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Key points 

 Dietary nitrate supplementation has been shown to reduce systemic O2 uptake 

during exercise and improve exercise performance  

 The effects of nitrate supplementation on local metabolism and blood flow regulation 

in contracting human skeletal muscle remain unclear 

 By using leg exercise engaging a small muscle mass, we show that O2 uptake and 

blood flow are similarly reduced in contracting skeletal muscle of humans during 

exercise 

 Despite slower VO2 kinetics in the transition from moderate to intense exercise, no 

effects of nitrate supplementation were observed for VO2 kinetics and time to 

exhaustion 

 Nitrate and nitrite concentrations are reduced across the exercising leg, suggesting 

that these ions are extracted from the arterial blood by contracting skeletal muscle 
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Abstract 

Dietary nitrate supplementation has been shown to reduce pulmonary O2 uptake during 

submaximal exercise and enhance exercise performance. However, the effects of nitrate 

supplementation on local metabolic and hemodynamic regulation in contracting human 

skeletal muscle remain unclear. To address this, eight healthy young male sedentary 

subjects were assigned in a randomized, double-blind, crossover design to receive nitrate-

rich beetroot juice (NO3, 9 mmol) and placebo (PLA) 2.5 h prior to the completion of a 

double-step knee-extensor exercise protocol that included a transition from unloaded to 

moderate-intensity exercise (MOD) followed immediately by a transition to intense exercise 

(HIGH). Compared with PLA, NO3 increased plasma levels of nitrate and nitrite. During 

MOD, leg VO2 and leg blood flow (LBF) were reduced to a similar extent (~9-15 %) in NO3. 

During HIGH, leg VO2 was reduced by ~6-10 % and LBF by ~5-9 % (did not reach 

significance) in NO3. Leg VO2 kinetics was markedly faster in the transition from passive to 

MOD compared with the transition from MOD to HIGH both in NO3 and PLA with no 

difference between PLA and NO3. In NO3, a reduction in nitrate and nitrite concentration 

was detected between arterial and venous samples. No difference in the time to exhaustion 

was observed between conditions. In conclusion, elevation of plasma nitrate and nitrate 

reduces leg skeletal muscle VO2 and blood flow during exercise. However, nitrate 

supplementation does not enhance muscle VO2 kinetics during exercise, nor does it improve 

time to exhaustion when exercising with a small muscle mass. 
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Introduction 

In the seminal study by Larsen and colleagues (Larsen et al., 2007), a lower O2 uptake (VO2) 

measured at the pulmonary level during cycling exercise (45–80%VO2peak) following intake of 

sodium nitrate for 3 days was reported for the first time. Numerous studies have confirmed 

this finding on VO2 with both acute and chronic (days, weeks) nitrate supplementation 

(Vanhatalo et al., 2010; Wylie et al., 2013; Pawlak-Chaouch et al., 2016), although some 

studies have failed to show such an effect (Wickham et al., 2019; Porcelli et al., 2020). 

Despite a growing scientific interest in this phenomenon, the effects of increased plasma 

nitrate and nitrite levels on local metabolic and hemodynamic regulation in contracting 

human skeletal muscle remain unclear. 

The effects of dietary nitrate on the O2 cost of exercise likely arise from increased efficiency 

of mitochondrial ATP synthesis and/or of skeletal muscle work. Accordingly, it has been 

reported that skeletal muscle oxidative phosphorylation efficiency (P/O ratio) was higher with 

nitrate supplementation (Larsen et al., 2011) whereas another study indicated that the lower 

VO2 response after nitrate ingestion was associated with a lower ATP cost of muscle force 

production (Bailey et al., 2010). If nitrate supplementation improves skeletal muscle 

energetics, a lower O2 demand is expected to be accompanied by lower muscle blood flow 

and O2 delivery as these have consistently been shown to be closely related to VO2 of the 

exercising muscles (Joyner & Casey, 2015). However, as nitrate and nitrite are 

physiologically recycled in blood and tissues to form the potent vasodilator nitric oxide (NO) 

particularly in conditions of low oxygen tension (Lundberg et al., 2008), the coupling between 

perfusion and oxidative metabolism may be altered due to local vasodilation in the 

contracting skeletal muscle. In the human forearm, submaximal dynamic handgrip exercise 

following nitrate supplementation resulted in unaltered (Casey et al., 2015; Kim et al., 2015; 

