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Abstract �	�

Dietary nitrate (NO3
-) supplementation via beetroot juice (BR) is known to �
�

improve endurance performance in untrained and moderately trained individuals. ���

However, conflicting results exist in well-trained individuals. Evidence suggests ���

that the effects of NO3
- are augmented during conditions of reduced oxygen ���

availability (e.g., hypoxia), thereby increasing the probability of performance ���

improvements for well-trained athletes in hypoxia vs. normoxia. This randomized, ���

double-blinded, counterbalanced-crossover study examined the effects of 7 days ���

of BR supplementation with 12.4 mmol NO3
- per day on 10-km cycling time trial ���

(TT) performance in 12 well-trained cyclists in normoxia (N) and normobaric ���

hypoxia (H). Linear mixed models for repeated measures revealed increases in �	�

plasma NO3
- and NO2

- after supplementation with BR (both p<0.001). Further, TT �
�

performance increased with BR supplementation (~1.6%, p<0.05), with no ���

difference between normoxia and hypoxia (p=0.92). For respiratory variables ���

there were significant effects of supplementation on VO2 (p<0.05) and VE ���

(p<0.05) such that average VO2 and VE during the TT increased with BR, with no ���

difference between normoxia and hypoxia (p�0.86). We found no effect of ���

supplementation on heart rate, oxygen saturation or muscle oxygenation during ���

the TT. Our results provide new evidence that chronic high-dose NO3
- ���

supplementation improves cycling performance of well-trained cyclists in both ���

normoxia and hypoxia.        �	�
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1.1 Introduction  ���

There is general consensus regarding the physiological factors that limit �	�

endurance performance [1,2]. These factors include maximal oxygen consumption �
�

(VO2max), the fractional utilization of VO2max, and exercise efficiency.  Even ���

minor improvements in these factors can enhance performance of endurance ���

athletes. One strategy proposed to improve performance is inorganic nitrate (NO3
-���

) supplementation, most often in the form of concentrated beetroot juice (BR) [3]. ���

When ingested, nitrate is reduced to nitrite and nitric oxide (NO). This pathway ���

differs from the classical pathway for NO generation which involves specific ���

enzymes, NO-synthases (NOS) that use L-arginine and molecular oxygen to ���

generate NO. Nitric oxide has been demonstrated to alter several physiological ���

processes such as blood flow, mitochondrial function and contractile properties �	�

[3-8]. Recently, several studies have provided evidence that dietary intake of NO3
- �
�

can improve exercise efficiency (reduction in VO2 at same work rate) [9-12] and ���

endurance performance [9,10,13-17]. Notably, the majority of studies reporting ���

beneficial effects of NO3
- has been conducted in untrained and moderately trained ���

individuals (VO2max < 60 ml/min/kg) [10,15,16,18], whereas studies in highly ���

trained individuals (VO2max > 60 ml/min/kg) have shown minor�[16,19-21] or no ���

improvements [22-27], indicating that NO3
- may be less effective in this ���

population [28,29]. In addition to this, recent studies in hypoxia have also ���

provided evidence that NO3
- improves exercise efficiency [17,21,30,31], muscle ���

oxygenation [31] and elevates oxygen saturation (SpO2) [21,30,31]. The lower O2 �	�

availability in hypoxia impairs the L-Arginine-NOS pathway, and potentiates the �
�

nitrate-nitrite-NO pathway, suggesting that BR may be more effective in hypoxia 	��
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than in normoxia [3,32-34]. Supporting the notion that BR is more effective in 	��

hypoxia, Kelly et al. [30] showed that, in healthy individuals, BR improved time 	��

to exhaustion during severe intensity exercise in hypoxia but not in normoxia. In 	��

addition, BR has been shown to attenuate the decrease in muscle oxygenation and 	��

muscle metabolic perturbation in hypoxia in untrained and moderately trained 	��

subjects [31,35]. Hence, highly trained athletes may also experience greater 	��

performance improvements with BR in hypoxia compared with normoxia. 	��

Recently, few studies have examined this idea with conflicting results. In well-		�

trained athletes NO3
- supplementation had no effect on 10-km or 15-km cycling 	
�

performance, 10-km running performance or roller-skiing treadmill performance 
��

in hypoxia [36-39]. Contrary to this, two studies have reported positive effects of 
��

BR in hypoxia on 16.1-km cycling performance and 1500m running performance 
��

in trained athletes [17,21]. The discrepancy could be due to different 
��

supplementation strategies for NO3
-. Specifically, the effects of NO3

- 
��

supplementation seems to be potentiated with BR as source of NO3
- [40,41], with 
��

chronic loading over several days [42,43], and by using a dose of >8mmol per day 
��

[13,20,44]. Optimizing the supplementation strategy of NO3
- may be even more 
��

important in trained athletes, as this population already exhibit adaptations elicited 
	�

by endurance training and diet, including higher NO3
- plasma levels [45,46], NO 

�

release [47], NOS activity[48] and a higher percentage of type I fibers [8,49], that ����

altogether may attenuate the response to NO3
- supplementation. ����

The purpose of the present study was to examine the effects of several days ����

supplementation with a high-dose BR on cycling time trial performance in well-����

trained cyclists, with continuous measurements of SpO2, muscle oxygenation and ����
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oxygen uptake in normoxia and normobaric hypoxia. We hypothesized that BR ����

would improve TT cycling performance in hypoxia but not in normoxia.  ����

2.1 Material and Methods ����

2.1.1 Participants ��	�

Twelve healthy male cyclists at the age of 29.1 – 7.7 yrs (range 22 to 44 yrs) were ��
�

enrolled in the study. Participants had a VO2max of 5.09 – 0.47 L�min-1 ����

corresponding to 66.4 – 5.3 ml�min-1�kg-1 and a wattmax of 430 – 35 watt ����

corresponding to 5.6 – 0.3 watt�kg-1 (mean – SD). Participants were best classified ����

as well-trained in performance level 4 as defined by Jeukendrup et al. [50] and De ����

