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Abstract

Background

Dietary nitrate supplementation can enhance exercise performance in healthy people, but it

is not clear if it is beneficial in COPD. We investigated the hypotheses that acute nitrate dos-

ing would improve exercise performance and reduce the oxygen cost of submaximal exer-

cise in people with COPD.

Methods

We performed a double-blind, placebo-controlled, cross-over single dose study. Subjects

were randomised to consume either nitrate-rich beetroot juice (containing 12.9mmoles

nitrate) or placebo (nitrate-depleted beetroot juice) 3 hours prior to endurance cycle ergo-

metry, performed at 70% of maximal workload assessed by a prior incremental exercise

test. After a minimum washout period of 7 days the protocol was repeated with the cross-

over beverage.

Results

21 subjects successfully completed the study (age 68±7years; BMI 25.2±5.5kg/m2; FEV1

percentage predicted 50.1±21.6%; peak VO2 18.0±5.9ml/min/kg). Resting diastolic blood

pressure fell significantly with nitrate supplementation compared to placebo (-7±8mmHg

nitrate vs. -1±8mmHg placebo; p = 0.008). Median endurance time did not differ signifi-

cantly; nitrate 5.65 (3.90–10.40) minutes vs. placebo 6.40 (4.01–9.67) minutes (p = 0.50).

However, isotime oxygen consumption (VO2) was lower following nitrate supplementation

(16.6±6.0ml/min/kg nitrate vs. 17.2±6.0ml/min/kg placebo; p = 0.043), and consequently
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nitrate supplementation caused a significant lowering of the amplitude of the VO2-percent-

age isotime curve.

Conclusions

Acute administration of oral nitrate did not enhance endurance exercise performance; how-

ever the observation that beetroot juice caused reduced oxygen consumption at isotime

suggests that further investigation of this treatment approach is warranted, perhaps target-

ing a more hypoxic phenotype.

Trial Registration

ISRCTN Registry ISRCTN66099139

Introduction
Exercise limitation is a common symptom in patients with COPD. While the benefits of sup-
plemental oxygen, at least in non-hypoxaemic subjects, on exercise performance remains
uncertain[1], substantial skeletal muscle hypoxia is observed during exercise in both normal
subjects and COPD patients whose oxygen saturation is maintained by the administration of
supplemental oxygen[2]. Taken together with other data which suggest that anaerobic metabo-
lism is frequent in patients with COPD[3, 4], a potential contributor to exercise limitation in
COPD could be through the mechanism of tissue oxygen delivery, intramuscular oxygen trans-
port or mitochondrial dysfunction. Thus approaches which reduce the oxygen cost of exercise
might be of therapeutic benefit.

Both nutrient and oxygen delivery, as well as mitochondrial function (and thus oxygen con-
sumption), are under regulatory control by the physiological signalling molecule nitric oxide
(NO). NO is produced endogenously by the action of the NO synthase (NOS) family of
enzymes via oxidation of the amino acid L-arginine. NO may also be produced by the reduc-
tion of exogenous dietary nitrate (NO3

-), found at high levels in beetroot and green leafy vege-
tables[5], to nitrite (NO2

-) and then further to NO in a NOS-independent manner[6].
Ingested nitrate is enterally absorbed into the blood, with approximately 25% of the circulat-

ing amount being taken up by the salivary glands (enterosalivary circulation). Nitrate is then
excreted in saliva[7], and reduced from nitrate to nitrite via the nitrate reductase activity of
oral commensal facultative anaerobic bacteria[8]. Salivary nitrite is subsequently swallowed
and may enter the circulation directly as nitrite[8], or be further reduced to NO and absorbed
following oxidation to nitrite or nitrate.

Various studies have reported benefits from dietary nitrate supplementation through the
mechanism of a reduction in the oxygen cost of submaximal exercise in young, healthy individ-
uals[9–13], and this has been associated with improved measures of exercise performance[9–
12, 14]. The majority of studies have used beetroot juice as the nitrate source, the oxygen-spar-
ing effect being dependent largely on nitrate itself since nitrate-depleted beetroot juice fails to
elicit the same effect[11]. This effect has been shown to persist over at least 15 days of continual
supplementation [12].

A beneficial effect of nitrate supplementation has also been demonstrated during exercise in
hypoxic conditions[15], which is of interest for people with chronic respiratory disease. Two
early studies suggested benefit in patients with COPD [16, 17], although both studies were
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limited by the placebo preparation selected, and other groups have failed to reproduce these
findings using a robust placebo[18, 19]. However, in the two latter studies the dose of nitrate
administered immediately prior to testing was below that which has been shown in health to
induce improvement in exercise performance[6], and in one case testing was performed only
one hour post dosing[19] when nitrite levels may not yet have peaked. Thus these findings
need further investigation with a higher dosing regimen given at an appropriate time interval
prior to exercise testing, particularly since the studies failed to show any effect on blood pres-
sure[18, 19]. The aim of this study was to investigate the effects of a higher dosing regimen of
nitrate, in the form of beetroot juice, on exercise performance in COPD with concomitant mea-
surements of pulmonary oxygen uptake and with comparison to a robust placebo preparation.