Craig et al., 2018) or higher (Richards et al., 2018) blood flow. Importantly, in the former 

studies VO2 (Casey et al., 2015; Kim et al., 2015; Craig et al., 2018) was not measured and 

in the latter study(Richards et al., 2018) a parallel increase in VO2 was observed, which may 

explain the greater perfusion. To what extent these findings in the forearm can be 

extrapolated to the legs remains to be determined but due to differences in vascular 

(Pawelczyk & Levine, 2002; Calbet et al., 2005; Proctor & Newcomer, 2006; Nyberg et al., 

2018) and metabolic (Ahlborg & Jensen-Urstad, 1991; Van Hall et al., 2003; Sacchetti et al., 

2005) regulation between the upper and lower extremities in humans, it may be that the legs 

display a different response to nitrate supplementation compared to the arms. Since most 

studies reporting lower VO2 with nitrate supplementation have used cycling and pulmonary 

measurements of VO2 (Pawlak-Chaouch et al., 2016), disclosing the effect of nitrate intake 
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on isolated leg skeletal muscle VO2 and blood flow will provide novel insight into the local 

regulation of metabolism and perfusion in contracting skeletal muscle. 

Based on rodent studies, there is evidence to suggest that nitrate supplementation can 

increase perfusion of motor units that are higher in the recruitment hierarchy (i.e. fast twitch 

muscle fibers) during dynamic exercise (Ferguson et al., 2013b) and increase the O2 driving 

pressure from capillary to myocyte during electrical stimulation (Ferguson et al., 2013a). In 

humans, the use of a double step protocol (i.e. rest-to-moderate and then moderate-to-

intense exercise transition) has been used to isolate the response of the higher order motor 

units fibers compared to a transition from rest directly to intense exercise (Brittain et al., 

2001; Wilkerson & Jones, 2006). Using such a protocol, it was found that nitrate 

supplementation accelerated the pulmonary VO2 response in the transition from moderate 

(100 W) to intense (225 W) cycle exercise in healthy human subjects and increased time to 

exhaustion (Breese et al., 2013). Based on near-infrared spectroscopy (NIRS), the faster 

VO2 response was linked to a faster increase in muscle O2 extraction across the moderate to 

intense exercise transition. However, the effects of nitrate supplementation on the rate of 

rise in perfusion and oxidative metabolism as well as exercise performance remains to be 

studied using measures of muscle blood flow, O2 extraction, and VO2. 

Accordingly, the aim of the present study was to investigate the influence of nitrate 

supplementation in healthy untrained human subjects on (I) muscle VO2, blood flow and O2 

extraction as well as anaerobic metabolism during steady state moderate and intense 

exercise and (II) the speed of the muscle VO2 response in the transition from moderate to 

intense exercise in order to examine the metabolic response of the higher order motor units. 

We hypothesized that nitrate supplementation would lower steady state muscle VO2 and 

blood flow without changing anaerobic energy turnover. Furthermore, we hypothesized that 

the VO2 response would be accelerated in the transition from moderate to intense exercise 

due to a higher O2 extraction, leading to a longer time to exhaustion. 
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Methods 

Ethical approval: Study procedures were approved by the local ethical committee of the 

capital region of Copenhagen (Region Hovedstaden, H-1-2014-085). All subjects received 

written and oral information about the study procedures and gave their written informed 

consent to participate in the study in accordance with the guidelines of the Declaration of 

Helsinki, except for registration in a database. 

Subjects: Eight healthy male subjects (21±2 year, 181±7 cm, 74.0±9.2 kg, 47.9±9.5 

mL/min/kg) participated in the study. To maximize the likelihood of nitrate supplementation to 

exert physiologic effects, a maximal pulmonary oxygen uptake (VO2max) below 50 ml/min/kg 

and a sedentary lifestyle without structured weekly training was used as inclusion criteria 

given the negative correlation between reduction of O2 cost of submaximal exercise following 

nitrate supplementation and individual aerobic fitness level (Porcelli et al., 2015; McMahon et 

al., 2017; Campos et al., 2018). During the study, two potential subjects withdrew for 

personal reasons and one subject was excluded due to an active lifestyle. None of these 

three are part of the subject group and data have not been included. 

Study design: A double-blinded randomized placebo-controlled study design was used. 