Pauw et al. [51], respectively. The protocol and test procedures used in the current ����

study were conducted in accordance with the Declaration of Helsinki and ����

approved by the Ethics Committee of Northern Jutland (N-20150049). All  ����

participants signed informed consent prior to enrollment.  ����

2.1.2 Study design ��	�

Participants reported to the laboratory on five separate occasions. Experimental ��
�

trials followed a randomized counterbalanced-crossover design and were double-����

blinded for supplementation and single-blinded for inspiratory conditions. The ����

first visit consisted of a maximal exercise performance test to ensure participants ����

were familiar with testing procedures and to ensure participants met the inclusion ����

criteria (i.e., VO2max > 60 ml�kg�min-1 or wattmax > 5 w/kg). Visits 2-5 involved ����

four experimental trials (Fig 1). Each trial consisted of a 10-km time trial ����

performed in conditions of normoxia or hypoxia, with supplementation of BR or ����

nitrate-depleted BR as placebo (PLA). Specifically, supplementations were ����

ingested in periods of seven days, separated by a wash out period of at least seven ��	�
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days. During each supplementation period, 10-km time trials were performed on ��
�

day four and day seven, in different conditions.  The order of condition was ����

maintained for each individual for the first and second supplementation period ����

such that visits 1 and 3 (and visit 2 and 4) were performed in the same condition. ����

The design was counterbalanced for condition and supplementation such that half ����

of the participants started with normoxia and half of the participants started with ����

BR. All exercise trials were performed on the Cyclus2 ergometer (RBM Cyclus 2, ����

Germany) using the participants� own bike.  ����

Figure 1: Experimental design ����

2.1.3 Maximal exercise performance  ��	�

Participants completed a 10-minute warm up at 100 watts and hereafter an ��
�

incremental exercise test to exhaustion to determine gas exchange threshold ����

(GET[30]), VO2max and wattmax (Fig 1).The incremental exercise test ����

commenced at 100 watts and increased by 30 watts each minute until voluntary ����

exhaustion. Following a 10-minute rest, participants completed a familiarization ����

trial for the 10-km TT. While a VO2max validation bout is recommended [52], this ����



ACCEPTED MANUSCRIPT

��

�

was not performed in this present study as these well-trained cyclists routinely ����

achieve maximal effort during exercise. Respiratory breath-by-breath data were ����

measured throughout the test using a metabolic cart (Jaeger, Vyntus CPX, ����

Carefusion). The metabolic cart was calibrated before each test according to the ��	�

manufacturer�s recommendations. Maximal oxygen uptake (VO2max) was ��
�

determined as the highest 30-second average, Wattmax as peak power output from ����

the last minute of the test ((watt) + time in last stage (s)/60 × 30 (W)) and heart ����

rate (HR) as the peak value attained during the test. GET was determined from a ����

number of measurements, including 1) the first disproportionate increase in VCO2 ����

from visual inspection of plotting VCO2 and VO2 and 2) an increase in expired ����

ventilation (VE/VO2) with no increase in VE/VCO2 [30]. HR was recorded ����

continuously using a heart rate sensor (Polar Electro, Oy, Finland).  ����

 ����

2.1.4 Experimental trials ��	�

Participants ingested BR or PLA for seven consecutive days (Fig 1). Specifically, ��
�

participants consumed 140ml of concentrated BR (~12.4 mmol nitrate) or 140ml ����

of nitrate-depleted BR (PLA; ~0 mmol nitrate) (Beet It Sport, James White Drinks ����

Ltd., Ipswich, UK) per day; one dose (70 ml) in the morning and one dose (70 ml) ����

in the evening. On the days of the experimental trials (i.e., days four and seven), ����

participants were instructed to consume the total dose (i.e., 140 ml) 2-h prior to ����

arriving at the laboratory (approx. 2.75-h. before commencing the time trial). ����

During the 24-h preceding the first experimental trial, each participant recorded ����

their diet and was told to replicate this diet for the remaining three trials. ����

Participants were also instructed to avoid the intake of specific nitrate-rich foods. ��	�
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The use of antibacterial mouthwash products was not permitted and caffeine ��
�

intake was prohibited for 12-h preceding each test. For each individual, all ����

experimental trials were performed at the same time of day. ����

Upon arrival at the laboratory, participants rested for 5-minutes before a resting ����

blood sample was drawn into two 4 ml lithium heparin vacutainers ����

(Becton Dickinson, Plymouth, UK). Blood samples were immediately centrifuged ����

for 10 min at 4°C, 3000g after which plasma was ext racted and stored at -80 � C ����

for later determination of plasma nitrate and nitrite according to the method ����

described by Hezel et al. [53].�A near infrared spectroscopy (NIRS) probe ����

(Oxymon MK III, Artinis Medical Systems, Netherlands) was placed on the belly ��	�

of the Vastus Lateralis of the right leg in order to measure changes in muscle ��
�

oxygenation. Probe position was marked with a permanent pen to ensure identical �	��

probe placement for subsequent trials, and the NIRS probe was placed with �	��

double-sided adhesive tape. Further, elastic bandages were used to ensure a fixed �	��

placement of the probe. An earlobe pulse oximeter (Nonin XPod 8000Q2, Nonin �	��

Medical, Inc, Plymouth, MN) was used to measure SpO2 throughout the tests. �	��

Participants then rested 5-minutes on the bike while breathing the gas mixture �	��

corresponding to the condition for that specific trial. Throughout each trial, �	��

participants breathed trough a facemask (Hans Rudolph, V-982185) connected to �	��

a low resistance y-valve (Hans Rudolph, two way Y-shape non-rebreathing valve, �		�

2730L), with the inspiration valve connected to a closed reservoir. The inspired �	
�

gas was modified via the closed reservoir using a custom built setup consisting of �
��

a mechanical ventilator (SV-300, Maquet, Solna, Sweden) modified such that �
��

mixing of gas (pressurized room air and nitrogen) was controlled by manipulating �
��
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the inspired oxygen setting on the ventilator. The participants breathed through �
��

the same circuit for all experimental trials. The fraction of inspired oxygen was �
��

adjusted to 15 – 0.1% in hypoxia (~2500m of altitude) and 20.9 – 0.1% in �
��

normoxia (sea level). Warm-up consisted of three six-minute exercise bouts at the �
��

power output corresponding to 70% of GET measured in normoxia. A six-minute �
��

rest separated each bout. After the third bout, participants rested for 10 minutes �
	�

without the facemask. Prior to the TT, participants sat on the bike for five minutes �

�

while breathing the gas mixture corresponding to the conditions for that specific ����

trial. Then participants completed a 10-km TT with the instruction of finishing ����

with the highest average power output and as fast as possible. Participants were ����

blinded to all information except cadence and remaining distance of the TT, and ����

were verbally encouraged at each km completed. VO2 and HR were measured ����

continuously during the TT. For all physiological variables, average values from ����

the 10km-TT were calculated and used for further analyses.  Further, peak values ����

for VO2, RER (both highest 30-s average) and HR (highest 1-s value) during the ����

TT were calculated and used for further analyses.  The ratio of average power to ��	�

average oxygen uptake (PO/VO2) during the time trial was used as an index of ��
�

exercise efficiency [15]. NIRS variables of oxygenated (HbO2), deoxygenated ����

(HHb) and total (THb) hemoglobin were recorded continuously at 2 Hz and ����

expressed as relative changes (�) from the baseline value measured during the ����

final 90-seconds pre-exercise rest period.  ����

2.1.5 Statistical analysis ����

Differences in performance and physiological parameters were analyzed using ����

linear mixed models for repeated measures. This method of data analysis was ����
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used as it has the advantage of preventing listwise deletion due to missing data ����

(md). For clarification, md for each variable has been noted in table 1. As the ��	�

dependent variable, the variable of interest was entered (watt, VO2, VE, VCO2, ��
�

SpO2, etc.) into the model. To investigate the effects of supplementation (BR vs. ����

PLA), condition (hypoxia vs. normoxia) and supplementation-by-condition, these ����

were entered as fixed effects. Subject id was included in the model as a random ����

effect to control for the within-subject nature of the 4 trials. Further, paired t-tests ����

were used to compare differences between the VO2peak obtained during the ����

normoxic time trials and the VO2max from the ramp incremental test. Within group ����

effect sizes were calculated as the difference in means (BR vs. PLA) divided by ����

the pooled SD of the change score, using the following definitions: trivial effect d ����

< 0.2, small effect > 0.2, moderate effect > 0.5, large effect > 0.8 [54]. ��	�

Associations between changes in TT performance and changes in NO3
-, NO2

-, ��
�

VO2, and SpO2 from PLA to BR were assessed using Pearson correlation ����

coefficient. ����

All data are presented as means – SE, unless stated otherwise, with statistical ����

significance being accepted when P� 0.05. All statistical tests were performed ����

using SPSS 25 (IBM Corp., Armonk, USA) or STATA (Texas, USA) version SE ����

12.1.  ����

3.1 Results ����

3.1.1 Plasma nitrate and nitrite  ����

There were significant main effects of supplementation on NO3
- and NO2

- (both ��	�

p<0.001) such that BR elevated NO3
- and NO2

- (Fig 2). There were no effects of ��
�
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condition (NO3
- p=0.858; NO2

- p=0.542) or supplementation-by-condition ����

interaction (NO3
- p<0.907; NO2

- p=0.687).   ����

Further, there were no differences in levels of NO3
- (p=0.234) or NO2

- (p=0.231) ����

between 4 and 7 days of supplementation (Fig 3).  ����

 ����

�����
Figure 2: Individual and mean plasma levels of NO3

- (A) and NO2
- (B) (mean–SE) prior to ����

time trial tests in normoxia (open bars) and hypoxia (filled bars), after supplementation with ����
beetroot juice (BR) or placebo (PLA). (#, p < 0.001, PLA vs. BR, N=11 in hypoxic ��	�
conditions). ��
�

�����
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�����

Figure 3: Individual and mean plasma levels of NO3
- (A) and NO2

- (B) (mean–SE) prior to ����
time trial tests at day 4 and day 7 after supplementation with beetroot juice (filled bars) or ����
placebo (open bars). (#, p < 0.001, PLA vs. BR, N=11 in hypoxic conditions). ����

 ����

3.1.2 Time trial performance ����

All participants completed all four TT‘s. However, two tests were discarded due ����

to measurement error (n=1 in N-BR and n=1 in H-PLA). Time trial performance ��	�

data are presented in Table 1. There was a main effect of condition (p<0.001) on ��
�

time trial performance such that hypoxia lowered power output by ~15%  and ~6 ����

%, respectively. Further, there was a main effect of supplementation on time trial ����

power output (p=0.019) and completion time (p=0.024) showing an overall 1.6% ����
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increase in power output  and 0.6% reduction in completion time with BR (Fig 4), ����

with no condition-by-supplementation interaction (both p=0.923). Notably, 10 out ����

of 11 participants increased power output in H-BR compared to H-PLA, whereas ����

6 out of 11 increased power output in N-BR compared to N-PLA (Fig 4). Effect ����

size calculations for within group differences between BR and PLA show ����

moderate (0.703) and small (0.398) effects for hypoxia and normoxia, ��	�

respectively.��
�

 ����

Figure 4.  Individual and mean differences in power output (watt) during 10 km TT ����
performance between placebo and beetroot supplementations in normoxic and hypoxic ����
conditions. Bold horizontal lines indicate mean values for each condition. Single dotted line ����
indicates no difference between beetroot and placebo supplementation   ����

 ����

 ����

 ����

 ��	�
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            Md  N-PLA N-BR H-PLA H-BR 
Linear mixed model effects 

Supplement Condition Interaction 

Time Trial    

Performance variable       

     Power output, Watt 2 311.3 – 13.2 315.8 – 13.2  264.4 – 13.2 269.3 – 13.2 p=0.019 p<0.001 p=0.923 

     Completion time, sec 2 890.1 – 16 884.5 – 16 9 45.6 – 16 939.5 – 16 p=0.024 p=0.001 p=0.923 

Average values       

     PO/VO2, W/ L
-1�min-1 10 71.1 – 1.8 70.8 – 1.8 68.0 – 1.8 68.0 – 1.8 p=0 .777 p=0.001 p=0.757 

     VO2, ml� min-1 10 4364 – 140 4443 – 139 3855 – 142 3948 – 142 p=0 .030 p<0.001 p=0.862 

     %VO2max 10 85.9 – 1.6 87.4 – 1.6 75.8 – 1.7 77.7 – 1.7 p=0 .038 p<0.001 P=0.798 

     VCO2, ml� min-1 10 4300 – 151 4498 – 150 4012 – 153 4067 – 153 p=0 .005 p<0.001 P=0.120 

     VE, L� min-1 10 129.9 – 7.0 135.8 – 7.0 136.4 – 7.1 142.4 – 7.1  p=0.019 p=0.010 P=0.998 

     RER 10 0.99 – 0.01 1.01 – 0.01 1.04 – 0.01 1.0 3 – 0.01 p=0.462 p=0.003 P=0.082 

     HR� min-1,  3 168.5 – 3.1 171.2 – 3.1 169.4 – 3.1 169.5 – 3. 1 p=0.118 p=0.486 P=0.072 

     SpO2, % 9 97.1 – 0.9 97.1 – 0.9 84.5 – 0.9 84.3 – 0.9 p =0.787 p=0.000 P=0.779 

Peak values         

     VO2peak, ml� min-1 10 4925 – 151 4895 – 150 4225 – 152 4304 – 152 p=0 .443 p<0.001  p=0.111 