Materials and Methods

Patient selection
All participants provided written informed consent prior to enrolment in the study, which was
approved by the Bromley Research Ethics Committee (reference 13/LO/0372) and conducted
in line with the principles of the Declaration of Helsinki. COPD patients of GOLD stage II-IV
[20] were considered for inclusion and recruited through outpatient clinics at the Royal
Brompton Hospital and through public outreach events including World COPD Day. Recruit-
ment started on 24th June 2013 and was completed on 28th April 2014, with follow-up com-
pleted on 3rd June 2014. This study was registered prospectively on a publicly accessible
database (www.iscrn.com/ISRCTN66099139). The authors confirm that all ongoing and
related trials for this intervention are registered.

Exclusion criteria for the study included patients taking nitrate-based medications or phos-
phodiesterase V inhibitors, those with other medical conditions likely to benefit from nitrate
supplementation (including ischaemic heart disease and peripheral vascular disease), and
patients on long-term oxygen therapy or antibiotic therapy (whether on an acute or prophylac-
tic basis). Those patients considered clinically unstable (within one month of pulmonary
exacerbation) or suffering from hypotension or significant renal impairment (eGFR<50ml/
min/1.73m2) were also excluded from the study.

Study design and randomisation
The study was a double-blind, cross-over, placebo-controlled trial. Allocation of the order of
beverages was performed using a computer-generated randomisation in blocks of 4, produced
by an independent statistician with consecutive numbers linked to preparations of placebo or
active treatment. The researcher responsible for enrolment and outcome measurements
remained separate from the randomisation process and remained blinded throughout the
study and during data analysis. The principal investigator who was not involved in any patient
visits held the randomisation list and indicated the patient assignment order.

We hypothesised that nitrate supplementation would increase time to exhaustion during
symptom-limited cycle ergometry at 70% peak workload as assessed previously using an incre-
mental, maximal, symptom-limited cardiopulmonary exercise test. Secondary outcome mea-
sures included plasma nitrate and nitrite levels, blood pressure response, area under the VO2

curve to isotime, and plasma metabolomics.

Intervention
140ml of BEET-IT Sport Stamina Shot (James White Drinks, Ipswich, UK) containing 0.8g
nitrate and 140ml of a matched placebo of beetroot juice specifically depleted of nitrate were
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used as the active and placebo preparations, respectively. The placebo preparation was identical
in appearance and taste[11], and also produced beeturia. The dose chosen was intended to pro-
vide a bolus of nitrate (12.9mmoles) exceeding that necessary to reduce oxygen consumption
during submaximal exercise in young healthy subjects[6], and was selected as a convenient
dosing method (2x 70ml bottles) which was readily acceptable and easily ingested.

Subjects were requested to avoid foods naturally high in nitrate in the 48hour period prior
to the dosing visit and were asked to match food and caffeine consumption on the two days of
testing. Subjects were additionally asked to avoid use of mouthwash and chewing gum in the
48hour period prior to testing as this has previously been shown to reduce oral bacterial nitrate
reductase activity[21]. Subjects were also advised to avoid heavy exercise in the 24 hours prior
to each dosing visit.

Study conduct
All data were collected at the NIHR Respiratory Biomedical Research Unit at the Royal Bromp-
ton and Harefield NHS Foundation Trust. Following successful screening the subjects attended
for measurement of baseline characteristics during which several parameters were recorded
including vital signs, anthropometric and bioimpedance measurements, quality of life assess-
ment, full pulmonary function testing, quadriceps maximal volitional contraction, physical
activity monitoring, and an incremental maximal symptom-limited cycle ergometry test was
performed.

On the dosing visits the subjects attended on the day of testing in the morning; after a 10 min-
ute rest period blood pressure measurements and baseline plasma samples were obtained, after
which the patients were dosed. 3 hours later both blood pressure measures and blood sampling
was repeated prior to endurance cycle ergometry at a constant work rate (70% peak workload
achieved on prior maximal incremental exercise testing). The cycle test was conducted at the
same time on each occasion. Further blood draws were taken at peak exercise. After a minimum
wash-out period of 7 days the protocol was repeated with the crossover beverage.

Blood pressure, anthropometrics and fat fee mass measurements
Blood pressure was measured using an automated blood pressure monitor (Omron M6,
Omron Healthcare Europe, Hoofddorp, Netherlands). Measurements were performed in the
seated position with the subject’s arm supported. A mean of three measurements was recorded.
Height (cm) without shoes was measured using a wall mounted measure, and weight (kg) mea-
sured using standardised scales.

Fat free mass (FFM) was determined using bioelectrical impedance analysis by measuring
the electrical resistance between the wrist and ankle using a Bodystat 4000 device (Bodystat,
Isle of Man, UK). Subjects lay supine for 10 minutes prior to measurement. Electrodes were
placed on the dominant hand and foot, at 2cm proximal to the carpometacarpal joint and the
ulnar level of the wrist on the dorsal aspect of the hand, and at 2cm proximal to the carpometa-
tarsal joint and level of the malleoli of the ankle respectively. The value obtained is dependent
on body water content and based on this FFM can be calculated using a disease specific regres-
sion equation[22]. Fat Free Mass Index (FFMI) was calculated by dividing FFM by height in
metres squared (kg/m2). Individuals with a FFMI below 16 kg/m2 in males and 15 kg/m2 in
females were considered to have evidence of FFM depletion[22].

