6.5 mmol NO3
-) 

for 15 days with 

breakfast 

treadmill 

incremental TTE 

TTE: SMD 1.18, 

90% CI = -0.14, 

2.5) vs. P 

RPE: SMD = -

2.17, 90% CI = -

-3.23, -1.1) vs. P 
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Thompson et al. 

(2018) 

non-elite team 

sport athletes 

(18 males; 12 

females) 

70 ml 

concentrated 

beetroot juice 

(6.4 mmol NO3
-) 

or 70 ml KNO3
- 

water (6.4 mmol 

NO3
-) in morning 

and again in 

evening over 4-

week training 

period.  140 ml 

(12.8 mmol NO3
-) 

of assigned 

treatment 2.5 hr 

prior to testing 

cycle 

incremental TTE 

VO2peak: N 

+11% increase 

vs. P +6% 

increase vs. 

KNO3 +4% 

increase (p < 

0.05) 

as above as above as above severe-intensity 

cycle step TTE 

TTE: N +71% 

increase vs. P 

+47% increase 

vs. KNO3 +42% 

increase (p < 

0.05) 

Intermittent Exercise Tests 

Wylie, Mohr, et 

al. (2013) 

healthy, 

recreationally fit 

(14 males) 

280 ml beetroot 

juice concentrate 

on day before 

exercise (16.4 

mmol NO3
-), 

140 ml beetroot 

juice concentrate 

(8.2 mmol NO3
-) 

2.5 hr prior to 

exercise and 70 

ml beetroot juice 

concentrate (4.1 

mmol NO3
-) 1.5 

hr prior to 

exercise 

intermittent, 

incremental 

sprints for 

distance 

N: 1704 ± 304 

vs. P: 1636 ± 

288 m (p < 0.05) 

Byrne et al. 

(2014) Abstract 

only 

healthy, active 

(8 males) 

250 ml or 500 

ml beetroot juice 

2 hr prior to 

exercise (NO3
- 

content not 

stated) 

supramaximal 

intermittent 

cycling test 

(Wingate 

protocol) 

No significant 

differences 

reported in mean 

power, peak 

power, or fatigue 

index. Values 

not provided 
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Aucouturier et 

al. (2015) 

healthy, team 

sport athletes (12 

males) 

500 ml beetroot 

juice (5.5 mmol 

NO3
-) at 

breakfast for 2 

days preceding 

exercise tests 

and 2 hr prior to 

performance 

test. 

supramaximal 

intermittent 

cycling test with 

15 sec intervals 

@ 170% max 

aerobic power 

with 30 sec 

passive recovery 

periods until 

volitional 

exhaustion 

N: 472.5 ± 42.5 

vs. P: 468.8 ± 

43.4 W (p > 

0.05);  

N: 168.1 ± 60.2 

vs. P: 142.0 ± 

46.8 kJ (p < 

0.05);  

N: 26.1 ± 10.7 

vs. P: 21.8 ± 8.0 

reps (p < 0.05); 

N: 19.6 ± 8.1 vs. 

P: 16.4 ± 6.0 

min (p < 0.05) 

Thompson et al. 

(2015) 

recreational 

team sport 

athletes (16 

males) 

70 ml 

concentrated 

beetroot juice 

(6.4 mmol NO3
-) 

each morning 

and evening for 

6 days.  140 ml 

(12.8 mmol 

NO3
-) on day 7, 

2.5 h prior to 

performance test 

two 40 min 

halves broken 

into 2 min 

blocks 

consisting of 

intermittent 

sprint tests on 

cycle ergometer 

with 6 s ‘all out’ 

sprint, 100 s 

active rest and 

14 s passive rest.  

Twice in each 

half performed 5 

x 4 s sprints with 

16 s active rest. 

15 min ‘half 

time’. 

90 s cognitive 

tasks at 15 min 

before testing, 

7.5 min during 

‘half time’, 15 

min following 

testing, and 

during each 100 

s recovery 

period 

Total work: N 

123 ± 19 kJ vs. P 

119 ± 17 kJ (p < 

0.05) 

N  

Reaction time: N 

817 ± 86 ms vs P 

847 ± 114 ms (p 

< 0.05) in 

second half 

Response 

accuracy: N first 

half: 6.9 ± 6.1 

vs. second half: 

7.7 ± 7.3; P first 

half: 7.3 ± 5.8 

vs. second half: 

7.1 ± 5.9 (p > 

0.05) 
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Wylie et al. 

(2016) 

team sport 

players (10 

males) 

70 ml 

concentrated 

beetroot juice 

(4.1 mmol NO3
-) 

in morning and 

repeat in evening 

on non-

experimental 

days (1 and 2); 

140 ml (8.2 

mmol NO3
-) 2.5 

hr prior to 

testing on 

experimental 

days (3, 4, and 

5) 

24 x 6-s all-out 

sprints, 7 x 30-s 

all-out sprints, 

and 6 x 60-s 

self-paced 

maximal efforts 

on days 3, 4, and 

5 respectively 

Mean power 

output: (24 x 6-

s) N 568 ± 136 

vs. P 539 ± 136 

W (p < 0.05); (7 

x 30-s) N 558 ± 

95 vs. P 562 ± 

94 W (p > 0.05); 

(6 x 60-s) N 374 

± 57 vs P 375 ± 

59 W (p > 0.05) 

Bender et al. 

(2018) 

active 

adolescents (16 

males) 

140 ml 

concentrated 

beetroot juice 

(12.9 mmol 

NO3
-) 2.5 hr 

prior to testing 

supramaximal 

intermittent 

cycling test 

(modified 

Wingate 

protocol); 

isometric mid-

thigh pull 

No significant 

effects on 

supramaximal 

intermittent 

cycling test. 

Isometric mid-

thigh pull: N 

2361.7 ± 641.6 

vs. P 2158.3 ± 

602.3 newtons 

(p = 0.004) 

Supramaximal Tests 

Kramer et al. 

(2016) 

CrossFit athletes 

(12 males) 

1 x 4 mmol 

KNO3
- capsule 

in both morning 

and evening for 

6 days; final 

dose consumed 

≥ 24 hr prior to 

testing 

supramaximal 

cycling test 

(Wingate 

protocol) on day 

1; time to 

completion of 30 

clean-and-jerk 

repetitions with 

61.37 kg (Grace 

protocol) 

Peak power 

increase over 

time in Wingate: 

N 889.17 ± 

179.69 to 948.08 

± 186.80 W (p = 

0.01) vs. P 

898.08 ± 183.24 

to 905.00 ± 

157.23 W (p 

=0.75) 

No other 

improvements 
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Dominguez, 

Garnacho-

Castano, et al. 

(2017) 

trained, non-elite 

(15 males) 

70 ml 

concentrated 

beetroot juice 

(5.6 mmol NO3
-) 

3 hr prior to 

testing 

supramaximal 

cycling test 

(Wingate 

protocol)  

6% 

improvement in 

peak power for 

N vs. P (p = 

0.034); average 

power 0-15s 

6.7% higher in N 

vs. P (p = 0.048) 

Occlusion Tests 

Papadopoulos et 

al. (2018) 

physically active 

(16 males) 

unspecified 

volume of 

beetroot juice 

(8.1 mmol NO3
-) 

2.5 hours prior 

to testing 

occlusion-

reperfusion 

maneuver 

followed by IHG 

@ 30% MVC 

for 3 minutes 

followed by IHG 

@ 30% MVC 

with arterial 

occlusion until 

exhaustion 

No differences 

between N and P 

during 

occlusion-

reperfusion. 

IHG: O2Hb and 

tHb higher in N 

vs. P in 2nd and 

3rd minute (p < 

0.05) and force 

output higher 

during 3rd 

minute N: 10.8 ± 

0.7 vs. 9.5 ± 1.2 

kg (p < 0.05) 

IHG with 

occlusion: 

Prolonged time 

to fatigue N: 

94.1 ± 5.8 vs. P: 

80.1 ± 3.3 s (p < 

0.01).  No effect 

on O2Hb decline 

and mVO2. 

Electrical Stimulation Tests 
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Whitfield et al. 

(2017) 

healthy, 

recreationally 

active (16 males) 

280 ml 

concentrated 

beetroot juice 

(26 mmol NO3
-) 

split into 2 daily 

doses for 7 days 

with final dose 

90 min prior to 

testing 

2 x electrically 

stimulated 

twitches @ 

150V, 0.5 Hz 

followed by 50 

µs pulses @ 

40% MVC @ 

10, 20, 30, 50, 

and 100 Hz, 

followed by 

repeat of 2 

twitches. 

Separate group 

followed same 

supplementation 

protocol but 

underwent SkM 

biopsies pre and 

post-

supplementation 

for 

determination of 

proteins 

associated with 

calcium 

handling 

No change in 

maximum 

voluntary force 

production N: 

602 ± 50 vs. P: 

596 ± 56 N or in 

electrically 

induced tetanic 

contractions. 

Force production 

increased @ 10 

Hz N: 41.1 ± 2.3 

vs. P: 37.6 ± 

2.4% of peak 

force (p < 0.05) 

Peak twitch 

tension: N: 

164.0 ± 12.5 vs. 

P: 136.5 ± 7.2 N 

(p < 0.01) 

Proteins 

associated with 

calcium 

handling 

unaltered 
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Tillin et al. 

(2018) 

healthy, 

recreationally 

active (17 males)  

140 ml 

concentrated 

beetroot juice 

(12.9 mmol 

NO3
-) with 70 

ml in morning 

and 70 ml in 

evening for 6 

days; on 7th day, 

entire dose 2.5 

hours prior to 

testing 

Unfatigued: 10 

explosive 3 

second MVCs; 2 

sets of 4 second 

involuntary 

tetanic 

contractions 

with one 

contraction each 

at 10, 20, 50 and 

100 Hz per set. 

Fatigued: 

Following 10-

minute rest, 

fatigue protocol 

of 60, 3 second 

MVCs followed 

by repeat of 

involuntary 

tetanic 

contractions 

Unfatigued: No 

effect of N on 

any measured 

variables. 

Fatigued: % 

decline in 

explosive, 

voluntary 

impulse from 

first to last 6 

MVCs: N: 51.1 

± 13.9 vs. P: 

57.3 ± 12.4% (p 

= 0.039) 

Low frequency 

decline in 20/50 

Hz for tetanic 

peak force: N: 

12.3 ± 12.0 vs. 

P: 17.0 ± 10.1% 

(p = 0.110) 

Tetanic peak 

force rate 

development: N: 

12.3 ± 10.4 vs. 

P: 20.3 ± 9.5% 

(p = 0.011) 

Dynamic Exercise Tests 

Flanagan et al. 

