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Figure 2a. Forest plot of the impact of nitrate supplementation on exercise tolerance in
untrained subjects.
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Figure 2b. Forest plot of the impact of nitrate supplementation on exercise tolerance in
trained subjects.
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Exercise Tolerance in Hypoxia

The analysis on exercise tolerance in hypoxia compromised 34 subjects and three
ES, nested within three studies. Analysis using TTE and GXT as the outcome variables
revealed a small but insignificant effect of nitrate supplementation on exercise tolerance
in hypoxia compared to placebo ES 0.29 (95% CI: -0.19 — 0.77; P =0.23).
Exercise Performance

The analysis on exercise performance compromised 153 subjects and 16 ES,
nested within 11 studies. Analysis using TT as the outcome variable revealed no
significant impact of nitrate supplementation on exercise performance ES -0.05 (95% CI:
-0.28 — 0.17; P =0.64) (see Fig. 3). Subgroup analysis on trained subjects revealed no
significant effect ES -0.04 (95% CI: -0.28 — 0.20; P = 0.8) (see Fig. 3a) and a small,
insignificant effect ES -0.21 (95% CI: -0.93 — 0.51; P = 0.6) in untrained subjects (see
Fig. 3b). No significant effect was found following the subgroup analyses by
supplementation dose or duration. The effect size for larger dose was ES 0.03 (95% CI: -
0.27 — 0.34; P = 0.84) while the effect size for the smaller dose was ES -0.16 (95% CI: -
0.50 — 0.18; P =0.35). A longer supplementation duration had an effect size of ES -0.16
(95% CI: -0.59 — 0.28; P = 0.48) while a shorter duration showed an ES -0.02 (95% CI: -

0.28 - 0.25; P=0.9).
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Figure 3. Forest plot of the impact of nitrate supplementation on exercise performance.
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Figure 3b. Forest plot of the impact of nitrate supplementation on exercise performance
in untrained subjects.
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Exercise Performance in Hypoxia

The analysis on exercise performance in hypoxia compromised 42 subjects and
four ES, nested within four studies. Analysis using TT as the outcome variable revealed
no significant impact of nitrate supplementation on exercise performance in hypoxia
compared to placebo ES -0.12 (95% CI: -0.56 — 0.31; P = 0.58).
Heterogeneity and Inconsistency

No significant heterogeneity or inconsistency was observed for exercise tolerance

[Q 3.39 (P = 1.00), I? 0.00%] or exercise performance [Q 8.22 (P =0.91), I? 0.00%].

DISCUSSION

The primary purpose of this study was to systematically review the current
literature and evaluate the overall efficacy of nitrate supplementation on exercise
tolerance and performance by meta-analysis. The pooled analysis for the effect of nitrate
supplementation on exercise tolerance using TTE and GXT protocols showed a small,
significant ES compared to placebo. However, there was no significant effect of nitrate
supplementation on exercise performance using TT protocols.

Hoon et al. analyzed 17 studies investigating the effect of nitrate on exercise
performance in 2012. (19) Several trials on the effects of nitrate supplementation on
exercise tolerance and performance have since been conducted warranting an updated
systematic review and meta-analysis. Moreover, sub-analyses of factors likely to
influence the efficacy of nitrate supplementation (i.e. training status) were not performed.
There were also instances where Hoon et al. may have utilized SE in the calculation of

ES rather than SD in a few of the studies.
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Constant or graded work-rate tests continued to the point of exhaustion were the
primary modality used to assess exercise tolerance. The demands of these tests are not
always applicable to competitive sports which generally require athletes to complete a
specific distance as quick as possible. However, the increased TTE demonstrated by
Bailey et al. 2009 of 15% may translate to a meaningful 1.0% improvement in TT
performance. (6, 20) Therefore, this potential improvement in TT performance may go
undetected which may explain why the current meta-analysis found no significant benefit
of nitrate supplementation relative to placebo on exercise performance.

Athlete Training Status

A secondary purpose of this meta-analysis was to determine if the ES of nitrate
supplementation on exercise tolerance and performance was modified by athlete training
status. Results from our subgroup analysis suggested that training status may influence
the effectiveness of nitrate supplementation on exercise tolerance and performance. Of
the 20 ES compromising the exercise tolerance analysis, only three were classified as
trained while the remaining 17 were considered untrained. In contrast, of the 16 ES
comprising the exercise performance analysis, only two were classified as untrained
while the remaining 14 were considered trained.