Physical activity measurement
Patients were asked to wear a physical activity monitor (SenseWear Pro Armband, Bodymedia,
Pittsburg, USA) continually for a week that incorporates a biaxial accelerometer and energy
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expenditure measurements[23]. The armband was placed over the body of the triceps muscle
of the right arm and the subject asked to wear it continuously except when bathing. Data was
analysed over a period of 5 days including 2 weekend days.

Quadriceps strength
Maximum isometric quadriceps force (QMVC) was measured using the technique of Edwards
et al.[24]. Prior to each measurement calibration was performed using a standardised weight.
Subjects were seated with the leg flexed at an angle of 90° relative to the edge of the couch. The
right leg was tested unless it was not feasible to do so. An inextensible strap was placed around
the subject’s ankle and connected to a strain gauge. The maximum force generated and sus-
tained for at least 1 second during at least five contractions with vigorous encouragement was
measured (recorded in kg). A minimum of 30 seconds was allowed between each effort. Output
from the strain gauge was processed as a digital output by a Powerlab recording unit and ana-
lysed using LabChart software (AD Instruments, Oxfordshire, UK) sampling at 10kHz. The
percentage predicted QMVC was determined according to regression equations based on age,
gender and FFM[24, 25].

Pulmonary function testing
Measurements were made in the lung function department of the Royal Brompton Hospital
according to international guidelines and with rigorous quality assurance in place with a Jaeger
master lab system (CompactLab system, Jaeger, Wurzburg, Germany). Spirometry, gas transfer
and plethysmographic lung volumes were also measured in accordance with European Respi-
ratory Society (ERS)/ American Thoracic Society (ATS) guidelines[26–28]. Standardised lung
function testing reference equations were based on the European Coal and Steel Community
(ECSC) reference values[29]. Capillary blood gas samples were taken at rest.

Health-related quality of life measures
Subjects completed the St George Respiratory Questionnaire for COPD patients (SGRQ-C)
and the COPD Assessment Test (CAT). Each is validated in assessing health-related quality of
life in COPD [30, 31].

Cycle ergometry testing
A symptom limited incremental exercise test was performed at baseline on a bicycle ergometer
(Ergoselect 100, Ergoline, Bitz, Germany) with metabolic measurements collected using a
mouthpiece (Masterscreen CPX metabolic cart, CareFusion, Basingstoke, UK) and analysed
using JLAB software (JLAB Lab Manager version 5.32, Jaeger, CareFusion, Basingstoke, UK).
Following a 2 minute rest period and 2 minute free cycling workload increased by 5 Watts
every 30 seconds with subjects being asked to maintain a speed of 60–70 revolutions per min-
ute. Measurements were taken of peak workload, VO2, VCO2, minute ventilation, respiratory
rate and tidal volume. Peak workload was defined as the greatest workload that the subject was
able to maintain for a 30 second period.

To evaluate the effects of the intervention on cardiorespiratory fitness and skeletal muscle
function endurance cycle ergometry testing was performed 3 hours following dosing at 70%
peak workload achieved on incremental cycle ergometry. The endurance time was calculated as
the time from the beginning of loaded cycling to the point of test cessation due to symptom
limitation. Breath-by-breath data was obtained and rolling 8-breath averages were used in the
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isotime analysis (with isotime being defined as the duration of the shorter of the two exercise
tests).

Plasma nitrate/nitrite analysis
All plasma samples (baseline, 3 hours post dosing and peak exercise) were obtained by venesec-
tion in lithium heparin tubes and immediately spun for 10 minutes at 520g at 4°C. The result-
ing supernatant was pipetted into 2ml polypropylene cryotubes, taking care to avoid any
contamination from the buffy coat containing the white cells/ platelets atop the erythrocyte
pellet, and immediately frozen at -80°C.

Nitrate and nitrite plasma levels were assessed using a post-column diazo coupling reaction
(Griess reaction) in combination with high-performance liquid chromatography (HPLC)
(Eicom NOx analyser, ENO-20, San Diego, USA)[32]. Nitrate and nitrite were first separated
on the analytical column. Nitrite then reacts with the Griess reagent generating a red diazo
compound, the absorbance of which was measured at 540nm using a spectrophotometric
detector. Nitrate passing through the on-line reduction column was reduced to nitrite before
undergoing the same diazo coupling reaction. The peak areas of absorption of solutions of
know standard concentrations were then compared to those produced by the test samples to
provide measures of plasma nitrate and nitrite.