(2016) 

resistance-

trained (14 

males) 

2 bars containing 

3 g of 

concentrated 

beetroot extract 

each (1.1 mmol 

NO3
- total) with 

first meal for 3 

days. Testing 

protocol 

performed on 

empty stomach 

on day 4 

pyramid style 

dynamic box 

squats; MVCs 

between each 

dynamic 

exercise set with 

EMG data 

collection 

Mean peak EMG 

(percent 

maximum): N: 

83.3 ± 2.6% vs. 

P: 78.8 ± 3.8% 

(p = 0.04) 

Total repetitions: 

N: 599 ± 5 vs. P: 

608 ± 5 (p > 

0.05) 

Lactate: N: 1.48 

± 0.25 to 7.98 ± 

3.27 mmol·L-1 

vs. P: 1.52 ± 

0.27 to 8.02 ± 

3.45 mmol·L-1 

(p > 0.05) 
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Note. SD = standard deviation; NO3
- = nitrate; N = nitrate trial; P = placebo trial; C = control 

trial; W = watts; KNO3 = potassium nitrate; TT = time trial; CI = confidence interval; TTC = 

time to completion; MV = mean velocity; TTE = time to exhaustion; GET = gas exchange 

threshold; MVC = maximum voluntary contraction; NaNO3 = sodium nitrate; Wmax = peak 

power; SMD = standardized mean difference; kJ = kilojoules; IHG = isometric hand grip; 

O2Hb = oxygenated hemoglobin; tHb = microvascular red blood cell count; mVO2 = skeletal 

muscle oxygen consumption; SkM = skeletal muscle; EMG = electromyography 
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Chapter II: Effects of Beetroot Juice Supplementation on Anaerobic Exercise Performance 

Rationale 

 NO has long been known to have vasodilatory capabilities and to elicit a decrease in 

blood pressure.  More recently, researchers working in the athletic community discovered the 

potential for NO to improve exercise capacity and tolerance, translating into increased 

performance.  The widely studied NOS-NO pathway was first turned to as a means of producing 

NO, through its conversion of the amino acid L-arginine, to improve exercise performance.  

Studies focusing on aerobic exercise found no significant results when participants consumed 

supplemental L-arginine, regardless of whether consumption was acute or chronic (Bescos et al., 

2009; Liu et al., 2009; Sunderland et al., 2011).  When anaerobic exercise in the form of 

resistance training was examined with supplemental L-arginine consumption, some positive 

effects were observed in muscle blood volume (Alvares et al., 2012), forearm blood flow, arm 

circumference and brachial artery stiffness (Fahs et al., 2009), though no effects on actual 

performance occurred.  L-arginine also failed to positively influence any performance parameters 

in a WAnT test (Olek et al., 2010).   

 With L-arginine failing to show any ergogenic effects, focus shifted to the less 

understood NO3
--NO2

--NO pathway and its production of NO from dietary NO3
-.  Numerous 

studies have been conducted demonstrating the ergogenic effects of dietary NO3
- 

supplementation (Dominguez, Cuenca, et al., 2017; Jones, 2014).  While early work provided 

NO3
- in the form of NaNO3

- (Bescos et al., 2011; Larsen et al., 2007, 2010) or potassium NO3
- 

(KNO3
-) (Peacock et al., 2012), the overwhelming majority of studies have used beetroot juice to 

deliver dietary NO3
- to testing participants.  Interestingly, some of the L-arginine studies 

measured plasma NOx levels as a marker of NO production (Alvares et al., 2012; Bescos et al., 
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2009; Liu et al., 2009; Olek et al., 2010) due to the fact that NO is short-lived and is recycled 

back to both NO3
- and NO2

-, but all failed to show an increase in plasma NOx levels.  While the 

NOS-NO pathway functions in only one direction, with NO being the end product, the NO3
--

NO2
--NO pathway is cyclical allowing for the recycling of NO back into NO3

- and NO2
- to again 

be converted back to NO.  This failure to raise plasma NOx levels with L-arginine 

supplementation could indicate that L-arginine supplementation cannot actually increase NO 

levels sufficiently to produce any benefits beyond simple vasodilation and increased blood flow.  

This inability to raise NO levels with L-arginine could be due to the activity of liver enzymes 

known as arginases that are active in the urea cycle and compete with the NOS-NO pathway for 

L-arginine (Mori & Gotoh, 2000).  Arginase activity is elevated in athletes when performing 

intense exercise and may limit the availability of L-arginine for NO production through the 

NOS-NO pathway (Sureda et al., 2006).  NO generation from the NOS-NO pathway is further 

restricted during exercise due to the hypoxic and acidic conditions found in exercising tissue 

undergoing oxidative stress (Huang, Xiao, Samii, Vita, & Keaney, 2001; Stuehr et al., 2004), 

particularly contracting skeletal muscles.  In contrast, the single electron reduction of NO2
- to 

NO is enhanced under these types of conditions (Castello, David, McClure, Crook, & Poyton, 

2006).  With these factors in mind, supplementation with dietary NO3
- may elicit performance 

enhancing benefits where L-arginine has failed.  This appears to often be the case in terms of 

studies conducted on aerobic athletic performance under a wide variety of testing parameters and 

dosage strategies (Aucouturier et al., 2015; Bailey et al., 2009; Bond et al., 2012; Cermak, 

Gibala, et al., 2012; Lansley, Winyard, Bailey, et al., 2011; Vanhatalo et al., 2010; Wylie, Kelly, 

et al., 2013; Wylie, Mohr, et al., 2013).  Yet to date, little work has focused on the potential for 

dietary NO3
- supplementation to enhance anaerobic performance outcomes.   
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Early studies have shown positive effects on increasing endurance or delaying fatigue in 

intermittent bouts of short-term high-intensity exercise (Aucouturier et al., 2015; Thompson et 

al., 2015; Wylie et al., 2016) with mixed results for improvement of mean or peak power output 

(Aucouturier et al., 2015; Bender et al., 2018; Byrne et al., 2014; Wylie et al., 2016).  While 

Bender et al. (2018) failed to see improvements in any parameter during repeated bouts of a 

modified WAnT protocol, a significant (P =0.004) increase in force production was observed 

during an isometric mid-thigh pull.  In single-bout high-intensity exercise using a WAnT 

protocol both Kramer et al. (2016) and Dominguez, Garnacho-Castano, et al. (2017) reported 

increases in peak power following NO3
- supplementation from KNO3 capsules and beetroot juice 

respectively, with the latter also noting higher average power in the first 15 seconds of the test.  

Both Whitfield et al. (2017) and Tillin et al. (2018) applied electrical stimulation to induce 

involuntary tetanic muscle contractions following NO3
- supplementation.  Whitfield et al. (2017) 

observed no change in maximum voluntary or electrically induced involuntary force production 

overall (P > 0.05) but did note an increase in force production at low electrical frequency (10 Hz) 

(P < 0.05) as well as an increase in peak twitch tension during supramaximal (150 V) electrically 

induced muscle twitches (P < 0.01).  The study by Tillin et al. (2018) specifically examined 

differences between unfatigued and fatigued muscle tissue.  Participants in the unfatigued group 

performed ten explosive, three second MVCs followed by two sets of four second involuntary 

tetanic contractions at various frequencies.  Following a ten-minute rest period, fatigue was 

induced by performing 60, three second MVCs followed again by two sets of four second 

involuntary tetanic contractions at various frequencies.  While no effects from NO3
- were seen in 

the unfatigued muscles, fatigued tissues demonstrated a lowered percent decline in explosive, 

voluntary impulses from the first to the last six MVCs (P = 0.039) and an increased rate of peak 
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force development in the involuntary tetanic contractions (P = 0.011).  Flanagan et al. (2016) 

was one of the first studies that examined the impact of NO3
- supplementation on anaerobic 

exercise performed with a dynamic, multi-joint resistance protocol and measured a variety of 

factors including neuromuscular fatigue by means of muscle activity measured through EMG 

(Flanagan et al., 2016).  While a significant (P =0.04) improvement to reproducibility of peak 

EMG was reported, the type of NO3
- supplement given to participants differed from all previous 

work on NO3
- and delivered a fraction of the lowest dose ever shown to have an ergogenic effect.  

Almost all studies on NO3
- supplementation regardless of participant demographics, testing 

modalities, type of exercise, or outcomes of interest have used beetroot juice in various 

concentrations to provide NO3
- to participants (Dominguez, Cuenca, et al., 2017; Jones, 2014), 

with dosages ranging from 4.2 mmol (Wylie, Kelly, et al., 2013) all the way to 26 mmol 

(Whitfield et al., 2017).  In contrast, the study by Flanagan et al. (2016), while still deriving their 

NO3
- from beetroot, used bars containing three grams of concentrated beetroot extract per bar 

and had participants consume two bars per day for three days, equalling slightly more than 1.1 

mmol of NO3
- per day.  A far lower dosage of NO3

- than anything previously studied and a 

relatively short period of supplementation.  Additionally, the testing protocol was performed on 

an empty stomach with the last NO3
- treatment consumed approximately 24 hours prior to 

testing.  No plasma levels were reported for either NO3
- or NO2

- further compounding difficulties 

in comparing the study by Flanagan et al. (2016) to any other works on NO3
- supplementation 

literature.  While the protocol used for inducing and measuring neuromuscular fatigue was well 

designed with great potential to transfer to real-world training and performance scenarios in 

anaerobic or explosive type multi-joint movements, the fact that significant improvements were 

made with such a small dose of NO3
- from an unstudied delivery method make the results 
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questionable and highlights the need for comparison to a better established, ergogenic dose of 

NO3
- from beetroot juice along with verification of plasma NOx levels. 

Research Objectives 

 The overall objective of this study is to assess the effects of dietary NO3
- supplementation 

in the form of beetroot juice on exercise performance and neuromuscular fatigue in a dynamic 

exercise test protocol with EMG data collected from MVCs performed before and during the 

dynamic exercise testing and having participants complete as many repetitions as possible 

(AMRAP) on the final set of the protocol.  The specific objectives are to determine if NO3
- 

supplementation in a dose-dependent manner, when compared to placebo will:  

1) elevate plasma NOx levels, and affect blood lactate levels 

2)  decrease neuromuscular fatigue as seen through greater percent maintenance of 

maximum EMG amplitude  

3) increase the number of repetitions to failure during the final set of a testing session at a 

given percentage of 1 RM 

4) have a more profound effect on all measured anaerobic outcomes with an established 

effective dose of 8 mmol compared to an unsubstantiated dose of 1.2 mmol 

Hypotheses 

1) Supplementation with dietary NO3
- for seven days prior to performing the dynamic 

exercise testing protocol will elevate plasma NOx levels. 

2) Supplementation with dietary NO3
- seven days prior to performing the dynamic 

exercise testing protocol will affect blood lactate levels. 



 

45 

 

3) Supplementation with dietary NO3
- for seven days prior to performing the dynamic 

exercise testing protocol will increase the ability to maintain peak EMG amplitude as 

a percent of maximum. 