The lack of effect in trained athletes may be due to the fact that under hypoxic and
ischemic conditions, the reduction of nitrate to NO is enhanced. To this effect, training
increases muscle capillarity which preserves muscle oxygenation and upregulates NOS
activity under most conditions resulting in a decreased reliance on the nitrate - nitrite -

NO pathway. (1) Another possibility is that well-trained endurance athletes are largely
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adapted to their specialist discipline. This might limit the potential ergogenic effects of
supplemental nitrate on mitochondrial efficiency or skeletal muscle contractility.

Finally, because training enhances the production of NO via the NOS pathway,
well-trained individuals have higher baseline levels of nitrite than untrained individuals.
(28) On this note, Poveda et al. found that plasma nitrite was 158% higher in endurance
athletes compared to untrained control subjects (4.9 vs 1.9 uM, respectively) (35). It
would also be expected that athletes consume a varied diet — including nitrate-rich
vegetables — to meet caloric needs. Collectively, this means that increased endogenous
production of nitrite and dietary consumption of nitrate-rich foodstuffs would leave
additional nitrate through supplementation of little benefit.

Indeed, Porcelli et al., evaluated the effects of nitrate supplementation on running
performance in subjects with varying levels of aerobic fitness. (34) Subjects were divided
into three groups based on their VO2peak: low aerobic fitness, VO2peak range, 28.2-44.1
mL/kg/min; moderate aerobic fitness, VO2peak range, 45.5-57.1 mL/kg/min; and high
aerobic fitness, VO2peak range, 63.9-81.7 mL/kg/min. Following six days of nitrate
supplementation (5.5 mmol), low and moderate aerobically trained subjects completed a
3-km TT 1%-4% faster, where no improvement was found in high aerobically trained
subjects compared to placebo.

Nitrate Supplementation Dose

Because trained athletes have higher baseline plasma nitrite and nitrate levels, it
has been suggested that a larger dose would be needed to elicit ergogenic effects. (21)
Wylie et al., investigated the dose-response relationship between nitrate supplementation

and the physiological effects associated with exercise. (44) Utilizing three different
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nitrate doses, they found that plasma nitrate and nitrite increased in a dose dependent
manor up to 16.8 mmol of nitrate. It was found that 8.4 and 16.8 mmol, but not 4.2 mmol
of nitrate, administered 2.5 h pre-test increased TTE by 14% and 12% respectively during
severe-intensity exercise. These results suggest no benefit of a small (4.2 mmol) or no
further benefit with a larger (16.8 mmol) dose, at least in recreationally active men.
Similarly, in a study using well-trained rowers, Hoon et al. found that a high dose (8.4
mmol) resulted in a probable improvement in 2000-m rowing performance but not a
smaller (4.2 mmol) dose. (18) Subgroup analysis by dose of our meta-analysis suggested
similar findings showing that a larger nitrate dose had a significant effect on exercise
tolerance ES 0.28 (95% CI: 0.04 — 0.52; P = 0.02) but not a smaller dose ES 0.27 (95%
CI: -0.01 — 0.57; P = 0.06) despite similar ES. However, subgroup analysis on the
determinants of nitrate dose on exercise performance found no significant differences
between a smaller or larger dose.
Nitrate Supplementation Duration

The bioavailability of nitrate from beetroot is around 100% and plasma
concentrations of nitrate peak around one to two hours (7maxof 1.7 + 0.5 h) with a plasma
half-life of ~6 h (72 of 6.1 + 0.9 h) demonstrating the acute effects of nitrate
supplementation. (41) However, it is suggested that longer durations of exposure to
nitrate supplementation may favorably modify intracellular calcium handling and
enhance mitochondrial protein expression. (25) Vanhatalo 2010 et al. looked at the
effects of acute and prolonged beetroot juice supplementation (up to 15 days) containing
4.84 mmol of nitrate per day. (39) When compared with placebo, ramp test performance