Following initial testing and familiarization (see details below), two main experimental days 

(Figure 1, see also detailed description below) were completed in which beetroot shots with 

a high nitrate content (NO3, total of 9 mmol in a volume of 140 ml) or a placebo drink (PLA) 

with similar volume, taste, and smell but negligible nitrate content (James White Drinks) 

were ingested 150 min prior to a one-leg knee extensor exercise protocol. A balanced 

randomization was chosen so that half of the subjects started with PLA and the other half 

with NO3. A period of 3-4 weeks separated the two main experimental days. The use of 

acute dosing of beetroot juice was based on previous studies demonstrating acute effects on 

pulmonary VO2 (Larsen et al., 2010; Vanhatalo et al., 2010; Wylie et al., 2013). 

Preliminary testing: Prior to the main experiments, pulmonary VO2max (Oxycon Pro, Jaeger) 

was determined from an incremental test (25 W/min until exhaustion) performed on a 

mechanically braked bicycle ergometer (Monark 839e) with prior calibration of equipment 

performed in accordance with manufacturers guidelines. Likewise, a one-leg knee extensor 

incremental test (6 W/min until exhaustion) was performed using a customized ergometer 

(based on a Monark bike ergometer) after prior familiarization to the exercise modality 

(Nyberg et al., 2014). 

Main experiment: On the two main experimental days, subjects were instructed to consume 

their last meal (similar between the two experimental days) 3 h before arrival in the lab at 
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8.00 A.M and avoid use of anti-bacterial mouthwash and chewing gum since these can 

disrupt the oral bacteria needed to metabolize nitrate (Govoni et al., 2008; Lundberg et al., 

2011). Under aseptic conditions and with local anesthesia (lidocaine, 20 mg/mL; Astra 

Zeneca, Denmark), catheters (20 gauge; Arrow, Reading, PA) were placed in the femoral 

artery and vein of the experimental leg 2 cm below the inguinal ligament. Subjects then 

consumed either the PLA or NO3 beverage 150 min before the start of the exercise protocol 

as shown in Figure 1. The protocol consisted of 2 parts separated by one hour to increase 

measuring sensitivity and to avoid influence on the VO2 response from previous exercise 

(Burnley et al., 2006).  Briefly, in both part 1 and 2, a 3-min period with passive exercise (an 

investigator moving the leg of the subject; PAS) was followed by a double-step protocol 

consisting of 6 min of moderate intensity one-leg knee-extensor exercise (MOD, 24±4 W, 

40% incremental test peak power) and 3 min of intense exercise (HIGH, 49±8 W, 80% 

incremental test peak power). In part 2, the protocol was extended so that work rate was 

incremented by 12 W every 2 min after HIGH to evaluate exercise capacity as the time to 

exhaustion (TTE). Subjects were instructed to maintain a constant kicking frequency of 60 

rpm during exercise. Venous blood samples were obtained at rest, during passive exercise 

30 s before onset of MOD and after 20, 40, 60, 120, 180 and 300 s of MOD and 20, 40, 60, 

120 and 180 s of HIGH.  Arterial blood samples were obtained 5 s prior to venous blood 

samples to account for the transit time for arterial blood to reach the active musculature 

(Krustrup et al., 2009). The 40-s arterial sample served as pairing with the 20 and 60 s 

venous sample as arterial blood gases, pH, and lactate levels are stable during the first 60 s 

of exercise (Christensen et al., 2013; Nyberg et al., 2014). A small incision (under local 

anesthesia; lidocaine, 20 mg/mL; Astra Zeneca, Denmark) was made in the skin above the 

vastus lateralis muscle of the exercising leg and a muscle biopsy was obtained at rest and 

after 180 s of HIGH in part 1 (Figure 1).  

Measurements: Femoral arterial blood flow (leg blood flow: LBF) was measured with 

ultrasound Doppler (Vivid E9; GE Healthcare) equipped with a linear probe operating at an 

imaging frequency of 4.0/8.0 MHz and Doppler frequency of 4.3 MHz at the same time 

points as the venous blood samples were drawn. The site of measurements in the common 

femoral artery was distal to the inguinal ligament but above the bifurcation into the superficial 

and deep femoral branches to avoid turbulence from the bifurcation. All recordings were 

obtained at the lowest possible insonation angle and always <60°. Sample volume was 

maximized according to the width of the vessel and kept clear of the vessel walls. Doppler 

traces and B-mode images were recorded continuously, and Doppler traces were averaged 

over ~10 s (transition phase; 20, 40, and 60 s of exercise) and 30 s periods (rest, PAS, MOD 

(120, 180, 300 s), HIGH (120, 180 s)). Arterial diameter measures (in triplicate) were 
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assessed during systole from arterial B-mode images with the vessel parallel to the 

transducer after each Doppler recording. Whole blood samples were analyzed (ABL725; 