Plasma nuclear magnetic resonance spectroscopy analysis
Plasma samples were defrosted at room temperature and centrifuged at 16,000g for 10 minutes.
An aliquot of 300μl was then mixed with 300μl of NMR buffer (double distilled water contain-
ing 8% deuterium oxide (D2O) for the magnetic lock). The resulting mixture was transferred to
5mm NMR tubes within a 96-tube rack. 1H-NMR spectra of plasma samples were obtained
using a Bruker Avance III 700 MHz spectrometer (Bruker Biospin, Karlsruhe, Germany) at the
operating 1H frequency 700.2 MHz with a temperature of 298K. A Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence (Bruker experiment: cpmgpr1d) was applied to better visualise low
molecular weight metabolites. A spin relaxation delay of 76ms was used and a total of 32 scans
were acquired.

Spectra were processed and analysed as described previously[33]. An exponential window
function was applied with a line broadening of 0.3 Hz prior to Fourier transformation. All
chemical shifts were manually referenced to formate (δ = 8.44 ppm).

Data analysis and statistics
We studied a convenience sample of 25, offering a good chance of identifying a clinically mean-
ingful effect. Data are presented as mean ± standard deviation and were analysed using Graph-
Pad Prism version 5.0 for Windows (GraphPad Software, San Diego, California, USA).
Repeated measures analysis of variance (ANOVA) was utilised to compare plasma nitrate
metabolites between treatment conditions and at each specific time-point. To compare oxygen
consumption between study conditions, individual cardiopulmonary exercise test data periods
were expressed as percentiles of isotime (the duration of the shorter of the two tests) and the
individual responses grouped to allow analysis of VO2 against percentage of isotime (plotted at
the midpoint of each 10th percentile of isotime). The area under this curve was assessed for
each subject and the two conditions, then compared using a paired t-test. Resting and isotime
measurements between treatment conditions were compared using paired t-tests, or the appro-
priate non-parametric test for data that was not normally distributed. A p-value<0.05 was
considered to be statistically significant.
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Results

Subjects
25 patients were enrolled into the study, of whom 21 completed the full study protocol (Fig 1).
Recruitment started in June 2013 and the trial completed in June 2014 when the 25 enrolled
patients had either completed or been withdrawn. The baseline characteristics of the partici-
pants are presented in Table 1. Patients were 100% compliant with the dosing protocol with no
adverse effects noted except beeturia.

Venous nitrate and nitrite measures
Venous plasma nitrate measurements at all timepoints are shown in Fig 2. Following dosing
with nitrate-rich beetroot juice plasma nitrate levels increased substantially (37.0 ± 16.4μM
baseline vs. 820.2 ± 187.7μM post dosing; p<0.0001) and remained significantly elevated at
peak exercise (917.1 ± 291.6μM; p<0.0001). There were no significant changes in plasma
nitrate concentrations following dosing with the placebo preparation (45.7 ± 15.8μM baseline
vs. 45.3 ± 16.5μM post dosing; p>0.99). Plasma nitrite levels were below the quantifiable limit
(0.2μM) in all but three patients at baseline and remained so in the placebo condition but
increased following nitrate supplementation to 1.57 ± 0.98μM and remained elevated at peak
exercise (1.37 ± 0.65μM).

Endurance exercise time
The median endurance time during cycle ergometry performed at 70% maximum workload
was not significantly different between the treatment groups (5.65 (3.90–10.40) nitrate vs. 6.40

Fig 1. CONSORT recruitment diagram for enrolment and study completion.

doi:10.1371/journal.pone.0144504.g001
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(4.01–9.67) minutes placebo; p = 0.50). The individual responses are depicted in Fig 3. We also
tested for an order effect, but none was present (the change in endurance time if nitrate supple-
mentation was applied first was -2.03±4.64 minutes, compared to 1.92±4.16 minutes if placebo
was administered first; p = 0.13).

Blood pressure responses
The changes in resting blood pressure parameters following ingestion of nitrate-rich beetroot
juice and placebo are shown in Fig 4. The reduction in systolic blood pressure after dosing
between treatment conditions was not significantly different, however, the reduction in dia-
stolic blood pressure was greater in the nitrate supplemented group (7±8 nitrate vs. 1±8mmHg
placebo; p = 0.008). There was a trend towards greater lowering of the mean arterial pressure
following nitrate supplementation, although this was not statistically significant (7±8 nitrate
vs. 3±8mmHg placebo; p = 0.07).

Table 1. Demographic and baseline clinical characteristics of the subjects (n = 21).

Measurement Mean (SD)

Sex (♂:♀) 16:5

Age (years) 68 (7)

Systolic BP (mm Hg) 137 (19)

Diastolic BP (mm Hg) 79 (7)

Smoking PYH 40 (29)

MRC dyspnoea score 2 (1)

CAT score 14 (7)

SGRQ-C total 35.37 (13.00)

BMI (kg/m2) 25.2 (5.5)

FFM (kg) 48.9 (8.4)

FFMI (kg/m2) 16.9 (2.2)

QMVC (kg) 37.8 (10.7)

QMVC % predicted 87.8 (19.3)

Average daily step count 6669 (4436)

Average PAL 1.50 (0.20)

FEV1 (L) 1.33 (0.58)

FEV1% predicted 50.1 (21.6)

TLCOc % predicted 54.1 (19.3)

RV % predicted 167 (53)

TLC % predicted 119 (14)

RV/TLC ratio (%) 52.3 (8.7)