remained unchanged 2.5 h and five days post nitrate supplementation, but there was a
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significant increase in peak power output at the gas exchange threshold (GET) after 15
days of beetroot supplementation. However, it is unknown whether longer-term (<15
days) nitrate supplementation may increase (or attenuate) the physiological benefits
compared to short-term (<3 days). Studies included in the present meta-analysis used
acute (2-3 h pre-test), short-term (3 days) and longer-term (up to 15 days) nitrate duration
supplementation. Subgroup analysis of nitrate supplementation duration showed little
difference between longer duration (>3 days) compared to shorter duration (<3 days) in
exercise tolerance. Similarly, no significant differences in exercise performance were
found with longer duration compared to shorter duration nitrate supplementation.
Simulated Altitude and Hypoxia

When sea-level residents are exposed to acute environmental hypoxic conditions,
pulmonary NO significantly decreases suggesting a maladaptive response. (12)
Theoretically, increasing blood flow to improve oxygen delivery could offset the low
supply of oxygen in the air. To this effect, it has been suggested that supplementing with
inorganic nitrate may exert ergogenic effects in hypoxic conditions. At high altitude, the
l-arginine pathway is unable to optimally generate NO, making the nitrate - nitrite - NO
pathway important. (4) This pathway can facilitate NO production through an increase in
generation and reduction of nitrate and nitrite via deoxyhemoglobin and
deoxymyoglobin; (36) both of which are more available when blood oxygen saturation is
decreased. However, while several studies favored nitrate over placebo, pooled analysis
showed no significant benefit on exercise tolerance or performance under hypoxic
conditions — most likely due to the wide confidence intervals. Similar to normoxic

conditions, individual training status appears to influence the effectiveness of nitrate
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supplementation on exercise tolerance and performance. Vanhatalo et al., 2011 was
among the first to report that nitrate supplementation has the potential to negate the
ergolytic effects of exercise tolerance in a hypoxic environment compared to the same
exercise in normoxia. (40) More specifically, the recreationally active subjects increased
TTE during high-intensity knee extensor exercise by 21% with nitrate supplementation.
Masschelein et al. 2012 reported that under hypoxic conditions (stimulated 5,000 m
altitude) TTE during a cycle incremental test was decreased by 36%. (27) Following
nitrate supplementation this ergolytic effect was eliminated by 5% compared to placebo.
In regards to the effects of nitrate supplementation on exercise performance in hypoxia,
the majority of studies (2, 10, 26) suggest no benefit with one study showing improved
performance. (30) Nonetheless, using nitrate prior to high-intensity training or events
may represent an effective strategy to at least offset some of the deleterious effects of a
hypoxic environment on exercise performance.

Limitations

In certain analyses, only three to four studies were used to determine ES.
Theoretically, only two studies are needed to conduct a meta-analysis. With that said
however, this low number of observations may lead to inaccurate estimates in which
careful interpretation of the results is warranted.

Furthermore, although no significant heterogeneity was detected in the studies
included for the meta-analysis, there were considerable differences in study design. Some
studies asked subjects to refrain from consuming nitrate-rich foods throughout the
duration of the study; whereas other studies did not restrict the consumption of nitrate-

rich foods to subjects. On this note, it is possible that restricting habitual dietary intake of
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nitrate-rich foods lowers baseline plasma nitrite thereby augmenting the effects observed
when nitrate is then supplemented.

For example, individuals following a vegetarian or vegan dietary pattern have low
levels of intramuscular creatine as they don’t consume striated tissue foods; the primary
dietary source of creatine for humans. But with creatine supplementation, the ergogenic
effects of creatine on sports performance are more pronounced in these individuals. (13)
Conversely, those who consume high amounts of meat products may already have high
levels of intramuscular creatine and therefore may not respond as greatly to
supplementation. Furthermore, differences in exercise mode, duration and intensity in
addition to individual subject training status made it challenging to interpret the results
and devise practical recommendations.