Radiometer, Copenhagen, Denmark) for lactate concentration along with oxygen saturation, 

O2 pressure and hemoglobin concentration from which O2 content in the blood was 

calculated. Plasma nitrate and nitrite were analyzed from samples obtained in part 1 and 2 at 

rest (only venous samples) and at the end of MOD and HIGH in part 1 as described 

elsewhere (Wylie et al., 2016). Each sample was measured in duplicate. A part of the 

muscle sample (~2 mg d.w.) was extracted in 3 mol/L perchloric acid (PCA). The 

supernatant was neutralized to pH 7.0 with 2 mol/L KHCO3 and analyzed for lactate using 

fluorometric methods (Fluoroscan Ascent, Thermo Scientific, Waltham, MA). Due to 

technical difficulties muscle biopsy data represents that obtained from 6 subjects.  

Calculations: All hemodynamic variables in part 1 and part 2 of the double step protocol 

were averaged.  The following equations were used in subsequent calculations: 

 Leg VO2 [ml O2/min] = Leg blood flow [ml/min] x (arterial  - venous O2 content [ml 

O2/ml])  

 Leg lactate release [mmol lactate/min] = Leg blood flow (ml/min) x (venous - arterial 

lactate [mmol lactate/ml]) 

To compare the VO2 response between PLA and NO3, an amplitude for MOD and HIGH 

was calculated as follows: 

 MOD amplitude (ml/min) = leg VO2 MOD (180 s) – leg VO2 passive exercise (0 s)  

 HIGH amplitude (ml/min) = leg VO2 end HIGH (540 s) – leg VO2 end MOD (360 s)     

A VO2-curve was then constructed and the relative value (% amplitude) was calculated for 

the first 3 min period of exercise in each transition period for MOD (i.e. passive  MOD) and 

HIGH (i.e. MOD  HIGH) with a high percentage for a given time being indicative of a faster 

VO2 response. 

Statistics: To test for differences in plasma nitrate and nitrite, a two-way ANOVA with 

repeated measures was applied using supplementation (NO3 vs. PLA) and sampling site 

(artery vs. vein) as fixed factors in MOD and HIGH, and a paired t-test was used for 

comparing resting venous values. Leg VO2, blood flow, O2 extraction and blood lactate 

concentration and release were evaluated using a two-way repeated measures ANOVA with 

supplementation (NO3 vs. PLA) and time as fixed factors. These analyses were performed 

separately for MOD and HIGH. The kinetic VO2 response in the first 3 min of each exercise 

transition was evaluated also using a two-way ANOVA with repeated measures with 
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supplementation (NO3 vs. PLA) and intensity (MOD vs. HIGH) as fixed factor separately for 

each time-point. The significance level was set at α=0.05. If a significant main effect or 

interaction was detected, a Holm-Sidak post hoc analysis was applied to identify where 

interventions differed. Data are reported as the mean ± standard deviation. 

 

Results 

Plasma nitrate and nitrite 

In NO3 relative to PLA, arterial and venous plasma levels of nitrate were higher (P<0.001) at 

rest (venous; 590±103 vs. 23±13 µmol/L) and during exercise (venous; MOD: 533±120 vs. 

22±13 µmol/L; HIGH: 570±139 vs. 22±12 µmol/L) (Figure 2). In NO3, a reduction in nitrate 

concentration was detected between arterial and venous samples (i.e. indicating muscle 

uptake of nitrate) during both MOD (584±162 vs. 533±120 µmol/L, P<0.01) and HIGH 

(594±156 vs. 570±139 µmmol/L, P<0.01). Venous levels of nitrate at rest declined (P<0.001) 

from experimental part 1 to part 2 in both PLA (23±13 vs. 21±13 µmol/L) and NO3 (590±103 

vs. 522±121 µmol/L). 

Arterial and venous plasma levels of nitrite were higher (P<0.05) at rest (venous; 425±185 

vs. 150±103 nmol/L) and during exercise (venous; MOD: 329±147 vs. 114±52 nmol/L; HIGH: 

273±132 vs. 145±91 nmol/L) in NO3 compared to PLA. In NO3, a reduction in nitrite 

concentration was detected between arterial and venous samples (i.e. indicating muscle 

uptake of nitrite) during both MOD (449±240 vs. 329±147 nmol/L, P<0.05) and HIGH 

(435±191 vs. 273±132 nmol/L, P<0.01). There was no difference in resting venous plasma 

nitrite concentration between experimental part 1 and 2 in PLA (150±103 vs. 154±117 

nmol/L) and NO3 (425±185 vs. 551±300 nmol/L).  