4) Supplementation with dietary NO3
- for seven days prior to performing the dynamic 

exercise testing protocol will increase the number of repetitions to failure during the 

final set (60% 1RM) of the testing protocol. 

5) A dose response effect will be seen with 8 mmol of NO3
- producing more pronounced 

effects in each participant compared to both 1.2 mmol of NO3
- and placebo. A dose of 

1.2 mmol of NO3- is expected to elicit minimal improvements in all parameters 

compared to placebo with the exception of plasma NOx values which are anticipated 

to be elevated above placebo but far lower than with 8 mmol. 

Methodology 

Study design.  Participants were randomly assigned in a double blind, randomized, 

crossover design to receive 7 days of supplementation of the high dose of beetroot juice (8 mmol 

NO3-/day) treatment (BRH), low dose of beetroot juice (1.2 mmol NO3-/day) treatment (BRL), 

or placebo (negligible NO3-) treatment (PLA).  BRH and BRL were administered as 87 ml and 

13 ml respectively of a commercially available, concentrated beetroot juice supplement (Beet It 

Sport Shot, James White Drinks, UK). The placebo treatment consisted of 83 ml of black cherry 

juice (Just Black Cherry, Smucker Quality Beverages, Inc., USA).  A sufficient volume of water 

was added to all treatments to bring the total volume of each daily treatment to 500 ml and were 

provided to the participants in 7 sealed, opaque containers for each phase of supplementation.  

All persons involved in the study were unaware of which treatment each individual was on at any 

point until all testing and data analysis had been completed.  Overall, all participants received 
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BRH, BRL, and PLA during the 7-day supplementation periods with each period separated by a 

7-day washout (Figure 2).  Treatments were consumed over 2-3 doses throughout the day on 

days 1-6 of each supplementation period.  On day 7, participants were instructed to consume the 

entire treatment 2.5 hours prior to their testing session appointment.  Participants visited the 

performance laboratory located in the High Performance Room (HPR) in the Active Living 

Centre (ALC) located at the University of Manitoba Ft. Garry Campus, a total of four times; a 

familiarization followed by 3 testing sessions (Figure 2).   

Figure 2.  Graphic representation of the crossover design and testing protocol. 

One-time 

Familiarization 

Session 

7 day supplementation 

with BRH, BRL or 

PLA 

7 day 

washout 

7 day supplementation 

with BRH, BRL or PLA 

7 day 

washout 

7 day supplementation 

with BRH, BRL or 

PLA 

                       

 

= Familiarization session;      = Blood pressure and anthropometrics including height in 

m, weight in kg, body fat percentage and lean mass in kg;          = Blood draw, blood pressure, 

anthropometrics as previously mentioned and dynamic exercise/physical performance testing 

including electromyography;           = Washout period 

Participants.  Participants were recruited through in person recruitment drives and by 

study flyers posted at authorized locations frequented by the target population.  To be eligible to 

participate in this study, volunteers were required to meet the following criteria: 

1) Must not have used any anabolic or ergogenic supplement (creatine, HMB, thermogenics, 

ribose, pro-hormones ((e.g., dehydroepiandrosterone (DHEA)), 7-keto-DHEA, etc.)  in 

the last 1-3 months. 
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2) Must be currently engaging in a recreational resistance training program a minimum of 2 

times per week for at least the last 3 months. 

3) Must have at least 6 months experience in recreational exercise. 

4) Must be between 18 to 40 years of age. 

5) Must be in good physical health, determined by the physical activity readiness 

questionnaire (PAR-Q) (Warburton et al., 2011). 

Fourteen resistance-trained males were recruited, with 13 completing the study.  One 

participant after completion of the exercise familiarization session, but prior to any treatments 

and study measurements dropped out of the study.  The participant did not attend the next 

scheduled study appointment and attempts at communication were not returned, therefore, no 

reason for withdrawal was recorded.  Each participant was required to demonstrate proper 

squatting technique prior to proceeding with the study.  At each blood collection, participants 

were asked if they had any change in supplementation or medication since the last time they had 

been questioned.  Participants were instructed to refrain from chewing gum or using any 

antibacterial mouthwash throughout the duration of the study as this can impair NO3
- conversion 

(Govoni, Jansson, Weitzberg, & Lundberg, 2008).  All participants were engaged in regular 

resistance training throughout the duration of their participation in the study, although they were 

instructed not to perform any strenuous lower body exercise for at least 48 hours prior to testing 

sessions.  Participants reported no major changes in training frequency, volume, or intensity 

during their participation in the study.  All participants received written and oral information 

about the study procedures, potential benefits, risks and/or side effects related to participating in 

the study and were given time to review.  Written informed consent was obtained from all 
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participants prior to participation.  This study was approved by the University of Manitoba Joint-

Faculty Research Ethics Board.   

Study measurement procedures.   

Exercise familiarization session.  During the familiarization session, participants were 

exposed to the experimental conditions and equipment.  This was done to ensure that participants 

were comfortable using the testing apparatus, to establish and record proper foot and bar 

placement, to verify acceptable squat depth for each individual, and to determine 1RM and target 

repetitions at all percentage loads of 1RM for the dynamic exercise testing protocol.  For 

familiarization and all testing sessions, participants were instructed to avoid strenuous exercise 

for 24 hours (48 hours for lower body) and to abstain from caffeine for at least 12 hours prior to 

their appointment time.  Participants were directed to wear comfortable, loose fitting clothing 

that would allow for ease of movement as well as supportive, flat soled shoes.  Participants were 

required to wear the same shoes for all testing sessions.  No squat shoes, weightlifting belts, 

compression shorts, knee or wrist wraps, chalk or lifting aids of any kind were permitted at any 

point during the study. 

Prior to being randomized to a treatment group for the first phase and before any other 

study interventions, participants reported to the HPR to complete a familiarization session.  Upon 

arrival at the HPR participants were asked to warmup on an exercise bike (Pro/Trainer, 

WattBike, UK) at a self-selected, but light to moderate pace and intensity for 10 minutes.  

Participants were then familiarized with the smith machine testing apparatus that would be used 

in all subsequent sessions.  Full range of motion (fROM), defined as achieving at least a 90° 

angle of knee flexion with a nearly upright trunk (Figure 3), along with foot position and bar 

placement were determined and recorded for all participants.  Repetitions performed in the 
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succeeding testing sessions were not counted if fROM was not achieved.  Following 

determination of fROM, participants were tested for 1RM and maximum number of repetitions at 

60%, 70%, 80% and 90% of 1RM on the smith machine squat. 

Figure 3. Acceptable squat form for bottom portion of repetition in dynamic exercise 

testing protocol and position for all MVCs. 

 

Photo by M. Pinder. 
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Anthropometric and blood collection sessions.  On day 1 of each supplementation period 

(the day following familiarization testing in phase 1 and the day following the washout period 

for phases 2 and 3) after at least 10 hours overnight fast, the participants reported to the 

Richardson Centre for Functional Foods and Nutraceuticals (RCFFN), located at the University 

of Manitoba Ft. Garry Campus, between 7 and 8 am for anthropometric and blood pressure (BP) 

testing as well as venous blood sampling to determine the levels of plasma NOx (see 

Assessments below) (Figure 2).  All AM fasted blood draws were performed at the same time of 

day (± 1 h). 

 On day 7 of each supplementation period, participants reported to the Applied Research 

Centre (ARC) located in the ALC for anthropometrics, BP measurement, blood sampling, 

delivery of urine sample, and dynamic exercise testing (See Assessments below) (Figure 4). 

Throughout the study, blood samples were collected a total of 6 times from each 

participant (morning of day 1 prior to consuming any treatment; day 7 immediately before the 

testing procedure).  The exact same procedures described here for day 1 were utilized for the 

blood draw and anthropometric testing on day 7 prior to exercise testing, although the day 7 

blood draw was non-fasted and was typically performed in the late morning or in the afternoon 

depending on the appointment time of the participant.  Upon arrival at the centre(s) and prior to 

the blood draw, participants were allowed to rest while answering questions to ensure 

compliance with any study requests and to confirm that there had been no change in 

supplementation or medication since participants were last asked.   

Dynamic exercise testing protocol day 7.  Following the day 7 blood draw, participants 

were then taken to the HPR for exercise testing and electromyography measurements (Figure 4).  

Participants completed the same bike warmup as described for the familiarization session.  
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Following the warmup, the electromyography (EMG) sensors were attached (see Assessments 

below).  Following the electrode placement, a blood lactate sample was obtained from a fingertip 

of each participant (see Assessments below).  Participants then began the dynamic exercise 

testing procedure (Figure 4).  During the procedure, participants received no verbal feedback or 

encouragement aside from verbal cues mentioned below.  Participants began by performing a 

series of 3, 3-second isometric squat MVCs (MVC 1-3) (positioning shown in Fig. 3) separated 

by 2 minutes of passive rest.  The peak EMG amplitude from these 3 MVCs served as the 

maximum EMG amplitude and was used to normalize the data from the subsequent MVCs 

(MVC 4-9) completed during the session.  MVCs were performed by placing the participant 

under the bar at a minimum of 90° angle of knee flexion with the bar racked high on the 

shoulders.  Prior to commencing the session, the bar was loaded with each participants’ 1RM 

weight plus an additional 25% to ensure that maximum force could be exerted without moving 

the bar.  Two Smith machines were utilized during the testing sessions with one machine being 

loaded and positioned for MVCs and the other loaded and positioned for fatiguing sets.  Once 

participants were in position, they received a “3, 2, 1, lift” cue following which they were to 

fully exert themselves in an attempt to lift the bar for a period of 3 seconds during which muscle 

activity was recorded from the EMG sensors attached to the quadricep.  Following the third 

MVC (MVC3), participants were given another 2 minutes of passive rest before beginning the 

fatiguing portion of the protocol.  Participants performed dynamic sets at 60%, 70%, 80%, 90%, 

80% and 70% of 1RM using the target repetition ranges determined during the familiarization 

session.  Each participant was positioned with the same foot and bar placement used in the 

familiarization session and given their target rep range for that set before receiving a “lift” 

command.  Each dynamic set was followed by 45 seconds of rest during which participants 
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walked approximately 10 meters to the Smith machine set up for MVCs.  Participants were again 

positioned to perform an MVC and received the lifting countdown and cue mentioned 

previously, at the end of the 45 second rest period.  Participants were given another 45 second 

rest period while walking back to the Smith machine loaded for the next prescribed percentage of 

1RM load.  This procedure was repeated until completing the final MVC (MVC9) following the 

second dynamic set at 70% of 1RM.  Participants were then given a 3-minute rest period 

followed by a final dynamic set at 60% 1RM in which participants completed an AMRAP set 

until volitional or actual failure.  Upon completion of the dynamic exercise testing procedure, 

participants again had a fingertip cleaned, lanced, and a blood sample was taken for 

measurement of blood lactate. 