This meta-analysis shows that nitrate supplementation increases tolerance and
efficiency to high-intensity constant and maximal incremental exercise, which may
increase exercise performance. Doses ranging from 5 to 9 mmol of nitrate seem to be the
most effective and can be taken as either a single bolus or as multiple doses (up to 15
days). This amount (5-9 mmol) can easily be met through a normal diet consisting of
vegetables, with beetroot, spinach and rocket (rogula) representing the richest sources of
dietary nitrate. And while, nitrate salts (NaNO3;™ and KNO3") are equally effective in
elevating plasma nitrite and nitrate levels, natural sources should remain the primary
vessel for those looking to explore the physiological effects of nitrate associated with
exercise. It would also be important to consider the type of athlete performing the
exercise, the duration, intensity and mode of the exercise performed as these factors are

likely to influence the efficacy of nitrate supplementation.



10.

11.

12.

13.

26

LITERATURE CITED

. Anderson P and Henriksson J. Capillary supply of the quadriceps femoris muscle

of man: adaptive response to exercise. J Physiol 270: 677-90, 1997.

Arnold JT, Oliver SJ, Lewis-Jones TM, Wylie LJ, and Macdonald JH. Beetroot
juice does not enhance altitude running performance in well-trained athletes. App!
Physiol Nutr Metab 40: 590-5, 2015.

Aucouturier J, Boissiere J, Pawlak-Chaouch M, Cuvelier G, and Gamelin FX.
Effect of dietary nitrate supplementation on tolerance to supramaximal intensity
intermittent exercise. Nitric Oxide 49: 16-25, 2015.

Bailey SJ, Fulford J, Vanhatalo A, Winyard PG, Blackwell JR, DiMenna FJ,
Wilkerson DP, Benjamin N, and Jones AM. Dietary nitrate supplementation
enhances muscle contractile efficiency during knee-extensor exercise in humans.
J Appl Physiol 109: 135-48, 2010.

Bailey SJ Varnham RL, DiMenna FJ, Breese BC, Wylie LJ, and Jones AM.
Inorganic nitrate supplementation improves muscle oxygenation, O2 uptake
kinetics, and exercise tolerance at high but not low pedal rates. J Appl Physiol
118: 1396-405, 2015.

Bailey SJ, Winyard P, Vanhatalo A, Blackwell JR, Dimenna FJ, Wilkerson DP,
Tarr J, Benjamin N, and Jones AM. Dietary nitrate supplementation reduces the
02 cost of low-intensity exercise and enhances tolerance to high-intensity
exercise in humans. J Appl Physiol 107: 1144-55, 20009.

Bescos R, Ferrer-Roca V, Galilea PA, Roig A, Drobnic F, Sureda A, Martorell M,
Cordova A, Tur JA, and Pons A. Sodium nitrate supplementation does not
enhance performance of endurance athletes. Med Sci Sports Exerc 44: 2400-9,
2012.

Bescos R, Rodriguez FA, Iglesias X, Ferrer MD, Iborra E, and Pons A. Acute
administration of inorganic nitrate reduces VO(2peak) in endurance athletes. Med
Sci Sports Exerc 43: 1979-86, 2011.

Boorsma RK, Whitfield J, and Spriet LL. Beetroot juice supplementation does not
improve performance in 1500-m runners. Med Sci Sport Exerc 46: 2326-34, 2014.
Bourdillon N, Fan JL, Uva B, Muller H, Meyer P, and Kayser B. Effect of oral
nitrate supplementation on pulmonary hemodynamics during exercise and time
trial performance in normoxia and hypoxia: a randomized controlled trial. Front
Physiol 6: 288, 2015.

Breese BC, McNarry MA, Marwood S, Blackwell JR, Bailey SJ, and Jones AM.
Beetroot juice supplementation speeds O2 uptake kinetics and improves exercise
tolerance during severe-intensity exercise initiated from an elevated metabolic
rate. Am J Physiol Regul Integr Comp Physiol 305: R1441-50, 2013.

Brown DE, Beall CM, Strohl KP, and Mills PB. Exhaled nitric oxide decreases
upon acute exposure to high-altitude hypoxia. Am J Hum Biol 18: 192-202, 2006.
Burke DG, Chilibeck PD, Parise G, Candow DG, Mahoney D, and Tarnopolsky
M. Effect of creatine and weight training on muscle creatine and performance in
vegetarians. Med Sci Sports Exerc 35: 1946-55, 2003.



14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

27

Cermak NW, Gibala MJ, and van Loon LJ. Nitrate supplementation’s
improvement of 10-km time-trial performance in trained cyclists. Int J Sport Nutr
Exerc Metab 22: 64-71, 2012.