PaO2 (kPa) 10.7 (1.2)

Peak power on cycle (watts) 71.9 (30.8)

Peak VO2 (ml/min/kg) 18.0 (5.9)

Data shown are mean (SD). Abbreviations: BP–blood pressure; PYH–pack year history; MRC–Medical

Research Council; CAT–COPD assessment test; SQRC-C–St. George’s respiratory questionnaire for

COPD; BMI–body mass index; FFMI–fat free mass index; QMVC–quadriceps maximal volitional

contraction; PAL- physical activity level; FEV1 –forced expiratory volume in 1 second; TLCOc−carbon

monoxide diffusing capacity; RV–residual volume; TLC–total lung capacity; VO2 –pulmonary oxygen

uptake.

doi:10.1371/journal.pone.0144504.t001
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VO2 curves to isotime
At rest there was no significant difference in minute ventilation or VO2 following dosing with
either nitrate-rich beetroot juice or placebo (Table 2). At isotime (i.e. the longest time of

Fig 2. Alterations in plasma nitrate following dosing. Plasma nitrate concentrations prior to (‘baseline’)
and following consumption of a nitrate-rich or placebo beverage. ‘Post dosing’ indicates a time point 3 hours
following consumption which was immediately prior to cardiopulmonary exercise testing. ‘Peak’was a time
point at the point of exhaustion during endurance cycle ergometry testing. Repeated measures analysis of
variance (ANOVA) was used to compare plasma nitrate metabolites between treatment conditions and at
each specific time-point; *significantly different from baseline, p<0.0001; †significantly different from placebo
group, p<0.0001.

doi:10.1371/journal.pone.0144504.g002

Fig 3. Endurance time during cycle ergometry at 70%maximal workloadmeasured in the placebo and
nitrate-rich beetroot juice dosing conditions. AWilcoxon test was used to compare median values in the
two treatment groups; no significant difference was found.

doi:10.1371/journal.pone.0144504.g003
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equivalent exercise completed under either study condition) both pulmonary VO2 and minute
ventilation were lower in the nitrate supplemented condition than placebo (Table 2). There

Fig 4. Blood pressure parameters following dosing. Alterations in blood pressure parameters (systolic
blood pressure sBP, diastolic blood pressure dBP and mean arterial pressure MAP) relative to
presupplemented baseline 3 hours following dosing with nitrate-rich beetroot juice or placebo preparation.
Paired t-tests were used to compare blood pressure parameters between treatment groups; *significantly
different from placebo, p<0.01.

doi:10.1371/journal.pone.0144504.g004

Table 2. Rest and isotime analysis of the cardiopulmonary exercise test parameters.

Parameter Timepoint Placebo Nitrate-rich beetroot juice Difference p value

HR (bpm) Rest 85 (11) 87 (11) 2 (7) 0.063

HR (bpm) Isotime 122 (17) 121 (20) -1 (10) 0.30

BF (breaths/min) Rest 16 (4) 17 (4) 1 (3) 0.095

BF (breaths/min) Isotime 32 (8) 32 (5) 0 (7) 0.48

VT (L) Rest 0.93 (0.43) 0.87 (0.25) -0.06 (0.26) 0.33

VT (L) Isotime 1.44 (0.39) 1.40 (0.47) -0.04 (0.18) 0.12

VE (L/min) Rest 13.27 (3.90) 13.37 (3.95) 0.10 (2.29) 0.34

VE (L/min) Isotime 43.85 (13.94) 41.88 (14.85) -1.97 (4.52) 0.029*

VO2 (ml/min/kg) Rest 4.5 (1.2) 4.4 (1.3) -0.1 (0.9) 0.32

VO2 (ml/min/kg) Isotime 17.2 (6.0) 16.6 (6.0) -0.6 (1.48) 0.043*

VCO2 (ml/min/kg) Rest 4.2 (1.2) 4.2 (1.3) 0.0 (0.82) 0.49

VCO2 (ml/min/kg) Isotime 17.1 (6.0) 16.7 (6.3) -0.4 (1.74) 0.14

Power/VO2 ratio (W/ml/min/kg) Isotime 2.92 (0.73) 3.03 (0.73) 0.11 (0.29) 0.053

SpO2 (%) Rest 95 (2) 96 (2) 0 (2) 0.26

SpO2 (%) Isotime 92 (4) 93 (4) 1 (2) 0.15

Oxygen pulse (ml/beat) Rest 3.8 (1.0) 3.6 (0.9) -0.2 (0.69) 0.12

Oxygen pulse (ml/beat) Isotime 10.0 (2.6) 9.7 (2.3) -0.3 (1.2) 0.09

Relative oxygen pulse (ml/beat/kg) Rest 0.053 (0.0138) 0.051 (0.014) -0.002 (0.010) 0.15

Relative oxygen pulse (ml/beat/kg) Isotime 0.143 (0.039) 0.138 (0.036) -0.005 (0.014) 0.043*

Data are shown as mean (SD)

*p<0.05.