 

Leg blood flow, O2 extraction, and VO2  

A main effect of supplementation (P<0.01) was detected during MOD for LBF with lower 

values (~9-15 %; across all timepoints) in NO3 compared with PLA (Figure 3A). LBF was 

reduced (P<0.05) in NO3 relative to PLA from 20 s and until the end of exercise in MOD 

(360 s). Although LBF was ~5-9 % lower in NO3 compared to PLA during HIGH, this did not 

attain statistical significance (P=0.133, Figure 3B). LBF was similar in PLA and NO3 at 

exhaustion (5.82±0.94 vs. 5.32±1.02 L/min). During PAS, LBF was 927±235 and 854±310 

mL/min with PLA and NO3, respectively (P=0.519). 
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O2 extraction (i.e. arterio-venous O2 difference) was not influenced by supplementation 

(Figure 3C and 3D).    

A main effect (P<0.05) of supplementation was present for leg VO2 during MOD and HIGH 

with leg VO2 being ~9-15 % and ~6-10 % lower in NO3 compared to PLA during MOD and 

HIGH, respectively (Figure 3E and 3F). Leg VO2 at exhaustion was not different (P=0.243) 

between NO3 and PLA (820±154 vs. 876±143 mL/min). 

The leg VO2 response expressed as relative to the final VO2 recorded in each phase of the 

protocol is shown in Figure 4. Leg VO2 kinetics was markedly faster (P<0.05) in the transition 

from passive to MOD compared with the transition from MOD to HIGH in NO3 and PLA but 

there was no difference between PLA and NO3. 

 

Lactate metabolism 

Venous blood lactate concentration was not affected by nitrate supplementation with lactate 

levels reaching values of ~3 and ~6 mmol/L for MOD and HIGH, respectively (Figure 5A and 

5B). Similarly, no difference in venous lactate was detected at exhaustion between NO3 and 

PLA (9.2±1.6 vs. 9.9±1.6 mmol/L). Arterial lactate levels were similar in PLA and NO3 at all 

timepoints. Lactate release was also not changed by nitrate supplementation during MOD 

(Figure 5C), HIGH (Figure 5D) or at exhaustion (15.1±4.2 vs. 19.2±4.6 mmol/min).  

Muscle lactate concentration was not different between NO3 and PLA either at rest (6.4±3.1 

vs. 5.5±2.8 mmol/kg dw,) or at the end of HIGH (40±31 vs. 39±25 mmol/kg dw). 

 

Exercise performance 

Time to exhaustion following HIGH was not different (P=0.456) between NO3 and PLA 

(150±91 vs. 167±92 s). 
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Discussion 

Here, we provide the first evidence in sedentary males that acute dietary nitrate 

supplementation reduces skeletal muscle VO2 during moderate and intense knee-extensor 

exercise. During moderate intensity exercise, the lower VO2 was paralleled by lower blood 

flow whereas the reduction in blood flow did not reach statistical significance during intense 

exercise. Moreover, reductions in both nitrate and nitrite concentrations across the 

exercising leg were evident suggesting that these ions are extracted from the arterial blood 

by contracting skeletal muscle. We also show that skeletal muscle VO2 kinetics was 

markedly faster in the transition from passive to moderate intensity exercise compared with a 

transition from moderate to intense exercise. However, nitrate supplementation did not 

enhance VO2 kinetics across this MOD to HIGH transition and did not improve time to 

exhaustion. 

To the best of our knowledge, this is the first nitrate supplementation study to directly 

measure VO2 in the exercising leg of humans with the use of arterial-venous sampling and 

blood flow measurements. By using this approach, it was demonstrated that leg VO2 was 

reduced with nitrate ingestion during both moderate and high intensity exercise. This effect 

on oxidative metabolism, combined with the unaltered leg lactate release and skeletal 

muscle lactate levels, is suggestive of a reduced O2 cost of contraction and metabolic 

demand in contracting skeletal muscle (i.e. enhanced mechanical and/or metabolic 

efficiency). The mechanism underlying this effect on skeletal muscle VO2 may feasibly 

involve increased efficiency of mitochondrial ATP synthesis (Larsen et al., 2011). However, 

findings are equivocal with one study reporting that the lower VO2 following nitrate ingestion 

was not related to changes in muscle mitochondrial coupling and respiratory efficiency 

(Whitfield et al., 2016) and another reporting no changes in respiration, leak respiration, and 

oxidative phosphorylation coupling in canine mitochondria (Porcelli et al., 2020). 