Cermak NW, Res P, Stinkens R, Lundberg JO, Gibala MJ, and van Loon LJ. No
improvement in endurance performance after a single dose of beetroot juice. Int J
Sport Nutr Exerc Metab 22: 470-8, 2012.

Christensen PM, Nyberg M, and Bangsbo J. Influence of nitrate supplementation
on VO2 kinetics and endurance of elite cyclists. Scand J Med Sci Sports 23: €21-
31, 2013.

Hedges LV and Olkin I. Statistical methods for meta-analysis. Academic Press.
Hoon MW, Jones AM, Johnson NA, Blackwell JR, Broad EM, Lundy B, Rice AJ,
and Burke LM. The effect of variable doses of inorganic nitrate-rich beetroot
juice on simulated 2,000-m rowing performance in trained athletes. Int J Sports
Physiol Perform 9: 615-20, 2014.

Hoon MW, Johnson NA, Chapman PG, and Burke LM. The effect of nitrate
supplementation on exercise performance in healthy individuals: a systematic
review and meta-analysis. Int J Sport Nutr Exerc Metab 23: 522-32,2013.
Hopkins WG, Hawley JA, and Burke LM. Design and analysis of research on
sport performance enhancement. Med Sci Sports Exerc 31: 472-85, 1999.

Jones AM. Influence of dietary nitrate on the physiological determinants of
exercise performance: a critical review. Appl Physiol Nutr Metab 39 :1019-28,
2014.

Lansley KE, Winyard PG, Bailey SJ, Vanhatalo A, Wilkerson DP, Blackwell JR,
Gilchrist M, Benjamin N, and Jones AM. Acute dietary nitrate supplementation
improves cycling time trial performance. Med Sci Sports Exerc 43: 1125-31,
2011.

Larsen FJ, Schiffer TA, Borniquel S, Sahlin K, Ekblom B, Lundberg JO, and
Weitzberg E. Dietary inorganic nitrate improves mitochondrial efficiency in
humans. Cell Metab 13: 149-59, 2011.

Lansley KE, Winyard PG, Fulford J, Vanhatalo A, Bailey SJ, Blackwell JR,
DiMenna FJ, Gilchrist M, Benjamin N, and Jones AM. Dietary nitrate
supplementation reduces the O cost of walking and running: a placebo-controlled
study. J Apply Physiol 110: 591-600, 2010.

Larsen FJ, Weitzberg E, Lundberg JO, and Ekblom B. Dietary nitrate reduces
maximal oxygen consumption while maintaining work performance in maximal
exercise. Free Radic Biol Med 48: 342-7, 2010.

MacLeod KE, Nugent SF, Barr SI, Koehle MS, Sporer BC, and Maclnnis MJ.
Acute Beetroot Juice Supplementation Does Not Improve Cycling Performance in
Normoxia or Moderate Hypoxia. Int J Sport Nutr Exerc Metab 25: 359-66, 2015.
Masschelein E, Van Thienen R, Wang X, Van Schepdael A, Thomis M, and
Hespel P. Dietary nitrate improves muscle but not cerebral oxygenation status
during exercise in hypoxia. J Appl Physiol 113: 736-45, 2012.

McConell GK, Bradley SJ, Stephens TJ, Canny BJ, Kingwell BA, and Lee-Young
RS. Skeletal muscle NOS protein content is increased by exercise training in
humans. Am J Physiol Regul Integr Comp Physiol 293: R821-8, 2007.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

28

Moher D, Liberati A, Tetzlaff J, Altman DG, and PRISMA Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA statement.
Ann Intern Med 151: 264-9, 2009.

Muggeridge DJ, Howe CC, Spendiff O, Pedlar C, James PE, and Easton C. A
single dose of beetroot juice enhances cycling performance in simulated altitude.
Med Sci Sports Exerc 46: 143-50, 2014.