Figure 4.  Dynamic exercise testing protocol. 

 

NOx, Nitrate/Nitrite; EMG, electromyography; MVC, maximum voluntary contraction; %, the 

percentage of 1 repetition maximum for a given set.  

Assessments. 

EMG sensor placement and signal collection.  Upon completing the bike warm up, the 

EMG sensors (Trigno, Delsys Incorporated, USA) were affixed to the right vastus lateralis 

muscle with the length of the rectangular sensors running parallel to the femur and the locations 

were marked in the first testing session and recorded for future sessions.  Prior to affixing the 
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electrodes, the skin was shaved to remove any hair in the selected attachment zone, and cleaned 

with 70% ethanol wipes.  The electrodes were then placed against the skin and pressure was 

applied to ensure proper bonding of the adhesive.  Adhesive tape was then wrapped around the 

electrodes and thigh to further secure the sensors.  A test contraction of the target muscle was 

then performed by having the participant perform an isometric contraction of the quadricep to 

ensure the sensors were collecting and transmitting the electromyography signal to the wireless 

receiver unit.  EMG sensor signals were collected during all MVCs using unit acquisition 

software (EMGworks Acquisition version 4.3.2, Delsys Incorporated, USA) and saved for later 

analysis.  Motion and noise artifact filters were applied to the signals during collection. 

AMRAP.  Following the final MVC measurement (MVC9), participants were allowed to 

rest for three minutes before completing a final set at 60% of their respective 1 RMs attempting 

to perform as many fROM repetitions as possible in a controlled manner before reaching 

volitional or absolute failure.  Number of repetitions in this set were recorded for each treatment. 

Blood lactate.  Following placement of the EMG electrodes, a 70% ethanol wipe was 

used to clean a fingertip of each participant on the right hand and a lancet (Autolet Impression, 

Owen Mumford, USA) was used to obtain a fingertip blood sample for blood lactate testing with 

a portable lactate meter (Lactate Plus, Nova Biomedical, USA).  This measurement was repeated 

at the end of each testing session immediately following the final dynamic squat set at 60% 

1RM. 

Blood and urine collection.  Following anthropometric measurements, the blood draw 

was then performed by a trained phlebotomist during which approximately 20 ml of blood was 

collected in ethylenediaminetetraacetic acid (EDTA) tubes.  EDTA tubes were immediately 

placed in a refrigerator at 4° C for a period not exceeding 90 minutes.  The tubes were then 
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transferred to a refrigerated centrifuge set to 4° C and centrifuged at 3,000 rpm for 20 minutes.  

Plasma was divided into 0.5 and 1 ml aliquots, placed in 1.5 ml Eppendorf tubes and stored at -

80° C until analysis.   

  Participants were provided with sealed containers to collect a urine sample to be turned 

in the day of their day 7 performance test.  Participants were instructed to collect a midstream 

sample in the first urination upon waking and place the samples in the refrigerator until 

transporting them to the testing centre.  Once received by study personnel, the urine samples 

were stored in a refrigerator at 4° C for a period of no more than 5 hours and were then aliquoted 

into 1.5 ml Eppendorf tubes at volumes of 1 ml and placed in a -80° C freezer to be tested for 

levels of NOx.   

Blood pressure.  Following a minimum of five minutes rest at the beginning of each 

blood draw session, peripheral blood pressure was recorded in triplicate from the brachial artery 

on the right arm while participants were in a supine position using an automated 

sphygmomanometer (Series 10, Omron, USA).  BP was recorded as the average of the 3 

measurements. 

Anthropometrics.  Anthropometric measurements were also taken following BP 

measurement and immediately prior to the blood draw and included height, weight, body mass 

index (BMI), and body composition, including body fat percentage, by bio-electrical impedance 

analysis (BIA).  All anthropometric measurements were collected with minimal clothing without 

shoes or socks and with all metal removed from the body.  Height in cm was recorded using a 

stadiometer, while weight in kg was obtained on a digital scale (7562EF, Taylor Precision 

Products, USA).  BMI calculations were performed by dividing weight in kg by height in meters 

squared (kg/m2).  BIA measures total body resistance through electrodes placed on the wrist, 
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hand, ankle and foot on the right side of the body and was collected with a four-electrode 

portable unit (Quantum II, RJL Systems, Michigan, USA). 

Dietary intake records.  Detailed dietary data was collected from the participants on at 

least 3 occasions; that is, dietary intake data was collected during each treatment phase, using a 

3-day food record method to determine participants’ intake of all food and drink. In the 72-hour 

period preceding the first exercise test, participants recorded their food, and were asked to 

replicate this diet as closely as possible in the 72 hours preceding subsequent tests.  Additionally, 

participants were provided with a list of nitrate-rich foods to abstain from, apart from the study 

treatments, for 48 hours prior to all performance tests. 

Data Analysis. 

EMG analysis.  Stored EMG files were uploaded into the analysis software (EMGworks 

Analysis version 4.3.2, Delsys Incorporated, USA).  Peak EMG values were obtained by 

identifying the highest EMG value recorded during the 3 MVCs (MVC 1-3) at the beginning of 

each dynamic exercise testing session.  Peak EMG values then functioned as the maximum EMG 

amplitude and were used to normalize values from the subsequent EMG tests for their respective 

sessions.  The ability to reproduce maximum EMG values was determined by comparing average 

peak MVC EMG levels for each session and all time points among the 3 treatments. 

Plasma NOx analysis.  Plasma analysis for NOx content was performed using a 

Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical Company, USA).  The kit uses 96-

well plates with an enzymatic reduction of NO3
- followed by addition of Griess reagents to form 

a deep purple azo compound which then undergoes photometric measurement.  The first step of 

the procedure involved the pre-assay preparation of the six reagents used.   
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1. The contents of the NO3
-/NO2

- Assay Buffer vial was diluted to 100 ml with 

Ultrapure water (Milli-Q Reference, MilliporeSigma, USA).  The buffer was 

stored at 4° C when not in use.  

2. The contents of the NO3
- Reductase Enzyme Preparation vial was reconstituted 

with 1.2 ml of Assay Buffer.  The vial was kept on ice during use and stored at -

20° C when not in use.  Freezing and thawing of the solution was restricted to one 

time. 

3. The contents of the NO3
- Reductase Cofactors Preparation vial was reconstituted 

with 1.2 ml of Assay Buffer.   The vial was kept on ice during use and stored at -

20° C when not in use.  Freezing and thawing of the solution was restricted to one 

time. 

4. The contents of the NO3
- Standard vial were reconstituted with 1.0 ml of Assay 

Buffer.  Reconstituted solution was vortexed (Vortex-Genie, Scientific Industries, 

Inc., USA) to ensure all lyophilized powder, including any on vial stopper, was 

mixed into solution.  The vial was stored at 4° C when not in use. 

5. The contents of the NO2
- Standard vial were reconstituted with 1.0 ml of Assay 

Buffer.  Reconstituted solution was vortexed to ensure all lyophilized powder, 

including any on vial stopper, was mixed into solution.  The vial was stored at 4° 

C when not in use. 

6. The contents of the Griess Reagents R1 and R2 vials were ready for use and 

required no preparation.  The vials were stored at 4° C when not in use. 

Once pre-assay preparation of the reagents was complete, 30 kilodalton (kDa) molecular 

weight cut-off filters (VWR, USA) were pre-rinsed with Ultrapure water to reduce background 
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absorbance due to the presence of hemoglobin and improve colour formation by the Griess 

Reagents.  Participant plasma samples were then thawed and two aliquots of 0.5 ml of sample 

were placed into two molecular weight cut-off filters (1.0 ml of sample per participant per time 

point) and ultrafiltered in a high-speed centrifuge (Avanti J-30I, Beckman Coulter, USA) at 

100,000 g for 20 minutes.  While plasma samples were being centrifuged, set up of the 96-well 

plate began (Figure 5.).  Adjustable pipettors (Research Plus, Eppendorf, Germany) were used to 

deliver all samples and reagents to the wells.  Prior to pipetting each sample or reagent, the 

pipette tip was equilibrated by slowly filling the tip and gently expelling the contents several 

times.  Care was taken to not expose the pipette tip to any reagent(s) already in the well.  First, 

the nitrate standard curve was prepared.  All curve and sample wells were plated in duplicate.  

0.9 ml of Assay Buffer was placed in a clean test tube to which 0.1 ml of reconstituted NO3
- 

Standard was added and vortexed.  This stock standard had a NO3
- concentration of 200 µM.  

The standard curve preparation with reagent volumes and final NO3
- concentration are displayed 

in Figure 6. 

Figure 5.  Standard curve and duplicate sample layout on 96-well plate. 

 

A-H = Standards; S1-S40 = Sample wells. 
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Figure 6.  Nitrate standard curve preparation on 96-well plate. 

   

*Concentration calculated for final 200 µL assay volume following the addition of Griess 

Reagents. 

Once the standard curve wells were prepared, the microfiltered plasma samples were 

added to the assay unknown wells in volumes of 40 µL per well.  40 µL is the maximum amount 

of plasma filtrate allowed according to the assay kit instructions.  40µL of Assay Buffer was then 

added to all unknown wells to bring their volume to 80 µL to match the NO3
- standard wells.  All 

reagents mentioned after this point were added to all standard and unknown wells with the 

exception of A1 and A2 which served as blanks.  10 µL of the Enzyme Cofactor Mixture was 

then added to each of the wells followed immediately by 10 µL of the NO3
- Reductase Mixture.  

The plate was then covered with the provided plate cover and incubated at room temperature for 

three hours.  The plate was not agitated in anyway during the incubation time. 

Following the three-hour incubation, the plate cover was removed and 50 µL of Griess 

Reagent R1 was added to each of the wells followed immediately by 50 µL of Griess Reagent R2 

bringing the volume of all wells to 200 µL.  The colour was then allowed to develop for a 

minimum of 10 minutes, uncovered, at room temperature.  The absorbance of the deep purple 
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azo developed was then read at 540 nm using a microplate reader (Synergy H4, Biotek 

Instruments Inc., USA).  Plasma analysis procedure was repeated for all samples whose percent 

coefficient of variation (%CV) between the duplicate wells was over 10%. 

Absorbance values of the blank wells were subtracted from all other wells and a standard 

curve was plotted by creating a plot of absorbance at 540 nm as a function of NO3
-.  Sample NOx 

concentrations were then determined using the following formula shown in Figure 7. 

Figure 7.  Formula for determination of plasma Nitrate and Nitrite concentrations from 

colorimetric analysis. 

[NO3
- + NO2

-] (µM) = ( A540 – y-intercept 

slope )( 
200 µL                  

volume of sample used 

(µL) 
) x dilution 

NO3
-, Nitrate; NO2

-, Nitrite; µM, micromole; A540, Mean absorbance value of duplicate samples 

at 540 nanometres (nm) from the colorimetric analysis; µL, microlitre. 