Abbreviations: HR—heart rate; BF–breathing frequency; VT–tidal volume; VE–minute ventilation; VO2 –pulmonary oxygen uptake; VCO2—exhaled carbon

dioxide production; SpO2 –peripheral arterial oxygen saturation.

doi:10.1371/journal.pone.0144504.t002
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was a numerical improvement in the power/VO2 relationship (P/O ratio) in the nitrate supple-
mented condition, although this was not statistically significant.

VO2 curves to isotime revealed a significant separation of the curves between the two treat-
ment conditions (Fig 5). The area under the curve to VO2 isotime was also calculated for each
subject to enable a comparison of the two treatment conditions (Fig 6).

Plasma NMR spectroscopy analysis
Exercise related plasma metabolites showed no difference when comparing pre and peak exer-
cise values under the two treatment conditions (Fig 7).

Discussion
Our trial, in patients with COPD, failed to demonstrate an improvement in endurance exercise
performance following acute nitrate dosing in the form of beetroot juice. However, nitrate sup-
plementation was biologically active, causing reductions in resting diastolic blood pressure and
oxygen consumption at isotime during exercise, which may warrant further investigation.

Fig 5. Isotime VO2 analysis. The graph represents the VO2 at each 10th percentile of isotime with 0% representing the initiation of loaded cycling at 70%
maximal workload achieved on incremental cycle ergometry. The area under the curves to isotime was compared using a paired t-test showing significant
separation of the curves representing the two treatment conditions (p = 0.027).

doi:10.1371/journal.pone.0144504.g005
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Critique of the method
Adequate nitrate supplementation was confirmed by the observation of a 22-fold rise in plasma
nitrate within 3 hours. Baseline plasma nitrate levels were similar to those of young recreation-
ally active individuals[6, 34] and, whilst we were concerned that possible age related changes in

Fig 6. Individual responses for area under the curve (AUC) to VO2 isotime. There was a significant
difference between the two treatment conditions with a reduction in the area of the curve to VO2 isotime in the
nitrate supplemented condition.

doi:10.1371/journal.pone.0144504.g006

Fig 7. Alteration in plasmametabolomics during endurance cycle ergometry. Values are expressed as
a ratio of peak exercise:pre exercise, with a value of 1 indicative of no change. Paired t-tests were utilised to
compare metabolite levels between treatment conditions, with no significant difference seen for any
metabolite analysed.

doi:10.1371/journal.pone.0144504.g007
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digestion, enterosalivary circulation and oral commensal bacteria might impair nitrate delivery,
the plasma nitrate levels achieved exceeded even those achieved by administration of a higher
dose of nitrate in healthy young individuals[6]. Secondly, we observed a statistically significant
reduction in diastolic blood pressure as previously noted in healthy individuals[35, 36], seniors
with peripheral vascular disease[37], and COPD patients[16, 17]. One previous study has failed
to show a reduction in blood pressure parameters following acute nitrate dosing in COPD[18].
However that study, which also failed to show an effect on exercise performance, used a lower
treatment dose of nitrate and achieved plasma nitrate levels that were 4-fold lower than our
dosing regimen (215±84μM vs. 820±288μM). Previous work has established that both reduc-
tion in blood pressure and post-dose plasma nitrate levels are dose-dependent[6]. Thus an
important conclusion of the current study is that a single higher dose of nitrate is both safe and
biologically active in COPD.

The plasma nitrite levels fell below the limit of quantifiability in the majority of baseline
samples. Part of the explanation for this, besides a small interfering peak apparently originating
from the beetroot juice, is that samples were not pre-treated with a thiol-blocking agent prior
to centrifugation; such treatment ensures there is no flux of nitrite across blood cell mem-
branes, which may lower plasma concentrations. However, high levels of plasma nitrite were
readily measurable following nitrate dosing.

We failed to observe an improvement in exercise performance following nitrate dosing,
despite a reduction in the oxygen cost of exercise. There are several possible explanations for
this. Firstly, this could be due to statistical power and variation in endurance time. The variabil-
ity in endurance time at 70% maximal workload on endurance cycle ergometry was beyond
what we have observed in previous studies in a similar population[38]. In part this may be
explained by day-to-day symptom variability in COPD[39], and might thus be an expected fea-
ture of studies in this condition using this outcome measure as has been reported by other
groups studying nitrate supplementation in COPD[16, 17, 19]. A trial run might have reduced
this variability, although it is important to note no order effect was identified. Studies using
cycle ergometry methodology and agents of proven efficacy (for example bronchodilators)
have tended to have larger sample sizes than ours[38, 40, 41]. Certainly, significant caution is
needed when interpreting the results of non-blinded studies in this field, and emphasises the
importance of using nitrate-depleted beetroot juice (which also causes beeturia) as a placebo
[16, 17].

Secondly, it may simply be the case that this small improvement in the oxygen cost of exer-
cise does not impact on the rate limiting parameters in exercise in ventilatory limited patients.
Thirdly, we may have studied the wrong patient group. By design we did not include patients
on oxygen supplementation but it may be the case that it is this specific patient phenotype
where a reduction in the oxygen cost of exercise produces the greatest benefit.