Murphy M, Eliot K, Heuertz RM, and Weiss E. Whole beetroot consumption
acutely improves running performance. J Acad Nutr Diet 112: 548-52, 2012.
Peacock O, Tjonna AE, James P, Wisloff U, Welde B, Bohlke N, Smith A, Stokes
K, Cook C, and Sandbakk O. Dietary Nitrate does not enhance running
performance in elite country-cross skiers. Med Sci Sports Exerc 44: 2313-9, 2012.
Peeling P, Cox GR, Bullock N, and Burke LM. Beetroot Juice Improves On-
Water 500 M Time-Trial Performance, and Laboratory-Based Paddling Economy
in National and International-Level Kayak Athletes. Int J Sport Nutr Exerc Metab
25:278-84, 2015.

Porcelli S, Ramaglia M, Bellistri G, Pavei G, Pugliese L, Montorsi M, Rasica L,
and Marzorati M. Aerobic Fitness Affects the Exercise Performance Responses to
Nitrate Supplementation. Med Sci Sports Exerc 47: 1643-51, 2015.

Poveda JJ, Riestra A, Salas E, Cagigas ML, Lopez-Somoza C, Amado JA, and
Berrazueta JR. Contribution of nitric oxide to exercise-induced changes in healthy
volunteers: effects of acute exercise and long-term physical training. Eur J Clin
Invest 27: 967-71, 1997

Stamler JS and Meissner G. Physiology of nitric oxide in skeletal muscle. Physiol
Rev 81: 209-237, 2001.

Thompson KG, Turner L, Prichard J, Dodd F, Kennedy DO, Haskell C, Blackwell
JR, and Jones AM. Influence of dietary nitrate supplementation on physiological
and cognitive responses to incremental cycle exercise. Respir Physiol Neurobiol
193: 11-20, 2014.

Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh ST, Jeukendrup
AE, Vanhatalo A, and Jones AM. Dietary nitrate improves sprint performance and
cognitive function during prolonged intermittent exercise. Eur J Appl Physiol
115: 1825-34, 2015.

Vanhatalo A, Bailey SJ, Blackwell JR, DiMenna FJ, Pavey TG, Wilkerson DP,
Benjamin N, Winyard PG, and Jones AM. Acute and chronic effects of dietary
nitrate supplementation on blood pressure and the physiological responses to
moderate-intensity and incremental exercise. Am J Physiol Regul Integr Comp
Physiol, 299: R1121-31, 2010.

Vanhatalo A, Fulford J, Bailey SJ, Blackwell JR, Winyard PG, and Jones AM.
Dietary nitrate reduces muscle metabolic perturbation and improves exercise
tolerance in hypoxia. J Physiol 589: 5517-28, 2011.

van Velzen AG, Sips AJ, Schothorst RC, Lambers AC, and Meulenbelt J. The
oral bioavailability of nitrate from nitrate-rich vegetables in humans. Toxicol Lett
181: 177-81, 2008.

Wilkerson DP, Hayward GM, Bailey SJ, Vanhatalo A, Blackwell JR, and Jones
AM. Influence of acute dietary nitrate supplementation on 50 mile time trial
performance in well-trained cyclists. Eur J Appl Physiol 112: 4127-34, 2012.



29

43. Willoughby DS, Boucher T, Reid J, Skelton G, and Clark M. Effects of 7 days of
arginine-alpha-ketogluterate supplementation on blood flow, plasma, L-arginine,
nitric oxide metabolites, and asymmetric dimethyl arginine after resistance
exercise. Int J Sport Nutr Exerc Metab 21: 291-9, 2011.

44. Wylie LJ, Kelly J, Bailey SJ, Blackwell JR, Skiba PF, Winyard PG, Jeukendrup
AE, Vanhatalo A, and Jones AM. Beetroot juice and exercise: pharmacodynamics
and dose-dependent relationships. J App! Physiol 115: 325-36, 2013.

45. Wylie LJ, Mohr M, Krustrup P, Jackman SR, Ermidis G, Kelly J, Black MI,
Bailey SJ, Vanhatalo A, and Jones AM. Dietary nitrate supplementation improves
team sport-specific intense intermittent exercise performance. Eur J Appl Physiol
113: 1673-84, 2013.

ACKNOWLEDGMENTS

The authors declare no conflict of interest. Authorship Acknowledgements: The study was
designed by GV and MV; data were collected and analyzed by GV and MV; data
interpretation and manuscript preparation were undertaken by GV and MV. Both authors

approve the final version of the paper.