Dietary analysis.  Dietary analysis was completed by inputting all food record data and 

analysing with Food Processor software (ESHA Research, USA).  Three-day food records were 

collected from participants during each treatment phase representing the 72-hour period prior to 

each testing session.  Records were analysed for differences in energy intake, protein, 

carbohydrate and fat among treatments. 

Statistical analysis.  Data analysis was performed using IBM SPSS 25 (IBM, USA).  

One-way repeated-measures ANOVAs were used to assess the effects of the treatments on 

anthropometrics, systolic and diastolic blood pressure, plasma NOx values, plasma lactate, 

AMRAP, and MVC mean peak EMG amplitude.  All data are presented as means ± SD, unless 
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otherwise stated.  Results were accepted as statistically significant when P < 0.05.  95% 

confidence intervals were reported where relevant.   

The required sample size of 14 was determined using a standard sample size equation 

(Figure 8) based on variability using the study by Flanagan et al. (2016).  The required number 

of participants was determined to be 6.4 per arm, however, it is hypothesized that in the current 

study, 1.2 mmol of NO3
- will have minimal effect on any measured parameters compared to 

placebo and therefore, the study was treated as a two-arm investigation requiring 13 individuals.  

An extra participant was added to allow for possible dropout. 

Figure 8.  Formula used for sample size determination. 

 

 

 

Za, constant set according to accepted error (α) set at 0.05 for a two-tailed test; Z1-β, constant set 

according to power (β) at 0.80 (80%); σ, estimated standard deviation; Δ, effect size 

Results 

Thirteen males completed the present study (mean age, 25.2 ± 2.7 years; height, 176.1 ± 

8.1 cm; body mass, 82.6 ± 15.3 kg; BMI, 26.7 ± 5.0; squat 1 repetition maximum [1RM] 146 ± 

33 kg) (Table 2).  The supplementation protocol used was well tolerated by the participants and 
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no adverse side effects were reported.  However, some participants did report beeturia (pink 

urine), and red stool, both of which are common with beet consumption. 

Table 2.  Participant baseline descriptives. 

 

BMI, body mass index; BF, body fat; 1 RM, 1-repetition maximum. 

Anthropometrics.  In general, body mass, BMI and body fat percentage did not differ 

significantly (P > 0.05) from baseline at any point, nor was there a significant difference (P > 

0.05) between BRH, BRL or PLA (Table 3).  

Table 3.  Anthropometric measurements of study participants. 

 

BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 mmol) treatment; PLA, 

placebo treatment; BMI, body mass index; BF%, body fat percentage. 

Plasma NOx values.  The BRH treatment significantly elevated levels of plasma NOx 

(357.1 ± 73.6 µmol) compared to both BRL (25.8 ± 22.6 µmol) and PLA (-0.2 ± 31.7 µmol) (P < 

0.0001).  BRL did not elicit a significant change compared to PLA (P = 0.170) (Figure 9). 
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Figure 9.  Mean plasma NOx (µmol) magnitude of change from pre to post-

supplementation. 

 

NOx, Nitrate/Nitrite; BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 

mmol) treatment; PLA, placebo treatment; *, significant difference compared to BRL; †, 

significant difference compared to PLA 

Maximum voluntary contraction mean peak EMG amplitude.  One participant’s 

mean peak EMG amplitude was found to be much lower than the group mean and was 

determined to be an outlier and was therefore excluded from the analysis (n=12).  Participants 

demonstrated greater total mean peak EMG amplitude on both BRH and BRL when compared to 

PLA (79.1% (95% CI: 68.8-89.5) and 77.5% (95% CI: 71.4-83.6) respectively vs. 70.0% (95% 

CI: 64.0-76.1)) although none of the results were significant (P > 0.05) (Figure 10). During the 

time point comparisons of peak EMG amplitude across treatments, three outliers were 
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discovered in the MVC post 60% (MVC4), two outliers were discovered in the MVC post 70% 

(MVC5) and one outlier was discovered in each of the MVCs post 80% (MVC6) and post the 

second set at 70% (MVC9).  They were excluded from their respective time point analysis.  

While both BRH and BRL produced greater peak EMG amplitude at all time points compared to 

PLA, none of the results were significant (P > 0.05). 

Figure 10.  Mean peak EMG amplitude displayed as a percent of maximum EMG 

amplitude. 

 

EMG, electromyography; BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate 

(1.2 mmol) treatment; PLA, placebo treatment 

Mean peak EMG across treatments as well as peak EMG values at all time points across 

treatments were also analyzed by splitting participants into high (≥ 25.8 kg/m2; n = 7) and low 

(<25.8 kg/m2; n = 6) BMI groups to ensure BMI did not have an effect on reproducibility of 
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maximum EMG amplitude.  Previously mentioned outliers were removed where applicable.  

Both high and low BMI groups did not show significance (P > 0.05) for mean peak EMG among 

all treatments.  Two consecutive time points in the low BMI group showed a significant (P < 

0.05) difference between BRH and PLA (Table 4).  The MVC following the first 70% set 

(MVC5) returned values of 86.9% (95% CI: 64.3-109.6) for BRH compared to 64.7% (95% CI: 

51.4-77.9) for PLA (P = 0.033).  In the MVC following the first 80% set (MVC6), values were 

80.9% (95% CI: 63.2-98.6) for BRH compared to 61.4% (95% CI: 51.1-71.7) for PLA (P = 

0.041).  All other peak EMG values across treatments by BMI showed no significant differences 

(P > 0.05). 

Table 4.  MVC values for low BMI (< 25.8 kg/m2) group (n = 6). 

 

EMG, electromyography; BRH, high-dose nitrate (8 mmol) treatment; PLA, placebo treatment; 

MVC, maximum voluntary contraction. 

AMRAP.  Two participants were found to be outliers for the AMRAP set during the PLA 

treatment and were excluded from analysis (n=11).  Total repetitions completed in the final set 

(60% 1RM) of the dynamic exercise testing were increased with both BRH and BRL compared 

to PLA (19.6 (95% CI: 16.4-22.7) and 17.3 (95% CI: 13.7-20.8) respectively vs. 16.0 (95% CI: 

13.8-18.2)), however none of these results were significant (P > 0.05) (Figure 11).   

AMRAP results were also examined by splitting the participants into high (≥ 25.8 kg/m2; 

n = 7) and low (<25.8 kg/m2; n = 6) BMI groups to ensure that BMI did not impact the number 
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of reps completed before reaching failure in the final set.  Previously mentioned outliers were 

excluded where appropriate.  Both high and low BMI groups did not differ in the number of reps 

completed to failure across treatments (P > 0.05). 

Figure 11.  Mean total repetitions completed in the final set of the dynamic exercise 

protocol by treatment. 

 

BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 mmol) treatment; PLA, 

placebo treatment 

Plasma lactate.  The magnitude of change in plasma lactate from start to end of the 

dynamic exercise testing protocol did not differ significantly among any of the treatments (P > 

0.05) nor did post exercise lactate levels (Table 5). 
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Table 5.  Pre and post-exercise lactate levels (mmol/L) by treatment. 

 

BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 mmol) treatment; PLA, 

placebo treatment 

Blood pressure. No significant differences were observed between treatments for 

systolic or diastolic blood pressure post-supplementation, and for the magnitude of change on 

systolic or diastolic blood pressure from pre to post-supplementation (P > 0.05) (Table 6). 

Table 6.  Pre and post-supplementation blood pressure measurements in the study 

participants. 

 

Means of systolic, diastolic, and magnitude of change displayed as mmHg ± standard deviation.  

BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 mmol) treatment; PLA, 

placebo treatment; P-value indicates the change among treatments. 

Dietary records.  One participant failed to turn in any dietary records and was excluded 

from analysis (n=12).  No differences were found for mean energy, protein, carbohydrate or fat 

among treatments (P > 0.05) (Table 7). 
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Table 7.  Dietary intake of participants by treatment. 

  

BRH, high-dose nitrate (8 mmol) treatment; BRL, low-dose nitrate (1.2 mmol) treatment; PLA, 

placebo treatment. 

Discussion 

 The present study examined biochemical, neuromuscular, and physical responses to two 

dosage levels of a NO3
--rich concentrated beetroot juice supplement and a placebo.  Plasma 

samples were analysed for levels of plasma NOx and compared among treatments.  Gross motor 

unit activity was assessed through EMG measurements during maximal isometric contractions 

before and during a fatiguing, dynamic squat exercise protocol using an ascending and 

descending pyramid scheme at various percentages of 1 RM.  We also investigated the number 

of repetitions that could be performed before reaching failure following the fatiguing, dynamic 

squat protocol as well as changes in blood lactate, body mass and composition, and blood 

pressure.   

Body weight and body composition did not differ from pre to post-supplementation or 

between treatments minimizing the possibility that any variability in results could be attributed to 

changes in anthropometrics.  Where appropriate, participants were stratified by the median of 

BMI among participants (25.8 kg/m2), as this is very close to the 25 kg/m2 distinction between 

healthy and overweight (WHO, 2000). Participants were placed into high (n=7) and low (n=6) 



 

68 

 

groups (≥ 25.8 kg/m2 and < 25.8 kg/m2 respectively) to examine if physical size had an impact 

on the recorded outcomes.  In particular, EMG amplitude is known to have a large amount of 

variability between individuals (Balogh, Hansson, Ohlsson, Stromberg, & Skerfving, 1999).  In 

our current investigation, in addition to using the first three MVCs of each session (MVC1-3) to 

determine the maximum EMG amplitude, these MVCs also served to establish a value for each 

participant to normalize the subsequent recorded values against, to attempt to deal with this 

limitation (Nordander et al., 2003).  The inter-individual variability associated with EMG 

amplitude is largely due to variations of the tissue layers between the electrodes and muscles 

both in terms of thickness and electrical conductivity with the size of the muscle also playing a 

role (De Luca, 1979; Stegeman, Blok, Hermens, & Roeleveld, 2000).   In the current study, 

while body fat percentage as measured by BIA reveals information regarding total body fat, the 

specific machine used did not provide any data related to fat distribution including subcutaneous 

thickness.  Skin-caliper or preferably ultrasound measurements are the accepted modes for 

determining subcutaneous tissue thickness and body fat distribution (Nordander et al., 2003) but 

were not available in the current study.  BMI allows for an accessible, yet rough estimation of 

subcutaneous tissue thickness and was therefore employed in an attempt to manage the inter-

individual variability of the EMG measurements related to subcutaneous tissue differences 

among participants. 