Alternatively, cellular ATP-consuming processes associated with contraction may also be 

reduced (Bailey et al., 2010), an effect that likely involves alterations in sarcoplasmic 

reticulum calcium handling and/or sensitivity (Hernandez et al., 2012; Bailey et al., 2019). 

These observations, combined with the observation that total ATP turnover rate during knee-

extensor exercise is lower with nitrate supplementation (Bailey et al., 2010), suggest that the 

effects of nitrate supplementation are primarily related to functional changes in contractile 

proteins and/or calcium handling. 

Given the potent vasodilator effect of NO, it may be expected that nitrate supplementation 

could lead to an increase in vasodilation and blood flow to contracting muscle. In the present 

study, however, we provide the first evidence in humans that a lower skeletal muscle VO2 is 
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instead paralleled by a lower blood flow with O2 extraction being similar in the PLA and NO3 

conditions. Although the reduction in blood flow did not reach statistical significance during 

intense exercise, the unaltered O2 extraction (P=0.495) and close correlation between the 

reduction in blood flow and VO2 (R
2=.0743, P<0.0001) at this intensity does highlight that 

this was the primary variable that changed. The lower blood flow is in accordance with our 

hypothesis, which was based on experimental evidence showing a tight coupling between 

skeletal muscle blood flow and oxidative metabolism (Joyner & Casey, 2015), i.e. muscle 

VO2 (O2 demand) dictates muscle blood flow (O2 supply). Within this context, the unaltered 

O2 extraction suggests that the matching of VO2 and perfusion was unaffected by nitrate 

supplementation. Our hypothesis was also based on the assumption that the vasodilator 

effect of locally formed NO would be counterbalanced by reduced formation/signalling of 

other vasodilators as interactions between vasoactive systems are known to operate to 

secure a precise regulation of blood flow (Hellsten et al., 2012a). The appropriate matching 

of blood flow and VO2 in the setting of increased NO bioavailability may likely be a result of 

reduced formation/signalling of vasodilator prostanoids given the redundancy that exists 

between these two systems in skeletal muscle (Mortensen et al., 2007) but other vasoactive 

systems such as hyperpolarizing factors and purines may also be involved (Hellsten et al., 

2012a; Hellsten et al., 2012b). Alternatively, it may be speculated that increased levels of 

nitrate and nitrite does not induce significant increases in vascular NO bioavailability or 

bioactivity during knee-extensor exercise as the uptake and utilization of these ions may be 

more related to direct effects on the muscle metabolic or contractile machinery. Future 

studies addressing the effects of nitrate supplementation on mechanisms regulating skeletal 

muscle blood flow are warranted.  

The present finding of lower perfusion and VO2 in the leg is in contrast to observations in the 

exercising human forearm, where higher blood flow and VO2 following nitrate 

supplementation has been reported (Richards et al., 2018). However, other studies have 

failed to demonstrate an effect of nitrate ingestion on blood flow during forearm exercise in 

young individuals (Casey et al., 2015; Kim et al., 2015; Craig et al., 2018). It is possible that 

effects of nitrate on muscle blood flow, VO2 and performance are related to the prevailing 

physiological circumstances (e.g. ischaemia, hypoxia) in the control condition. This 

underscores the need for additional studies to elucidate if a true inter-limb difference exists 

in the physiological response to nitrate supplementation. 

The nitrate-nitrite-NO pathway may be important for NO supply during exercise in which NO 

synthase function is impaired by the accompanying fall in pH and O2 availability (Lundberg et 

al., 2008; Black et al., 2017). In line with this, iron-nitrolysated hemoglobin levels have been 

shown to increase in the venous drainage of the exercising forearm following nitrite infusion, 
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which likely reflects an augmented rate of NO generation from nitrite (Cosby et al., 2003).  