Significance of the findings
While it is possible that a larger sample size might have given a positive result this seems rela-
tively unlikely given exercise time was also numerically shorter in the treatment group. How-
ever, the observation (confirmed by the fall in blood pressure) that nitrate supplementation is
biologically active and associated with a measurable reduction in oxygen consumption is of
interest. Cardiovascular comorbidities are common in patients with COPD, so an intervention
that lowers blood pressure may produce clinical benefit outside of a direct effect on exercise
performance.

Some prior data are available regarding nitrate supplementation with beetroot juice in
COPD. An improvement in endurance cycle ergometry exercise time has been previously
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noted in a randomised cross-over study[16]. However, we believe that caution is needed in
interpreting this result, partly because a matching placebo beverage (i.e. one which caused bee-
turia) was not used. This study as noted by the authors, also noted inter-individual variability
in endurance time despite the use of a familiarisation constant work rate exercise test, and
appropriate adjustment if the endurance time was outside of the 4–10 minute range. In fact,
some individual responses were of a greater magnitude than could be explained by a plausible
biological mechanism, thus skewing the overall data for endurance time. Despite this, in line
with our own study, a similar reduction in pulmonary oxygen uptake at isotime was noted (of
the order of 0.7ml/min/kg), although this failed to reach statistical significance (p = 0.099)
most likely due to under-powering[16]. This lends support to our own findings regarding the
influence of nitrate supplementation on the oxygen cost of exercise.

Two further studies in COPD (both reported after we started our study) used a robust pla-
cebo but either failed to show a positive effect on oxygen consumption[18] or did not measure
this variable[19], and both showed no improvement in exercise performance[18, 19]. Effects
on oxygen consumption have previously been shown to be dose-dependent[6], and thus these
negative findings may be due to the use of an insufficient dose of nitrate. Consideration should
also be given to the fact that there are recognised ‘responders’ and ‘non-responders’ to nitrate
supplementation when studying athletic populations[42, 43]. Whilst the lack of response in
elite athletes may in part be explained by intrinsic high levels of nitrate metabolites through
both exercise induced upregulation of NOS activity[44] and the selection of a diet rich in
nitrate, the fact that within that group there is variability in response indicates that other unrec-
ognised factors are likely at play[42, 43]. Our own study is too small to enable effective subana-
lysis but it should remain a focus of future studies to consider factors that may affect
responsivity to nitrate loading, allowing those subjects most likely to benefit from nitrate sup-
plementation to be both recognised and targeted.

The reduction of VO2 at absolute isotime in our study is of a similar magnitude (3–4%) to
that recorded in healthy individuals[6]. The cause of this observation is unclear, but of interest.
Several potential modes of action of nitrate have been proposed including alterations to skeletal
muscle blood flow[45], improved efficiency of the mitochondrial oxidative phosphorylation
[46], effects on energy requiring processes in skeletal muscle[47, 48], alterations to mitochon-
drial biogenesis[49], blood viscosity[50] and NOS substrate availability[51]. No significant
changes were noted in any of the metabolites identified in the NMR spectroscopy array, and
although lactate rose appropriately following the exercise challenge this was of equal magni-
tude in both conditions, suggesting, as in health, that nitrate does not promote anaerobic
metabolism[9].

Use of phosphorus-31 NMR spectroscopy have suggested that nitrate supplementation acts,
at least in part, via reduced ATP cost of muscle force production[9]. Separately we have
recently demonstrated a trend towards longer ADP recovery times in COPD patients prese-
lected for quadriceps dysfunction[3]. The generation of ATP is dependent on the generation
and maintenance of the electrochemical proton gradient. However, not all of this membrane
potential is eventually coupled to ATP production due to proton leakage across the inner mito-
chondrial membrane, through uncoupling proteins and the adenine nucleotide translocase.
Larsen et al.[46] demonstrated ex vivo that following 3 days of nitrate supplementation har-
vested human skeletal muscle mitochondria increased oxidative phosphorylation efficiency,
correlating with a 3% reduction in whole-body oxygen consumption during submaximal work-
load exercise[46]. Future studies are clearly required to inform the mechanistic action of nitrate
to allow the exploration of pharmacological therapies that may exploit the relevant pathways.

Although our data do not support a role for general use of nitrate supplementation using
beetroot juice in this setting we believe, because of the observation of reduced oxygen
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consumption, that targeting specific phenotypes in COPD may lead to the identification of
therapeutic benefits. Thus, for example, we are now conducting a trial to investigate nitrate
supplementation as an adjunct to pulmonary rehabilitation (www.controlled-trials.com/
ISRCTN27860457), powered to detect an improvement in incremental shuttle walking dis-
tance. Other possible feasibility studies could be those in patients stratified for lactataemia
(indicating anaerobic metabolism) during exercise, or those with either systemic or marked
local hypoxia (for example detected using near-infrared spectroscopy[2]).

In conclusion, acute administration of 0.8g nitrate in the form of beetroot juice failed to
improve endurance exercise cycle capacity compared with placebo, but the reduction in oxygen
consumption during exercise in COPD subjects and the reduction observed in resting diastolic
blood pressure confirm a biological action at this dose. Several studies have now confirmed the
blood-pressuring lowering properties of nitrate administered as beetroot juice in COPD, and as
comorbidities are common in this population this may be an important effect. Since the inter-
vention is safe and inexpensive further studies are warranted to establish whether it has a thera-
peutic role in specific COPD phenotypes.