The results showed that BRH at an estimated 8 mmol/L nitrate significantly elevated 

plasma NOx levels compared to both the BRL at 1.2 mmol/L nitrate and the negligible nitrate 

PLA.  In general, the literature shows that NO3
- supplementation has a plasma dose response 

relationship, and the plasma NOx levels observed in this study for BRH and PLA closely reflect 

established values (Wylie, Kelly, et al., 2013).  To date, only Flanagan et al. (2016) have utilized 
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a dosage of 1.1 mmol of NO3
- with the next lowest dose in the literature being 4.2 mmol (Hoon, 

Jones, et al., 2014; Wylie, Kelly, et al., 2013). The studies that have used a dose of  4.2 mmol of 

NO3
- failed to elicit any performance improvements, thus it was surprising that  Flanagan et al. 

(2016) claimed significant improvements in performance outcomes with only 1.1 mmol of NO3
- . 

Albeit the mode of delivery of beetroot NO3
- was in the form of a snack bar in Flanagan et al 

(2016) compared to the usual beetroot juice.  Unfortunately, plasma values were not reported by 

Flanagan et al. (2016), but the failure to produce any ergogenic benefits in the present study 

under very similar exercise protocol conditions with dosages of 8 and 1.2 mmol of NO3
- 

generating plasma NOx values of 357.1 and 25.8 µmol respectively, calls into question whether 

the results of Flanagan et al. (2016) was related to NO3
- consumption and therefore plasma level.  

Based on our study results, a 1.2 mmol of NO3
- was simply too low to produce sufficient levels 

of the NO end product to elicit physiological benefits in the proposed mechanisms for 

performance enhancement with NO3
- supplementation. 

Although NO3
--rich supplementation with BRH and BRL lead to increased mean peak 

EMG amplitude compared to PLA (79.1 ± 16.3%, 77.5 ± 9.7% and 70.0 ± 9.5% respectively), 

none of the results were significant between the treatments (P > 0.05).  Additionally, EMG 

measurements were compared among treatments for all time points with BRH resulting in higher 

peak EMG amplitudes for all time points compared to BRL and PLA but these results were not 

significant (P > 0.05).  When stratified by BMI into high (n=7) and low (n=6) groups (≥ 25.8 

kg/m2 and < 25.8 kg/m2 respectively) BRH produced greater peak EMG amplitude compared to 

PLA in the MVCs following both the first fatiguing set at 70% 1 RM (MVC5) (86.9 ± 21.6% vs. 

64.7 ± 12.6% (P = 0.033)) and the first fatiguing set at 80% 1 RM (MVC6) (80.9 ± 16.9% vs. 

61.4 ± 9.8% (P = 0.041)) for the low BMI group. However, we do not believe the improvement 
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in this small section of the outcome is sufficient to claim a substantial benefit that would be 

reflected in actual use for training or competition and could be attributed to simple variability in 

the EMG measurements.  Had more of the timepoint analyses or the overall peak EMG 

measurements achieved significance for the low BMI group, then the previously mentioned 

variability in subcutaneous tissue could be theorized to be playing a role in this study.  However, 

with only two time points for EMG amplitude achieving significance, we do not feel the 

evidence is strong enough in the current study to warrant a statement regarding potential 

ergogenic effects of NO3
- on the time point analysis of EMG amplitude.  None of the results 

differed for the high BMI group. 

In the present study, the occurrence of neuromuscular fatigue during the dynamic squat 

exercise protocol is revealed by the inability of participants to reproduce maximum EMG 

amplitudes across all treatments.  This could be due to interferences in neuromuscular 

transmission (Boyas & Guevel, 2011) or metabolic by-product accrual (Westerblad et al., 1998).  

Previous research has shown that NO3
- supplementation with beetroot can help attenuate the 

detrimental accumulation of such by-products.  In the study by Bailey et al. (2010), participants 

consumed 500 ml of beetroot juice (5.1 mmol NO3
-) and performed a session of three MVCs 

along with an incremental leg extension ergometer test to exhaustion and showed reduced 

decomposition of PCr along with decreased buildup of inorganic phosphate and ADP.  While a 

reduction in metabolic by-products was observed by Bailey et al. (2010) with 5.1 mmol of NO3
-, 

no ergogenic benefit was observed in the present study despite a higher dosage level of 8 mmol.  

Although these metabolites were not measured in the present study, it is possible that the 

reduction of these compounds did not reach a sufficient level to be beneficial when examining 

neuromuscular fatigue.  More recently, Bender et al. (2018) reported increased force production 
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during a 4-second isometric mid-thigh pull after a single-bolus high dose (12.9 mmol) of NO3
-.  

This type of contraction is similar to those observed during full isometric contractions such as 

MVCs like those performed in the current study.  While the reduction of neuromuscular fatigue 

inducing compounds, along with increased contractile efficiency and force production, should 

allow for greater maintenance of neuromuscular efficiency as higher peak EMG values expressed 

as a percentage of maximum EMG amplitude, any enhancement observed in the present study 

was not great enough to produce a significant ergogenic benefit when compared to placebo, with 

the exception of MVCs 5 and 6 for the low BMI group performed during the dynamic squat 

protocol when participants were stratified by BMI.   

It is possible that measurable improvements in neuromuscular fatigue under anaerobic 

conditions, as opposed to an incremental test to exhaustion (Bailey et al., 2010), due to reduced 

metabolic by-products requires a more substantial dose of NO3
- comparable to that utilized by 

Bender et al. (2018).  Using a similar testing protocol to the one undertaken in our investigation, 

Flanagan et al. (2016) reported an approximate four to five percent increase in mean peak EMG 

amplitude with NO3
- supplementation compared to placebo (P = 0.04). However, this EMG 

improvement is surprising considering the NO3
- dosage of 1.1 mmol, which is markedly lower 

than any level delivered to participants in any previous literature showing ergogenic effects with 

NO3
- (Dominguez, Cuenca, et al., 2017; Jones, 2014).  Furthermore, in the Flanagan et al. (2016) 

report, the NO3
- dosage was delivered using a new type of NO3

- supplement bar, which differed 

greatly from the more widely studied beetroot juice used in the present study and the vast 

majority of other investigations.  In our examination of neuromuscular efficiency and physical 

performance with NO3
- supplementation we compared both a typical dosage of NO3

- (8 mmol) 

from beetroot juice shown to enhance performance in various outcomes and under a variety of 
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conditions (Aucouturier et al., 2015; Bailey et al., 2010; Breese et al., 2013; Cermak, Gibala, et 

al., 2012; Dominguez, Garnacho-Castano, et al., 2017; Lansley, Winyard, Bailey, et al., 2011; 

Wylie et al., 2016) as well as a similar dosage (1.2 mmol) to that used by Flanagan et al. (2016), 

yet still failed to show improvements in peak EMG amplitude at both dosage levels compared to 

placebo.  This makes the results of Flanagan et al. (2016) all the more unexpected and raises 

questions regarding the bar-type supplement used in that study. 

A post-hoc power analysis revealed that the present study may have been underpowered 

and could have benefitted from a substantially larger sample size of about 32 (Appendix C), 

which is about 2.5 times more than numbers in this report.  This underpowered in sample size, 

combined with the large standard deviation seen in the EMG measurements, likely contributed to 

obscuring any statistical significance that may have been observed with an increased number of 

participants.   

We also assessed the maximum number of repetitions that could be performed to failure 

at 60% 1 RM in the final set of the dynamic squatting protocol, however, the number of 

repetitions did not differ significantly (P > 0.05) among treatments for all participants or when 

stratified by BMI.  With the previously mentioned synergistic influences on skeletal muscle 

environment and neuromuscular efficiency seen with NO3
- supplementation from the published 

literature, it could be possible that an individual would be able to complete a greater number of 

repetitions at a given level of resistance before buildup of metabolic by-products and/or 

impairment of neuromuscular communication leads to decline of contractile efficiency in 

anaerobic exercise conditions.  In the present study the number of repetitions completed at 60% 

of 1 RM completed in the final set of the dynamic squat protocol did not differ by treatment, nor 

did a total number of session repetitions.  Despite reporting a reduction in neuromuscular fatigue, 
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Flanagan et al. (2016) also did not find a significant difference in the total number of repetitions 

among treatments performed across the entire fatiguing protocol, although the number of 

repetitions completed in the final set alone were not reported.  Similar to the effects on EMG 

measurements in the current investigation, a larger dose of NO3
- may lead to improvements for 

this outcome of physical performance.  Additionally, a large standard deviation in the present 

study likely contributed to the confounding of any potential ergogenic effects that could have 

been observed in this outcome.   

 In the present study, blood lactate measurements did increase due to the dynamic exercise 

testing protocol; however, the lactate values did not differ significantly among treatments during 

pre to post-exercise.  This is similar to the results for lactate stated by Flanagan et al. (2016), 

although based on reports from other studies some alteration of blood lactate could have been 

expected from the 8 mmol dose of NO3
- compared to the 1.2 mmol and placebo treatments.  The 

impact of NO3
- supplementation on blood lactate levels has however shown mixed results in 

recent studies with some showing decreased elevation compared to placebo (Christensen et al., 

2017; Thompson et al., 2017), while others have shown greater elevation of lactate in response to 

exercise with NO3
- supplementation (Dominguez, Garnacho-Castano, et al., 2017; Shannon et 

al., 2017; Wylie et al., 2016).  Interestingly, the elevation of lactate in response to exercise is 

greater with NO3
- supplementation, as opposed to placebo, has been proposed to be an indicator 

of physiological benefit (Wylie et al., 2016).  It has been suggested that a greater rise in plasma 

lactate following NO3
- supplementation could be indicative of elevated perfusion to type II 

muscle fibers (Ferguson et al., 2013; Ferguson et al., 2014) which are the dominant fiber type 

active in anaerobic exercise conditions and have higher lactate production (Esbjornsson-

Liljedahl, Sundberg, Norman, & Jansson, 1999).  Increased muscle perfusion could lead to 
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greater lactate effluence (Juel, 1997) and this would align with the known ability of NO3
- 

supplementation, through conversion to NO, to promote vasodilation and increase blood flow to 

hypoxic tissues (Bailey et al., 2012; Cosby et al., 2003).  While this is an interesting theory, it 

does not explain the fact that both post-exercise lactate values and magnitude of change from pre 

to post-exercise lactate values did not differ significantly among treatments.  With the mixed 

results both in the literature and in the present study, it is clear that the relationship between NO3
- 

supplementation and lactate under exercising conditions warrants further investigation. 

 Both systolic and diastolic blood pressure did not differ among treatments (P > 0.05) on 

day seven of supplementation, nor did the systolic or diastolic magnitude of change observed 

between the pre-supplementation measurements on day one and the day seven measurements.  It 

is well established that dietary NO3
- has the ability to reduce blood pressure through vasodilation 

(Coles & Clifton, 2012; Hord et al., 2009; Moncada & Higgs, 2006) which can translate to 

improved blood flow to exercising tissues and is indeed one of the mechanisms thought to be 

responsible for the observed ergogenic effects of NO3
- supplementation (Bailey et al., 2009).  