Our findings expand on this observation in that a reduction in both nitrate and nitrite 

concentrations was detected between arterial and venous blood samples during moderate 

and intense exercise, suggesting an uptake and utilization of nitrate and nitrite in active 

skeletal muscle fibers. In support of an uptake into active muscle fibers, the nitrate/nitrite 

transporter sialin as well as enzymes involved in the nitrate-nitrite-NO pathway have been 

shown to be expressed in human skeletal muscle (Hellsten-Westing, 1993; Wylie et al., 

2019). In addition, following nitrate supplementation, skeletal muscle nitrate stores are 

reduced by exercise (Wylie et al., 2019), which is in accordance with the present observation 

of uptake across the exercising muscle. Importantly, as nitrate and nitrite are products of NO 

breakdown (Lundberg et al., 2008), the observed venous concentrations may indeed 

underestimate the actual uptake of these ions into skeletal muscle. While the dynamics of 

blood and muscle nitrate and nitrite during exercise are clearly complex, the present findings 

add to the evidence that skeletal muscle plays an important role in the metabolism of nitrate 

and nitrite in humans and that nitrate and nitrite may be important to muscle contractile 

function. 

By use of a double step protocol, we aimed to isolate the response of the higher order motor 

units (Brittain et al., 2001; Wilkerson & Jones, 2006) as nitrate supplementation has been 

reported to accelerate the pulmonary VO2 response in the transition from moderate to 

intense cycle exercise (Breese et al., 2013). This enhanced VO2 response was associated 

with a faster increase in O2 extraction as estimated using NIRS across the transitional phase 

(Breese et al., 2013). In the present study, we detected slower VO2 kinetics in the transition 

from moderate to intense exercise than during passive movement to moderate intensity 

exercise, which is likely caused, at least in part, by greater recruitment of fast twitch fibers in 

the former as these fibers have slower VO2 kinetics (Poole & Jones, 2012). However, 

despite the recruitment of higher order motor units, blood flow, O2 extraction, and VO2 in the 

transitional phase were not altered with nitrate ingestion compared to placebo. This 

discrepancy in the findings between cycling and knee-extensor exercise may relate to 

differences in relative exercise intensity, activated muscle mass, method to measure VO2 

(local vs. systemic), and sensitivity of VO2 kinetics assessment, but future studies 

addressing this are warranted. 

Nitrate supplementation has been reported to improve intense running and cycling exercise 

performance in some (Lansley et al., 2011; Kelly et al., 2014; Shannon et al., 2017) but not 

all studies (Wylie et al., 2019; Senefeld et al., 2020). Based on the report of accelerated 

pulmonary VO2 response and improved intense cycling exercise performance (Breese et al., 

2013), we hypothesized that such a local effect in skeletal muscle would be associated with 
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reduced anaerobic metabolism in the transitional phase and ultimately improved 

performance. However, no effect on either VO2 kinetics or exercise performance was 

detected in the current protocol using knee-extensor exercise. The lack of effect on VO2 

kinetics in the present study provides one explanation for the absence of improved 

performance with NO3. It should also be noted that performance was measured as time to 

exhaustion during a short intense incremental phase of exercise at the end of the protocol. 

Given that we observed a significant lowering of skeletal muscle VO2 with NO3, and that a 

lower VO2 might be expected to be associated with less glycogen utilization (Tan et al., 

2018), it is possible that performance during lower intensity, longer duration exercise might 

have been improved by nitrate supplementation.  

A decline in venous nitrate levels at rest were detected between part 1 and part 2. Hence, it 

may be speculated that a gradual loss of nitrate over the experimental day may have 

contributed to the lack of performance enhancement. Yet, nitrite levels at rest were not lower 

during the second part and the effect on VO2 was also evident during the second part of the 

study, suggesting that a loss of nitrate and nitrite could not explain the lack of effect on 

performance. An additional explanation for the lack of performance effect may be related to 

the acute administration used in the current setup as acute nitrite infusion has been shown 

not to alter mechanical efficiency and mitochondrial respiration (Porcelli et al., 2020). There 

are, however, numerous studies which show that acute nitrate supplementation can lower 

VO2 (Larsen et al., 2010; Vanhatalo et al., 2010; Wylie et al., 2013) and the present study 

itself does indeed demonstrate a lower VO2 following acute nitrate supplementation, 

suggesting that the use of acute compared to chronic dosing cannot explain the lack of effect 

on performance in the present study.  