     HRpeak,� min-1 3 183.9 – 2.9 185.5 – 2.9 181.1 – 2.9 181.5 – 2.9 p=0.153 p<0.001 p=0.308 

     RERpeak 10 1.07 – 0.02 1.1 – 0.02 1.14 – 0.02 1.14 – 0.02 p=0.334 p=0.003 p=0.246 

NIRS         

     �HbO2, AU 3 -28.5 – 2.6 -27.6 – 2.6 -30.7 – 2.6 -29.4 – 2.6 p=0.543 p=0.061 p=0.849 

     �HHb, AU 3 24.5 – 2.6 23.9 – 2.6 26.3 – 2.6 26.6 – 2 .6 p=0.885 p=0.042 p=0.633 

     �THb, AU 3 -4.3 – 2.0 -3.4 – 2.0 -3.9 – 2.0 -2.7 – 1 .9 p=0.527 p=0.766  p=0.934 

     �HHb/VO2, AU� L�min-1 12 5.68 – 0.73 5.75 – 0.71 7.01 – 0.78 6.78 – 0.74  p=0.851 p=0.017 p=0.728 

Table 1- Average and peak performance, ventilatory and cardiopulmonary data during the ��
�
TT. md denotes the number of missing data points from each variable (complete number of �	��
data points = 48).  �	��

3.1.3 TT physiological data �	��

Physiological data obtained during the TT are presented in Table 1. There were �	��

significant effects of condition on SpO2 (p<0.001), VE (p=0.010), RER �	��
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(p=0.003), VCO2 (p=0.001), VO2 (p<0.001), PO/VO2(p=0.001) and %VO2max �	��

(p<0.001) such that hypoxia decreased SpO2, VCO2, VO2, PO/VO2, VO2peak, �	��

HRpeak  and %VO2max while VE,RER and RERpeak increased. There were �	��

significant effects of supplementation on VO2 (p=0.030) (Fig 5), VE (p=0.019), �		�

VCO2 (p=0.005) and %VO2max (p=0.038) such that VO2, VE, VCO2 and %VO2max �	
�

increased with BR. The VO2peak attained during the time trials in normoxia were �
��

significantly lower than the VO2max measured from the incremental test (N-PLA �
��

~3.3%, p=0.03; N-BR ~3.7%, p=0.02). �
��

 �
��

 �
��

 �
��
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 �
��

Figure 5- Oxygen uptake profiles from an exemplar subject (A) and mean data (B) from all �
��
conditions. �
	�

 �

�

3.1.4 Near infrared spectroscopy measures of muscle oxygenation  ����

Data reflecting changes in muscle oxygenation during the TT are presented in ����

Table 1. There was a main effect of condition on �HHb (p=0.042) and ����

�HHb/VO2 (p=0.017) such that the increase in �HHb and �HHb/VO2 during the ����

TT was greater in hypoxia (Table 1). We also found a near-significant main effect ����
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of condition on �HbO2 (p=0.061) indicating a greater reduction of �HbO2 during ����

TT in hypoxia.  ����

3.1.5 Correlations ����

There were no significant correlations between changes in performance and ��	�

changes in plasma NO3
- or NO2

- after BR supplementation in normoxia or ��
�

hypoxia. Further, there were no significant correlations between changes in ����

performance (BR vs. PLA) and changes in VO2 or SpO2 nor between changes in ����

performance (BR vs. PLA) and VO2max. ����

4.1 Discussion ����

This is the first study to examine the effects of chronic supplementation with ����

high-dose NO3
-, in the form of BR, on time trial performance in well-trained ����

athletes in both hypoxia and normoxia.  ����

We show a significant main effect of BR on 10-km TT performance, indicating ����

that well-trained cyclists improve power output and completion time with BR in ��	�

both normoxia and hypoxia. Supplementation with BR also increased VO2 during ��
�

the TT in hypoxia and normoxia, showing that the participants were able to utilize ����

a higher fraction of VO2max with BR.  ����

4.1.1 Effects of BR supplementation on TT performance ����

We found a main effect of BR supplementation on TT performance with no ����

condition-by-supplementation interaction, indicating that BR increased TT ����

performance with no difference between hypoxia and normoxia. However, from a ����

practical perspective, it is worth highlighting that 10 out of 11 participants had ����

higher power output in H-BR vs. H-PLA, while only 6 out of 11 had higher power ����

output in N-BR vs. N-PLA (Figure 3). In support of a small effect of BR, a recent ��	�
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meta-analysis, including studies performed in hypoxia and normoxia, reported a ��
�

non-significant 0.8% improvement in time trial endurance performance following ����

BR supplementation [55]. The  improvement in 10-km TT completion time and ����

power output of 0.6% and 1.6%, respectively, in the present study, is of practical ����

relevance for elite and well-trained athletes. Specifically, only 0.9% separated ����

first and fourth position during the 13.8-km TT of stage 1 at the 2015 Tour De ����

France cycling race [56], and only 0.3% separated the first and third position ����

during the 9.7-km TT of stage 1 at the 2018 Giro d·Italia cycling race [57]. ����

Further, 0.6% is the smallest worthwhile change in completion time for road TT ����

cyclists proposed by Paton and Hopkins [58].  ��	�

Few other studies have examined the effects of NO3
- on TT performance in well-��
�

trained athletes in both normoxia and hypoxia within the same study. None of ����

these studies have reported significant improvements in TT performance after BR ����

supplementation [36,38,39]. Nonetheless, the study by Bourdillion et al. [39] ����

reported statistically non-significant improvements in 15-km TT performance of ����

16s (~1%) and 151s (~7%) in normoxia and hypoxia, respectively.  ����

In general, studies on TT performance performed in well-trained athletes in ����

hypoxia or in normoxia have reported mixed results. In hypoxia, two studies ����

found statistically significant improvements of 2.2-3.2% (~2.2%) [17,21], while ����

one study reported no effect [37]. In normoxia, numerous studies show no effect ��	�

[22-27,59-61], while a few studies report a significant effect [15,16,20]. The ��
�

discrepancy in the literature may partly be due to the use of different NO3
- ����

supplementation strategies that vary in terms of source, dose, and duration (e.g., ����

chronic vs. acute). Many of the previous TT studies have not used an optimized ����



ACCEPTED MANUSCRIPT

�
�

�

supplementation strategy. Specifically, some studies have used sodium nitrate as ����

the source of NO3
- [23,39], while there is evidence suggesting that ����

supplementation with NO3
- in concentrated BR is more effective [40,62]. Several ����

studies have used an acute dose of BR [17,25,26,36-38,59-61], however, a chronic ����

loading protocol consisting of BR supplementation over several days, as used in ����

the present study, has been suggested to be more effective in raising plasma levels ��	�

of NO3
- and NO2

-, and improving performance [11,43]. Finally, several studies ��
�

have used a low-to-moderate dose of NO3
- [36,37,59-61], while a higher dose (8-����

16 mmol), as used in the present study, may be more effective in raising plasma ����

levels and improving performance [13,20,44]. The high dose of NO3
- used in the ����

present study was tolerated without any adverse events or complaints, ����

demonstrating the efficacy of this supplementation strategy for 7 days. However, ����

there is currently no evidence demonstrating additional benefits with doses higher ����

than 8 mmol. In support of the notion that supplementation strategy is important, ����

studies utilizing an optimized supplementation strategy with chronic ����

supplementation of high dose NO3
- in the source of BR have reported a significant ��	�

2.1% [16] and a non-significant 1.7% [24] improvement in TT power output in ��
�

trained cyclists. ����

4.1.2 Plasma levels of NO3
- and NO2

- ����

In the present study, plasma levels of NO3
- and NO2

- after placebo (i.e., nitrate-����

depleted BR) supplementation, were similar to results from other studies using ����

nitrate-depleted BR [17,21,22,37,38,63]. ����

Four and seven days of BR supplementation increased NO3
- and NO2

- to levels ����

reported in studies using a similar supplementation strategy [13,22], with no ����
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differences between 4 and 7 days. Notably, NO3
- and NO2

- levels, in the present ����

study, were higher than those reported in studies using acute supplementation ��	�

[17,21,37,38,63] ) or lower dosage of NO3
- [17,37,59,60]. Taken together, ��
�

markedly elevated levels of NO3
- and NO2

-, in the present study, indicate that BR �	��

supplementation was effective in providing an abundant source of NO via the �	��

nitrate-nitrite-NO pathway. Plasma levels of nitrite displayed a higher variability �	��

compared to plasma nitrate (Fig 2 and Fig 3). This is a common finding and is �	��

most likely due to the shorter half-life of nitrite (less than 1h)[64] compared to �	��

nitrate (5-8h)[65]. This may be explained by a much higher reactivity of nitrite �	��

being subjected to both enzymatic reduction to NO and oxidation to nitrate [33]. �	��

Moreover, due to the markedly lower concentration of nitrite in plasma, �	��

measuring techniques display more variable results compared to nitrate. �		�

4.1.3 Physiological effects of beetroot juice supplementation �	
�

We found a main effect of supplementation on VO2, VE, VCO2 and %VO2max �
��

such that BR supplementation resulted in higher VO2, VE, VCO2 and %VO2max �
��

during the TT in both hypoxia and normoxia. As studies generally show �
��

unchanged [10,12,13,30] or reduced [66,67] VO2max following BR �
��

supplementation, these results indicate that the participants were able to utilize a �
��

higher proportion of their maximal aerobic capacity during the TT with BR. �
��

Further, in the present study, a proxy of exercise efficiency (PO/VO2) during the �
��

TT was unaffected by BR supplementation, suggesting that changes in exercise �
��

efficiency did not contribute to improved TT performance. In agreement with this, �
	�

several studies, in well-trained athletes (>60 ml�min-1�kg-1), have shown �

�

unchanged exercise efficiency during submaximal exercise following BR ����
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supplementation [24,37,38,63], while only a single study has reported improved ����

efficiency (lower VO2 during submaximal exercise) in well-trained athletes [21]. ����

In club-level cyclists (56.0 ml�min-1�kg-1) [15], BR supplementation improved ����

power output with unchanged VO2 (greater PO/VO2), indicating improved ����

exercise efficiency. The discrepancy between these results could be due to the ����

training level of the subjects, as our study included well-trained athletes (66.4 ����

ml�min-1�kg-1). Thus, the increase in %VO2max with BR was likely the main factor ����

contributing to increased TT performance. In accordance with these results, ��	�

Bourdillion et al. [39] reported greater VO2 and VE with nitrate supplementation ��
�

in trained cyclists during a 15-km TT in normoxia and hypoxia, which was ����

accompanied by a non-significant increase (1-7%) in performance (discussed ����

above). Contributing to the increased VO2 with BR, the increase in VE (~6L/min) ����

is estimated to account for 10-15 ml/O2/min (~10-20%) of the increase in VO2, ����

due to greater oxygen demands of the respiratory muscles [68-70].  ����

The active skeletal muscles are the primary site for O2 usage during the TT, and ����

oxygenation in the vastus lateralis was monitored continuously using NIRS. ����

During the TT, �HHb increased in hypoxia compared with normoxia, indicating ����

increased O2 extraction. However, in agreement with Kelly et al. [30] and ��	�

Bourdillion et al. [39], �HHb was unaffected by BR supplementation, indicating ��
�

that fractional O2 extraction in vastus lateralis was not different between BR and ����

PLA. Hence, according to the Fick principle, the increased oxygen uptake in the ����

present study may be a result of increased total O2 extraction due to increased ����

blood flow. This interpretation is consistent with results demonstrating that NO3
- ����
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supplementation enhances vascular control and muscle blood flow redistribution ����

during exercise [8,49,72].  ����

5.1 Conclusion  ����

In summary, our results provide novel evidence that chronic high-dose BR ����

supplementation improves 10 km time trial performance of well-trained cyclists in ��	�

both normoxia and hypoxia. Further, BR supplementation resulted in higher VO2 ��
�

and VE during the TT, suggesting that utilization of a greater proportion of the ����

aerobic capacity contributed to the improved performance. While our results do ����

not identify the underlying mechanisms, enhanced vascular control and muscle ����

blood flow redistribution may contribute to higher VO2 and improved time trial ����

performance with BR supplementation. ����

6.1 Acknowledgements ����

We would like to thank all the participants for the contribution to the present ����

study. Further, we thank Merete Fredsgaard, Brita Holst Serup, Hanne Krone ����

Nielsen and Ditte Beck Christensen for the support in blood sample collections. ��	�

We thank Carina Nihlen for support in analyzing blood samples. All authors ��
�

approved the final version of the paper, and have no conflicts of interest. ����

7.1 Conflict of interest statement ����

The authors declare: no support from any organization for the submitted work; no ����

financial relationships with any organizations that might have an interest in the ����

submitted work in the previous 3 years; no other relationships or activities that ����

could appear to have influenced the submitted work. EW is a co-applicant on ����

patents related to the therapeutic use of nitrate and nitrite. ����

����



ACCEPTED MANUSCRIPT

���

�

References ��	�

[1] Joyner MJ, Coyle EF. Endurance exercise performance: the physiology of ��
�
champions. J Physiol 2008;5861:35-44. ����

[2] McLaughlin JE, Howley ET, Bassett DR,Jr, Thompson DL, Fitzhugh EC. Test ����
of the classic model for predicting endurance running performance. Med Sci ����
Sports Exerc 2010;425:991-7. ����

[3] Jones AM. Dietary nitrate supplementation and exercise performance. Sports ����
Med 2014;44 Suppl 1:S35-45. ����

[4] James PE, Willis GR, Allen JD, Winyard PG, Jones AM. Nitrate ����
pharmacokinetics: Taking note of the difference. Nitric Oxide 2015;48:44-50. ����

[5] Haider G, Folland JP. Nitrate supplementation enhances the contractile ��	�
properties of human skeletal muscle. Med Sci Sports Exerc 2014;4612:2234-43. ��
�

[6] Hoon MW, Johnson NA, Chapman PG, 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 2013;235:522-32. ����

[7] Larsen FJ, Schiffer TA, Borniquel S, Sahlin K, Ekblom B, Lundberg JO, ����
Weitzberg E. Dietary inorganic nitrate improves mitochondrial efficiency in ����
humans. Cell Metab 2011;132:149-59. ����

[8] Ferguson SK, Hirai DM, Copp SW, Holdsworth CT, Allen JD, Jones AM, ����
Musch TI, Poole DC. Impact of dietary nitrate supplementation via beetroot juice ����
on exercising muscle vascular control in rats. J Physiol 2013;591Pt 2:547-57. ��	�

[9] Lansley KE, Winyard PG, Fulford J, Vanhatalo A, Bailey SJ, Blackwell JR, ��
�
DiMenna FJ, Gilchrist M, Benjamin N, Jones AM. Dietary nitrate ����
supplementation reduces the O2 cost of walking and running: a placebo-controlled ����
study. J Appl Physiol (1985) 2011;1103:591-600. ����

[10] Bailey SJ, Winyard P, Vanhatalo A, Blackwell JR, Dimenna FJ, Wilkerson ����
DP, Tarr J, Benjamin N, Jones AM. Dietary nitrate supplementation reduces the ����
O2 cost of low-intensity exercise and enhances tolerance to high-intensity exercise ����
in humans. J Appl Physiol (1985) 2009;1074:1144-55. ����

[11] Wylie LJ, Ortiz de Zevallos J, Isidore T, Nyman L, Vanhatalo A, Bailey SJ, ����
Jones AM. Dose-dependent effects of dietary nitrate on the oxygen cost of ��	�
moderate-intensity exercise: Acute vs. chronic supplementation. Nitric Oxide ��
�
2016;57:30-9. �	��

[12] Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Effects of dietary nitrate �	��
on oxygen cost during exercise. Acta Physiol (Oxf) 2007;1911:59-66. �	��



ACCEPTED MANUSCRIPT

���

�

[13] Wylie LJ, Kelly J, Bailey SJ, Blackwell JR, Skiba PF, Winyard PG, �	��
Jeukendrup AE, Vanhatalo A, Jones AM. Beetroot juice and exercise: �	��
pharmacodynamic and dose-response relationships. J Appl Physiol (1985) �	��
2013;1153:325-36. �	��

[14] Dominguez R, Cuenca E, Mate-Munoz JL, Garcia-Fernandez P, Serra-Paya �	��
N, Estevan MC, Herreros PV, Garnacho-Castano MV. Effects of Beetroot Juice �		�
Supplementation on Cardiorespiratory Endurance in Athletes. A Systematic �	
�
Review. Nutrients 2017;91:10.3390/nu9010043. �
��

[15] Lansley KE, Winyard PG, Bailey SJ, Vanhatalo A, Wilkerson DP, Blackwell �
��
JR, Gilchrist M, Benjamin N, Jones AM. Acute dietary nitrate supplementation �
��
improves cycling time trial performance. Med Sci Sports Exerc 2011;436:1125-�
��
31. �
��

[16] Cermak NM, Gibala MJ, van Loon LJ. Nitrate supplementation’s �
��
improvement of 10-km time-trial performance in trained cyclists. Int J Sport Nutr �
��
Exerc Metab 2012;221:64-71. �
��

[17] Muggeridge DJ, Howe CC, Spendiff O, Pedlar C, James PE, Easton C. A �
	�
single dose of beetroot juice enhances cycling performance in simulated altitude. �

�
Med Sci Sports Exerc 2014;461:143-50. ����

[18] Murphy M, Eliot K, Heuertz RM, Weiss E. Whole beetroot consumption ����
acutely improves running performance. J Acad Nutr Diet 2012;1124:548-52. ����

[19] Bond H, Morton L, Braakhuis AJ. Dietary nitrate supplementation improves ����
rowing performance in well-trained rowers. Int J Sport Nutr Exerc Metab ����
2012;224:251-6. ����

[20] Peeling P, Cox GR, Bullock N, 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 ��	�
2014. ��
�

[21] Shannon OM, Duckworth L, Barlow MJ, Woods D, Lara J, Siervo M, O’Hara ����
JP. Dietary nitrate supplementation enhances high-intensity running performance ����
in moderate normobaric hypoxia, independent of aerobic fitness. Nitric Oxide ����
2016;59:63-70. ����

[22] Boorsma RK, Whitfield J, Spriet LL. Beetroot juice supplementation does ����
not improve performance of elite 1500-m runners. Med Sci Sports Exerc ����
2014;4612:2326-34. ����

[23] Bescos R, Ferrer-Roca V, Galilea PA, Roig A, Drobnic F, Sureda A, ����
Martorell M, Cordova A, Tur JA, Pons A. Sodium nitrate supplementation does ��	�
not enhance performance of endurance athletes. Med Sci Sports Exerc ��
�
2012;4412:2400-9. ����



ACCEPTED MANUSCRIPT

���

�

[24] Christensen PM, Nyberg M, Bangsbo J. Influence of nitrate supplementation ����
on VO2 kinetics and endurance of elite cyclists. Scand J Med Sci Sports ����
2013;231:e21-31. ����

[25] Peacock O, Tjonna AE, James P, Wisloff U, Welde B, Bohlke N, Smith A, ����
Stokes K, Cook C, Sandbakk O. Dietary nitrate does not enhance running ����
performance in elite cross-country skiers. Med Sci Sports Exerc 2012;4411:2213-����
9. ����

[26] Cermak NM, Res P, Stinkens R, Lundberg JO, Gibala MJ, van Loon LJC. No ��	�
improvement in endurance performance after a single dose of beetroot juice. Int J ��
�
Sport Nutr Exerc Metab 2012;226:470-8. ����

[27] Lane SC, Hawley JA, Desbrow B, Jones AM, Blackwell JR, Ross ML, ����
Zemski AJ, Burke LM. Single and combined effects of beetroot juice and caffeine ����
supplementation on cycling time trial performance. Appl Physiol Nutr Metab ����
2014;399:1050-7. ����

[28] Porcelli S, Ramaglia M, Bellistri G, Pavei G, Pugliese L, Montorsi M, Rasica ����
L, Marzorati M. Aerobic Fitness Affects the Exercise Performance Responses to ����
Nitrate Supplementation. Med Sci Sports Exerc 2014. ����

[29] Jones AM, Ferguson SK, Bailey SJ, Vanhatalo A, Poole DC. Fiber Type-��	�
Specific Effects of Dietary Nitrate. Exerc Sport Sci Rev 2016;442:53-60. ��
�

[30] Kelly J, Vanhatalo A, Bailey SJ, Wylie LJ, Tucker C, List S, Winyard PG, ����
Jones AM. Dietary nitrate supplementation: effects on plasma nitrite and ����
pulmonary O2 uptake dynamics during exercise in hypoxia and normoxia. Am J ����
Physiol Regul Integr Comp Physiol 2014;3077:R920-30. ����

[31] Masschelein E, Van Thienen R, Wang X, Van Schepdael A, Thomis M, ����
Hespel P. Dietary nitrate improves muscle but not cerebral oxygenation status ����
during exercise in hypoxia. J Appl Physiol (1985) 2012;1135:736-45. ����

[32] Dauncey S. Can dietary nitrate supplements improve tolerance to hypoxia? ����
The Intensive Care Society 2012;133:198-204. ��	�

[33] Lundberg JO, Weitzberg E, Gladwin MT. The nitrate-nitrite-nitric oxide ��
�
pathway in physiology and therapeutics. Nat Rev Drug Discov 2008;72:156-67. ����

[34] Shannon OM, McGawley K, Nyback L, Duckworth L, Barlow MJ, Woods D, ����
Siervo M, O’Hara JP. "Beet-ing" the Mountain: A Review of the Physiological ����
and Performance Effects of Dietary Nitrate Supplementation at Simulated and ����
Terrestrial Altitude. Sports Med 2017;4711:2155-69. ����

[35] Vanhatalo A, Fulford J, Bailey SJ, Blackwell JR, Winyard PG, Jones AM. ����
Dietary nitrate reduces muscle metabolic perturbation and improves exercise ����
tolerance in hypoxia. J Physiol 2011;589Pt 22:5517-28. ����



ACCEPTED MANUSCRIPT

���

�

[36] MacLeod KE, Nugent SF, Barr SI, Koehle MS, Sporer BC, MacInnis MJ. ��	�
Acute Beetroot Juice Supplementation Does Not Improve Cycling Performance in ��
�
Normoxia or Moderate Hypoxia. Int J Sport Nutr Exerc Metab 2015;254:359-66. ����

[37] Arnold JT, Oliver SJ, Lewis-Jones TM, Wylie LJ, Macdonald JH. Beetroot ����
juice does not enhance altitude running performance in well-trained athletes. Appl ����
Physiol Nutr Metab 2015;406:590-5. ����

[38] Nyback L, Glannerud C, Larsson G, Weitzberg E, Shannon OM, McGawley ����
K. Physiological and performance effects of nitrate supplementation during roller-����
skiing in normoxia and normobaric hypoxia. Nitric Oxide 2017;70:1-8. ����

[39] Bourdillon N, Fan JL, Uva B, Muller H, Meyer P, 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 2015;6:288. ����

[40] Flueck JL, Bogdanova A, Mettler S, Perret C. Is beetroot juice more effective ����
than sodium nitrate? The effects of equimolar nitrate dosages of nitrate-rich ����
beetroot juice and sodium nitrate on oxygen consumption during exercise. Appl ����
Physiol Nutr Metab 2016;414:421-9. ����

[41] Thompson C, Vanhatalo A, Kadach S, Wylie LJ, Fulford J, Ferguson SK, ����
Blackwell JR, Bailey SJ, Jones AM. Discrete physiological effects of beetroot ����
juice and potassium nitrate supplementation following 4 weeks sprint interval ����
training. J Appl Physiol (1985) 2018. ��	�

[42] Jo E, Fischer M, Auslander AT, Beigarten A, Daggy B, Hansen K, Kessler L, ��
�
Osmond A, Wang H, Wes R. The effects of multi-day vs. Single pre-exercise �	��
nitrate supplement dosing on simulated cycling time trial performance and �	��
skeletal muscle oxygenation. J Strength Cond Res 2017. �	��

[43] Vanhatalo A, Bailey SJ, Blackwell JR, DiMenna FJ, Pavey TG, Wilkerson �	��
DP, Benjamin N, Winyard PG, 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 2010;2994:R1121-31. �	��

[44] Hoon MW, Jones AM, Johnson NA, Blackwell JR, Broad EM, Lundy B, �		�
Rice AJ, 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 2014;94:615-20. �
��

[45] Jungersten L, Ambring A, Wall B, Wennmalm A. Both physical fitness and �
��
acute exercise regulate nitric oxide formation in healthy humans. J Appl Physiol �
��
(1985) 1997;823:760-4. �
��



ACCEPTED MANUSCRIPT

���

�

[46] Poveda JJ, Riestra A, Salas E, Cagigas ML, Lopez-Somoza C, Amado JA, �
��
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 1997;2711:967-71. �
	�

[47] Vassalle C, Lubrano V, Domenici C, L’Abbate A. Influence of chronic �

�
aerobic exercise on microcirculatory flow and nitric oxide in humans. Int J Sports ����
Med 2003;241:30-5. ����

[48] McConell GK, Bradley SJ, Stephens TJ, Canny BJ, Kingwell BA, Lee-����
Young RS. Skeletal muscle nNOS mu protein content is increased by exercise ����
training in humans. Am J Physiol Regul Integr Comp Physiol 2007;2932:R821-8. ����

[49] Ferguson SK, Holdsworth CT, Wright JL, Fees AJ, Allen JD, Jones AM, ����
Musch TI, Poole DC. Microvascular oxygen pressures in muscles comprised of ����
different fiber types: Impact of dietary nitrate supplementation. Nitric Oxide ����
2015;48:38-43. ��	�

[50] Jeukendrup AE, Craig NP, Hawley JA. The bioenergetics of World Class ��
�
Cycling. J Sci Med Sport 2000;34:414-33. ����

[51] De Pauw K, Roelands B, Cheung SS, de Geus B, Rietjens G, Meeusen R. ����
Guidelines to classify subject groups in sport-science research. Int J Sports ����
Physiol Perform 2013;82:111-22. ����

[52] Poole DC, Jones AM. Measurement of the maximum oxygen uptake VO2max: ����
VO2peak is no longer acceptable. J Appl Physiol (1985) 2017;1224:997-1002. ����

[53] Hezel M, Peleli M, Liu M, Zollbrecht C, Jensen BL, Checa A, Giulietti A, ����
Wheelock CE, Lundberg JO, Weitzberg E, Carlstrom M. Dietary nitrate improves ����
age-related hypertension and metabolic abnormalities in rats via modulation of ��	�
angiotensin II receptor signaling and inhibition of superoxide generation. Free ��
�
Radic Biol Med 2016;99:87-98. ����

[54] Cohen J. Statistical Power Analysis for the Behavioral Sciences, Routledge, ����
Hillsdale, N.J, . 1988;2 edition. ����

[55] McMahon NF, Leveritt MD, Pavey TG. The Effect of Dietary Nitrate ����
Supplementation on Endurance Exercise Performance in Healthy Adults: A ����
Systematic Review and Meta-Analysis. Sports Med 2017;474:735-56. ����

[56] Cyclingnews. Tour De France 2015, 13.8 time trial stage 1.  ����
Available from:  ����
http://www.cyclingnews.com/races/tour-de-france-2015/stage-1/results/.  ��	�

[57] Cyclingnews. Giro d·Italia 2018, 9.7km time trial stage 1. ��
�
Available from: ����
http://www.cyclingnews.com/races/giro-ditalia-2018/stage-1/results/.  ����



ACCEPTED MANUSCRIPT

�	�

�

[58] Paton C, G. Hopkins W. Variation in performance of elite cyclists from race ����
to race. European Journal of Sport Science 2006;6:25-31. ����

[59] Glaister M, Pattison JR, Muniz-Pumares D, Patterson SD, Foley P. Effects of ����
dietary nitrate, caffeine, and their combination on 20-km cycling time trial ����
performance. J Strength Cond Res 2015;291:165-74. ����

[60] Wilkerson DP, Hayward GM, Bailey SJ, Vanhatalo A, Blackwell JR, Jones ����
AM. Influence of acute dietary nitrate supplementation on 50 mile time trial ��	�
performance in well-trained cyclists. Eur J Appl Physiol 2012;11212:4127-34. ��
�

[61] Hoon MW, Hopkins WG, Jones AM, Martin DT, Halson SL, West NP, ����
Johnson NA, Burke LM. Nitrate supplementation and high-intensity performance ����
in competitive cyclists. Appl Physiol Nutr Metab 2014;399:1043-9. ����

[62] Clifford T, Howatson G, West DJ, Stevenson EJ. Beetroot juice is more ����
beneficial than sodium nitrate for attenuating muscle pain after strenuous ����
eccentric-bias exercise. Appl Physiol Nutr Metab 2017;4211:1185-91. ����

[63] Christensen PM, Petersen NK, Friis SN, Weitzberg E, Nybo L. Effects of ����
nitrate supplementation in trained and untrained muscle are modest with initial ����
high plasma nitrite levels. Scand J Med Sci Sports 2017;2712:1616-26. ��	�

[64] Oldfield EH, Loomba JJ, Monteith SJ, Crowley RW, Medel R, Gress DR, ��
�
Kassell NF, Dumont AS, Sherman C. Safety and pharmacokinetics of sodium ����
nitrite in patients with subarachnoid hemorrhage: a phase IIa study. J Neurosurg ����
2013;1193:634-41. ����

[65] McKnight GM, Smith LM, Drummond RS, Duncan CW, Golden M, ����
Benjamin N. Chemical synthesis of nitric oxide in the stomach from dietary ����
nitrate in humans. Gut 1997;402:211-4. ����

[66] Bescos R, Rodriguez FA, Iglesias X, Ferrer MD, Iborra E, Pons A. Acute ����
administration of inorganic nitrate reduces VO2peak in endurance athletes. Med Sci ����
Sports Exerc 2011;4310:1979-86. ��	�

[67] Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Dietary nitrate reduces ��
�
maximal oxygen consumption while maintaining work performance in maximal ����
exercise. Free Radic Biol Med 2010;482:342-7. ����

[68] Aaron EA, Seow KC, Johnson BD, Dempsey JA. Oxygen cost of exercise ����
hyperpnea: implications for performance. J Appl Physiol (1985) 1992;725:1818-����
25. ����

[69] Dominelli PB, Render JN, Molgat-Seon Y, Foster GE, Sheel AW. Precise ����
mimicking of exercise hyperpnea to investigate the oxygen cost of breathing. ����
Respir Physiol Neurobiol 2014;201:15-23. ����



ACCEPTED MANUSCRIPT

�
�

�

[70] Vella CA, Marks D, Robergs RA. Oxygen cost of ventilation during ��	�
incremental exercise to VO2max. Respirology 2006;112:175-81. ��
�

[71] Calbet JA, Lundby C. Air to muscle O2 delivery during exercise at altitude. ����
High Alt Med Biol 2009;102:123-34. ����

[72] Richards JC, Racine ML, Hearon CM,Jr, Kunkel M, Luckasen GJ, Larson ����
DG, Allen JD, Dinenno FA. Acute ingestion of dietary nitrate increases muscle ����
blood flow via local vasodilation during handgrip exercise in young adults. ����
Physiol Rep 2018;62:10.14814/phy2.13572. ����

[73] Van Beekvelt MC, Colier WN, Wevers RA, Van Engelen BG. Performance ����
of near-infrared spectroscopy in measuring local O2 consumption and blood flow ����
in skeletal muscle. J Appl Physiol (1985) 2001;902:511-9. ��	�

  ��
�



ACCEPTED MANUSCRIPT

·  High-dose NO3
- supplementation improved time trial performance of cyclists  

·  Oxygen uptake during the time trial was elevated with NO3
- supplementation  

·  The effects of NO3
- supplementation were not different between hypoxia and normoxia 
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