The failure to notice alterations in blood pressure between treatments in the present study could 

be largely attributed to the variations in the time between the day one and day seven 

measurements.  While the day one measurements were recorded early in the morning after an 

overnight fast, the day seven measurements were recorded an average of 6-7 hours later after 

participants had followed their normal eating habits up until that point during the day.  Due to the 

need to collect a fasted blood sample pre-supplementation on day one, and the logistics of 

collecting a blood sample prior to the dynamic exercise testing sessions on day seven 2.5 hours 

after consuming the final treatment dose in each phase, it was not possible to measure blood 

pressure under the same physiological conditions or at the same time of day for participants.  
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Variations in blood pressure are known to be impacted by a wide variety of factors including 

sleep patterns, stress, hydration, food intake and humoral aspects such as balance of certain 

hormones including angiotensin, bradykinins, and insulin (Giuseppe Mancia et al., 1983; G. 

Mancia & Grassi, 2000).  These influences combine to cause variations in blood pressure of 

more than 50-60 mmHg over a 24-hour period and 15-20 mmHg when day-night differences are 

observed (Giuseppe Mancia et al., 1983).  This variability in blood pressure could mask any 

effect that could otherwise be noted following NO3
- supplementation and could explain the lack 

of decrease in blood pressure with NO3
- ingestion even at the 8 mmol dose. 

 Analysis of participant food records in the present study revealed no differences in 

protein, carbohydrate, fat, or total caloric intake among treatments.  This helps to ensure that any 

variation in measured parameters across treatments cannot be attributed to differences in energy 

status or macronutrient variation. 

Generalizability 

 When considering the results from the present study and the implications therein, it is 

important to keep several factors in mind.  There is much yet to be learned about the effects of 

NO3
- supplementation on muscular fatigue and performance in short-duration, high-intensity 

multi-joint exercise scenarios.  The current investigation utilized young, recreationally active 

adult males, similar to the majority of research conducted to date on NO3
- supplementation 

(Dominguez, Cuenca, et al., 2017; Van De Walle & Vukovich, 2018).  It has been shown that 

highly trained or elite athletes have a lowered response to the ergogenic benefits of NO3
- 

supplements in aerobic testing (Van De Walle & Vukovich, 2018), and this may very well be the 

case with anaerobic or muscular-resistance testing.  It is also important to remember that the 

present study had participants ranging in age from 20 to 30 years old, which reflects the current 
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literature in terms of the research population demographic pertaining to NO3
- supplementation 

effect on exercise performance in which nearly all participants have been between the ages of 18 

to 40 years old (Van De Walle & Vukovich, 2018).  Thus, caution should be used when 

attempting to generalize the results of this or other studies on NO3
- supplementation and exercise 

performance to older populations.  A wide variety of metabolic and functional changes occur 

with age, including alteration of endocrine function, development of chronic diseases, insulin 

resistance, increased inflammation and higher risk of nutritional deficiencies, all of which can 

contribute to the age-related loss of skeletal mass and function known as sarcopenia (Fielding et 

al., 2011).  These shifts in body composition and functionality make results of studies performed 

on younger individuals difficult to apply to older populations and any recommendations should 

be approached with caution.  Investigations concerning the efficacy of NO3
- supplementation on 

improving exercise performance in adults over the age of 40 years old must be performed on 

those age groups to develop specific recommendations. 

Limitations 

 Several limitations were identified in the present study.  A high amount of variability was 

noted among participants for the EMG measurement resulting in a large standard deviation 

among the observed values.  Taking this large variability in EMG measurement into 

consideration, a post hoc power analysis indicated that a considerably larger sample size of about 

n = 32 participants would be needed to observe a significant difference in results between 

treatments compared to the n = 13 used in the current study.  A greater homogeneity relating to 

body size and body composition may assist in reducing the variability in the EMG measurements 

due to the effects of subcutaneous tissue thickness and muscle size on EMG variability discussed 

previously.  A combination of a larger sample size with greater homogeneity in body size and 
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composition may have helped to increase the power of the present study by reducing variability 

and drawing from a greater number of observations.  The addition of a more substantial dose of 

NO3
-, in the range of 12-16 mmol compared to the standard dose of 8 mmol that served as the 

high-dose in the current investigation, reflecting what has been used previously in the literature 

on aerobic exercise performance may have also been beneficial in determining the ergogenic 

threshold, if any, for NO3
- supplementation and neuromuscular efficiency and exercise 

performance in a muscular fatiguing, multi-joint exercise scenario. 

Conclusion 

 Overall, the present study did not show any significant ergogenic effects with 8 mmol of 

NO3
- supplementation from beetroot juice compared to 1.2 mmol or placebo on neuromuscular 

fatigue, physical performance, or biochemical markers.  This is in stark contrast to the research 

conducted by Flanagan et al. (2016) that reported a four to five percent increase in the ability to 

maintain peak EMG amplitude as a percent of maximum EMG amplitude, possibly indicating a 

reduction in neuromuscular fatigue or attenuation of metabolic by-product accumulation with 1.1 

mmol of NO3
-.  While the NO3

- was administered through a food bar as opposed to the more 

common beetroot juice in Flanagan et al. (2016), it is difficult to accept that a dose several times 

lower than anything ever previously shown to be effective could produce such a result due to 

NO3
- content alone, regardless of mode of delivery, despite the author claims that any macro 

and/or micronutrient variations between the supplement and placebo would not impact 

performance (Flanagan et al., 2016).  Although plasma NOx values were not reported by 

(Flanagan et al., 2016), the difference in plasma NOx levels between 8 and 1.2 mmol observed in 

the present study, combined with no significant improvements to the measured performance 
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outcomes, further contribute to the unlikelihood of the significant results attributed solely to 

NO3
- by (Flanagan et al., 2016). 

Future directions 

While NO3
- supplementation is generally established as an effective ergogenic aid in 

endurance or aerobic-type activities for most people, there remains a great deal of work to be 

done to elucidate potential benefits and applications for NO3
- and anaerobic exercise.  More 

research is also needed to firmly establish the theories surrounding how NO3
- supplementation 

through its conversion to NO2
- and NO can enhance exercise performance and the level of 

synergy between these theories.  Finally, many questions exist surrounding the relationship of 

dietary NO3
- and lactate with the current literature providing a number of conflicting results and 

theories.  Were the current study to be repeated, a more substantial dose of NO3
- in the range of 

12-16 mmol could be compared to the “high-dose” of 8 mmol utilized in our investigation to 

further explore the dose-dependency of NO3
- supplementation, as these dosage ranges have now 

been well documented in the literature on aerobic exercise yet remain to be explored under the 

conditions utilized in the present study.  It would be of interest to determine whether or not a 

larger dose of NO3
- would have a greater impact on the measured parameters, particularly the 

peak EMG amplitudes and the number of repetitions performed before reaching failure in the 

final set of the dynamic exercise protocol.  While the results in these areas were not significant in 

the present study, there did appear to be a small impact with higher NO3
- consumption and 

therefore, it could be theorized that a larger dose may elicit the improvements that were 

originally hypothesized.  Going beyond BMI stratification, it would also be useful to determine 

subcutaneous tissue thickness by means of ultrasound or at least skin fold measurements, for 
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future work with EMG amplitudes to help further minimize the variability associated with EMG 

measurements between individuals. 

Future studies, particularly on neuromuscular fatigue and anaerobic exercise, should 

focus on consistent dosing and delivery of NO3
-; exploration of higher NO3

- dosages similar to 

the high-end seen in the literature on aerobic performance; use of proven testing modalities, 

especially those that transfer well to real-world athletic performance or training; and ensuring 

homogeneity within test subjects which could be argued was a limitation of the current study in 

terms of participant size. 
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APPENDICES 

Appendix A.  Mean dietary intake of participants for energy (kcal), protein (g), carbohydrate (g) 

and fat (g) from 3-day food records by treatment.  
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Appendix B.  Electromyography output from maximum voluntary contractions in Volts. 
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Appendix C.  Formula and calculation for post-hoc power analysis and sample size 

determination. 
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Appendix D.  Consent form used to obtain consent from participants. 

 

                                                                                                                                                         

 

Consent Form 
Title:  Evaluation of Various Doses of Beetroot Juice on Anaerobic Performance 

 

Investigators: Semone Myrie, RD, PhD and Mark Pinder, MSc Candidate (997-4402 

umpinder@myumanitoba.ca) 

 

This consent form, a copy of which will be left with you for your records and reference, is only 

part of the process of informed consent. It should give you the basic idea of what the research is 

about and what your participation will involve. If you would like more detail about something 

mentioned here, or information not included here, you should feel free to ask. Please take the 

time to read this carefully and to understand any accompanying information. 

 

This study is being conducted by Mark Pinder, a Masters student in the Department of Human 

Nutritional Sciences as part of his thesis, under the supervision of Dr. Semone Myrie, RD, PhD 

(474-7290). 

 

Purpose of the Study  

The purpose of this study is to examine the effect of varying nitrate doses of beetroot juice 

supplementation on dynamic, multi-joint resistance exercise performance in active, trained 

individuals. Performance will be assessed based on parameters including neuromuscular 

efficiency, anaerobic performance capability, oxygen consumption, plasma nitrate/nitrite levels, 

specific muscle tissue biomarkers including lactate, and anthropometric measurements of select 

muscle groups. 

 

Study Procedures   

Prior to beginning the study, you will be required to complete a screening questionnaire to let us 

know if you are in good health and fit to participate in the study. The screening questionnaire will 

ask questions about your general health, medical history, use of supplements and current level of 

physical activity, to determine whether you are eligible to participate.  

Any change in your health status at any point during the study needs to be reported to the study 

investigators.   

 

 

Human Nutritional Sciences 
 

Semone Myrie, RD, PhD 

565W Duff Roblin Building 

Winnipeg, Manitoba 

Canada R3T 2N2 

 

Telephone (204) 474-7290 

Fax (204) 474-7592 

myrie@cc.umanitoba.ca 
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During the course of the study you will be asked to refrain from chewing gum or using anti-

bacterial mouthwash as these are known to reduce to effectiveness of the supplements.  Should 

you choose to participate, you will be asked to complete 4 testing sessions throughout the study 

over the course of approximately 5 weeks. Each session will require approximately 1 hour of your 

time. 

 

The study will consist of 4 testing sessions: pre-trial familiarization session (no supplement), and 

on day 7 of each of the 3 treatment periods.  Following the non-supplemented familiarization 

session, you will receive one of either 500 ml of beetroot juice supplement with moderate dose 

of active ingredient (i.e., nitrate), or 500 ml of beetroot juice with higher dose of active 

ingredient, or a placebo to consume daily for the next 7 days.  The treatments will be provided in 

sealed, opaque containers along with storage instructions.  On days 1 through 6 you will 

consume the 500 ml treatments in 3 equal doses throughout the day.  On the day of your 

supplemented performance tests (i.e. the 7th day in each treatment period) you will consume the 

beverage in its entirety about 2.5 hours prior to the test.  The study coordinator will review this in 

detail with you. You will be instructed to maintain your normal dietary and training habits over 

the course of the study with the exception of certain foods rich in the active ingredient of interest 

(nitrate) from which you will be asked to abstain from consuming for the 48 hours period prior to 

each performance test. We will ask you to wear a heart rate monitor during your training 

sessions. This is optional; you do not have to wear the monitor.  