In summary, the present study provides the first evidence that elevation of plasma nitrate 

and nitrite improves the efficiency of active human leg skeletal muscle as evidenced by 

reductions in muscle VO2 without alterations in lactate metabolism. Furthermore, reductions 

in plasma nitrate and nitrite concentrations across the exercising muscle provides additional 

evidence for uptake from arterial blood and utilization of nitrate and nitrite in active skeletal 

muscle fibres. Despite the lowering of oxidative metabolism, nitrate supplementation did not 

enhance muscle VO2 kinetics, nor did it improve time to exhaustion during intense exercise.  
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Figure legends 

 

Abstract figure. Acute nitrate (NO3-) ingestion reduces leg skeletal muscle O2 uptake and 

blood flow during knee-extensor exercise. These physiological effects are associated with 

extraction of NO3- and nitrite (NO2-) from the arterial blood by contracting skeletal muscle. 
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Figure 1. Study protocol 

For the main experiment, a double-blinded placebo cross-over design was used with 3-4 

weeks separating the two experiments. Subjects consumed either concentrated beetroot 

juice shots containing ~9 mmol nitrate (NO3
-) or a similar volume of identical looking and 

tasting shots with NO3
- removed as a placebo (PLA) 2.5 hours prior to a double-step protocol 

in the one-leg knee extensor model. Passive exercise was performed for 3 min (PAS), 

before the double-step protocol with the first step being moderate intensity exercise for 6 min 

(MOD, 24±4 W) and the second step being high intensity exercise for 3 min (HIGH, 49±8 W). 

The protocol was performed twice (part 1 and 2 separated by 60 min of recovery) and 

exercise capacity was assessed as time to exhaustion (TTE) during an incremental test 

starting immediately at the end of the second step in part 2.  Doppler blood flow and 

femoral arterial and venous blood sampling.  Muscle biopsy sampling. # Samples obtained 

at -0.5 min, * samples obtained at 5 min. 
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Figure 2. Plasma nitrate and nitrite levels 

Plasma nitrate (A) and nitrite (B) in arterial (a) and venous (v) blood samples obtained at rest 

and at the end of each step during a double-step protocol encompassing moderate (MOD, 

24±4 W) and high (HIGH, 49±8 W) intensity one-leg knee extensor exercise following intake 

of beetroot shots containing ~9 mmol nitrate (NO3) or a similar volume of identical looking 

and tasting shots with nitrate removed as a placebo (PLA) in healthy male subjects (n=8). 

Error bars display the standard deviation. Significant supplementation effect, NO3 different 

from PLA (*P<0.05), **P<0.01, ***P<0.001). Venous values different from arterial values 

(post hoc testing) in NO3 ($P<0.05, $$P<0.01). 
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Figure 3. Leg hemodynamics 

Leg blood flow (A, B), leg arterio-venous O2 difference (C,D), and leg VO2 (E, F), during a 

double-step protocol encompassing moderate (MOD, 24±4 W) and high (HIGH, 49±8 W) 

intensity one-leg knee extensor exercise following intake of beetroot shots containing ~9 

mmol nitrate (NO3) or a similar volume of identical looking and tasting shots with nitrate 

removed as a placebo (PLA) in healthy male subjects (n=8). Error bars display the standard 

deviation. Significant supplementation effect, NO3 different from PLA (*P<0.05, 

(***P<0.001). NO3 different from PLA (#P<0.05, ##P<0.01, ###P<0.001, post hoc testing).  
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Figure 4. Leg VO2 response 

Leg VO2 response expressed relative to the total amplitude of the VO2 response during the 

initial 3 min of exercise in a double-step protocol encompassing moderate (MOD, 24±4 W) 

and high (HIGH, 49±8 W) intensity one-leg knee extensor exercise in healthy male subjects 

(n=8). The amplitude was calculated for each intensity as the 3 min value – the baseline 

value before the transition (see also Methods section). The 3 min of exercise describing the 

transition from passive exercise to MOD, and the transition from MOD to HIGH has been 

superimposed (time listed in real time for HIGH is displayed in brackets). The protocol was 

executed following intake of beetroot shots containing ~9 mmol nitrate (NO3) or a similar 

volume of identical looking and tasting shots with nitrate removed as a placebo (PLA). Error 

bars display the standard deviation. Significant intensity effect, HIGH different from MOD in 

PLA and NO3 (£P<0.05, ££P<0.01).  
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Figure 5. Venous lactate and lactate release 

Femoral venous lactate (A, B) and lactate release (C, D) during a double-step protocol 

encompassing moderate (MOD, 24±4 W) and high (HIGH, 49±8 W) intensity one-leg knee 

extensor exercise following intake of beetroot shots containing ~9 mmol nitrate (NO3
-) or a 

similar volume of identical looking and tasting shots with nitrate removed as a placebo (PLA) 

in healthy male subjects (n=8). Error bars display the standard deviation.  
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