This study is a crossover design, which means you are randomly assigned one of the treatment 

dosage levels or the placebo upon your enrollment in the study.  You will receive both treatments 

and the placebo in random order and you will not be aware of this order until the study is 

complete. You do not get to choose which group you are in; the treatments are randomly 

assigned by the principal investigator using a randomization program.  

Throughout the study treatment periods (pre-trial, phase1, phase2, and phase 3) you will be 

asked to provide a urine sample on the morning of each testing day to measure hydration status 

by means of a urine specific gravity test. We will also store the urine sample for analysis of 

nitrate/nitrite and other metabolites related to nitrate metabolism. The urine sample 

(approximately 25 ml) will be collected from your first urination upon waking in a sealed 

container that will be provided to you.   

You will be asked to document your food and fluid, and physical activity throughout the study 

treatment periods (pre-trial, phase1, phase 2, and phase 3).  

 

Testing sessions will be performed as dynamic box squats on a standard Smith machine conducted 

at the Active Living Centre, Fort Garry Campus, University of Manitoba.  The exercise protocol 

will use a pyramid sequence with an initial load of 60% 1RM and increasing by 10% per set to 

90%, before descending back to 60% in 10% increments.  1RM and maximum repetitions at each 

%RM load will be determined during familiarization visit.  During the final 60% load set, 

participants will perform repetitions to failure.  

 

Wireless EMG sensors will be placed on the quadriceps muscle to collect signals from the vastus 

lateralis to record both maximum EMG amplitude, representing maximal motor unit firing, and 

peak EMG amplitude during maximum voluntary contractions (MVC).  Following electrode 

placement, participants will perform 3 3-second isometric box squats MVCs prior to the dynamic 

exercise testing as well as between each set of dynamic exercise.   
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Prior to consuming any treatment on day 1 of each phase and 5 minutes following the 

familiarization (pre-trial) test and all subsequent performance tests, you will be asked to provide 

a blood sample. Approximately 25 ml will be taken on each blood draw. Blood will be used to 

measure nitrate/nitrite levels and other biochemical markers including lactate.  

 

Each blood test will take approximately 5 minutes. The total amount of blood drawn throughout 

the study will be approximately 175 ml.  

 

Before the performance tests in all phases, we would like to measure your height, weight and 

resting blood pressure. We would also like to perform a bioelectrical impedance analysis (BIA) 

to measure your fat free mass, fat mass and total body water. A BIA test consists of attaching a 

small surface electrode to the hand and foot on one side of the body and passing a small current 

between them. You will be required to remove all metal from your person prior to this test. The 

resistance to the current provides the information to calculate the body composition 

measurements. 

 

Responsibilities of Volunteers 

Volunteers will be asked to follow the study procedures including abstain from chewing gum or 

using anti-bacterial mouthwash throughout the course of the study as these are known to reduce 

the effectiveness of the supplements being tested. A list of nitrate-rich foods to abstain from for 

48 hours prior to performance testing will be provided to all participants. 

 

Blood Tests, BIA, and Performance Testing  

Subjects should arrive 10 minutes prior to their scheduled assessment time. Prior to testing the 

subject should follow the pre-assessment instructions in order to maximize the accuracy of the 

testing procedures.  

• Have filled out all necessary forms (Informed Consent/ Medical Background 

Questionnaire, Food Record) 

• Have NOT trained for a minimum of 24 hours prior to assessment 

• Have NOT performed any lower body specific training for 72 hours prior to the 

assessment 

• Remove all metallic objects including zippers (as metal may affect bone density values, 

thus, affecting body composition values) 

• Have consumed the designated supplement treatment as instructed 2.5 hours prior to the 

performance test. 

• Be reasonably hydrated 

• Wear comfortable clothing suitable for the box squat test to be performed 

 

Risks and Discomforts   

The beetroot supplements and the active ingredients contained within them are all natural and 

have been shown to be safe for human consumption in numerous clinical trials. A known side-

effect is a pink discoloration of urine and feces caused by the pigments found in the beetroot.  

This is normal and poses no health risk.  Beet juice is a known laxative and diuretic, and can 

sometimes lead to intestinal upset.  Beet juice in sufficient quantities has also been shown to 

lower blood pressure, and as a consequence, may lead to weakness and dizziness.  
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The performance tests are strenuous but are considered safe for healthy individuals. The risks 

associated with the dynamic exercise performance test are fatigue, shortness of breath and minor 

muscle and joint pain. Although designed to be strenuous, the test is safe for individuals in good 

health. If you should feel fatigue or dizziness at any time you can request to stop the test. 

Blood sampling may have some rare risks, like placing a needle into a vein which may contribute 

to infection, perforation or penetration of the needle through the vein, and bleeding, pain, or 

bruising at the site. As part of the process for blood sampling, to help minimize risks for 

infection the phlebotomist will start by performing his/her hand hygiene (wash with soap and 

water) and wearing clean gloves before collecting blood from any participant. Next, the 

phlebotomist will disinfect the site on the participant that will be used for blood collection using 

70% isopropyl alcohol swab. After blood is drawn and the needle removed from the vein, and 

upon completion of the finger prick test, the phlebotomist will apply gentle pressure to the 

puncture site using clean gauge or cotton ball to stop bleeding, and a bandage is applied. 

Infection risk is also minimized by the use of prepackaged sterilized equipment, and all needles 

are disposed after a single use. 

There are no known risks associated with the blood pressure measurement, the BIA assessment 

or the heart rate monitor. 

 

Benefits  

You may not directly benefit from participation in this research; however, this study should 

contribute to a better understanding of the effects of nitrate rich beetroot supplements and the 

optimal dose for enhancing athletic performance. You will also receive free supplements, free 

performance testing, free body composition testing, and access to your test results when they 

become available. You may receive your test results at your preference in either electronic 

format or as a hard copy available from the study coordinator.  

 

Confidentiality 

Medical / research records that contain your identity will be treated as confidential in accordance 

with the Personal Health Information Act of Manitoba. All records will be kept in a locked 

secure area and only those persons identified as requiring access to your records will have 

opportunity to review or copy your medical / research records. Information gathered in this 

research study may be published or presented in public forums; however your name and other 

identifying information will not be used or revealed.  Personal information such as your name, 

address, telephone number and/or any other identifying information will be protected. If the 

results of the study are published, your identity will remain confidential.  No information 

revealing any personal information such as your name, address or telephone number will be 

made publicly available. All questionnaires will be kept in a locked cabinet.  Study biological 

samples will be stored in freezers at the Richardson Center for Functional Foods and 

Nutraceutical (RCFFN), University of Manitoba or Duff Roblin Building, University of 

Manitoba.  Only the study coordinators and the principal investigator will have access to the 

samples and questionnaires. Your samples will not be used for any additional analyses, nor 

stored for beyond 01/20, nor shared with any other group, other than is indicated in the protocol, 

without your specific consent. 

Personal information such as your name, address, telephone number and/or any other identifying 

information will be protected. No information revealing any personal information such as your 
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name, address, telephone number will be made publicly available. Your participation in the study 

is confidential.  

 

Remuneration and Feedback 

No remuneration will be provided for participation in this study. Feedback about the research 

results will be provided to participants as an electronic document or a paper copy through regular 

mail.  

All clinic and professional fees, diagnostic and laboratory tests that will be performed as part of 

this study are provided at no cost to you. There will be no cost for the study treatment that you 

will receive. 

 

Personal data of participants will be deleted within 3 months of the end of the study. The 

anonymous data will be kept longer, but not beyond 01/20.  Access to information on the 

questionnaire and blood samples will be limited strictly to the researchers named above. All data 

will be shredded/destroyed after the time has expired. 

 

Voluntary Participation/Withdrawal from the Study 

Your decision to take part in this study is voluntary.  Your signature on this form indicates that you have understood to your satisfaction the 

information regarding participation in the research project and agree to serve as a participant. In 

no way does this waive your legal rights nor release the researchers, sponsors, or involved 

institutions from their legal and professional responsibilities. You may refuse to participate or 

you may withdraw from the study at any time. Your decision to take part in this study is 

voluntary. 

 

Your participation in this study may be terminated without your consent by the study coordinators, 

physician or principal investigator.  The study staff will withdraw you if he/she feels that 

participation is no longer in your best interest, or if you fail to follow the directions of the study 

staff. If you decide to participate, you will agree to cooperate fully with the study visit schedule, 

and will follow the study staff’s instructions. We will tell you about new information that may 

affect your health, welfare, or willingness to stay in this study. 

 

Should you wish to withdraw your participation from the study, you must inform the study 

coordinators so that your file can be officially close. 

 

The University of Manitoba may look at the research records to see that the research is being 

done in a safe and proper way.  

 

Feel free to ask for clarification or new information throughout your participation by contacting 

the principal researcher: Semone Myrie, RD, PhD, myrie@cc.umanitoba.ca or 204-474-7290. 

 

This research has been approved by the Joint-Faculty Research Ethics Board at the University of 

Manitoba. If you have any concerns or complaints about this project you may contact any of the 

above-named persons or the Human Ethics Coordinator 474-7122, or e-mail 

humanethics@umanitoba.ca.   A copy of this consent form has been given to you to keep for 

your records and reference. 

 

mailto:myrie@cc.umanitoba.ca
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Dissemination 

The results of the study will be written up in Mark Pinder’s master’s thesis and may be published 

in recognized scientific journals and presented to public groups such as at scientific meetings and 

seminars.  Additionally, study participants will receive their individual results along with the 

mean value obtained from the whole study population and a summary of findings. However, 

participants will not be able to have access to the individual results of other study participants. 

Please indicate below how you would like to receive your results and a summary of the study 

findings:  

Email:        

Ground mail (provide mailing address):         

 

 

Medical Care for Injury Related to the Study 

In the event of an injury that occurs to you as a direct result of participating in this study, or 

undergoing study procedures you should immediately go to your nearest emergency room to 

receive necessary medical treatment. You are not waiving any of your legal rights by signing this 

consent form nor releasing the investigator or the sponsor from their legal and professional 

responsibilities. 

 

I am aware that there are risks associated with placing a needle into a vein for blood sampling, 

including risk of bleeding, pain or bruising at the site, and possible infection.  

Yes          No  

 

 

 

________________________________________________________________ 

Participant’s Signature                                                  Date 

 

 

________________________________________________________________ 

Researcher and/or Delegate’s Signature                         Date 

 

 