Supporting Information
S1 CONSORT Checklist.
(DOC)

S1 Trial Dataset.
(XLS)

S1 Trial Protocol.
(DOCX)

Acknowledgments
The authors wish to thank the lung function department at the Royal Brompton Hospital,
Cosetta Minelli for her assistance with the statistical analysis, the NIHR Biomedical Research
Unit, and the patients for their participation in this study.

Author Contributions
Conceived and designed the experiments: KJC NSH LME. Performed the experiments: KJC
KAO RJT MM. Analyzed the data: KJC KAOMM JIP MF LMEMIP NSH. Wrote the paper:
KJC KAO RJT JIP MMMFMIP LME NSH.

References
1. Ameer F, Carson KV, Usmani ZA, Smith BJ. Ambulatory oxygen for people with chronic obstructive pul-

monary disease who are not hypoxaemic at rest. Cochrane database of systematic reviews. 2014; 6:
CD000238. doi: 10.1002/14651858.CD000238.pub2 PMID: 24957353.

2. Vogiatzis I, Athanasopoulos D, Stratakos G, Garagouni C, Koutsoukou A, Boushel R, et al. Exercise-
induced skeletal muscle deoxygenation in O-supplemented COPD patients. Scandinavian journal of
medicine & science in sports. 2009; 19(3):364–72. doi: 10.1111/j.1600-0838.2008.00808.x PMID:
18492053.

3. Shields GS, Coissi GS, Jimenez-Royo P, Gambarota G, Dimber R, Hopkinson NS, et al. Bioenergetics
and intermuscular fat in chronic obstructive pulmonary disease-associated quadriceps weakness. Mus-
cle & nerve. 2015; 51(2):214–21. doi: 10.1002/mus.24289 PMID: 24831173.

4. Polkey MI, Hawkins P, Kyroussis D, Ellum SG, Sherwood R, Moxham J. Inspiratory pressure support
prolongs exercise induced lactataemia in severe COPD. Thorax. 2000; 55(7):547–9. Epub 2000/06/17.
PMID: 10856312; PubMed Central PMCID: PMC1745811.

Acute Dietary Nitrate Supplementation in COPD

PLOSONE | DOI:10.1371/journal.pone.0144504 December 23, 2015 15 / 18

http://www.controlled-trials.com/ISRCTN27860457
http://www.controlled-trials.com/ISRCTN27860457
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144504.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144504.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144504.s003
http://dx.doi.org/10.1002/14651858.CD000238.pub2
http://www.ncbi.nlm.nih.gov/pubmed/24957353
http://dx.doi.org/10.1111/j.1600-0838.2008.00808.x
http://www.ncbi.nlm.nih.gov/pubmed/18492053
http://dx.doi.org/10.1002/mus.24289
http://www.ncbi.nlm.nih.gov/pubmed/24831173
http://www.ncbi.nlm.nih.gov/pubmed/10856312


5. Ysart G, Miller P, Barrett G, Farrington D, Lawrance P, Harrison N. Dietary exposures to nitrate in the
UK. Food additives and contaminants. 1999; 16(12):521–32. doi: 10.1080/026520399283669 PMID:
10789374.

6. Wylie LJ, Kelly J, Bailey SJ, Blackwell JR, Skiba PF, Winyard PG, et al. Beetroot juice and exercise:
pharmacodynamic and dose-response relationships. J Appl Physiol (1985). 2013; 115(3):325–36. doi:
10.1152/japplphysiol.00372.2013 PMID: 23640589.

7. Lundberg JO, Weitzberg E. NO-synthase independent NO generation in mammals. Biochemical and
biophysical research communications. 2010; 396(1):39–45. doi: 10.1016/j.bbrc.2010.02.136 PMID:
20494108.

8. Lundberg JO, Govoni M. Inorganic nitrate is a possible source for systemic generation of nitric oxide.
Free radical biology & medicine. 2004; 37(3):395–400. doi: 10.1016/j.freeradbiomed.2004.04.027
PMID: 15223073.

9. Bailey SJ, Fulford J, Vanhatalo A, Winyard PG, Blackwell JR, DiMenna FJ, et al. Dietary nitrate supple-
mentation enhances muscle contractile efficiency during knee-extensor exercise in humans. Journal of
applied physiology. 2010; 109(1):135–48. doi: 10.1152/japplphysiol.00046.2010 PMID: 20466802.

10. Bailey SJ, Winyard P, Vanhatalo A, Blackwell JR, Dimenna FJ, Wilkerson DP, et al. Dietary nitrate sup-
plementation reduces the O2 cost of low-intensity exercise and enhances tolerance to high-intensity
exercise in humans. J Appl Physiol. 2009; 107(4):1144–55. Epub 2009/08/08. doi: 10.1152/
japplphysiol.00722.2009 PMID: 19661447.

11. Lansley KE, Winyard PG, Fulford J, Vanhatalo A, Bailey SJ, Blackwell JR, et al. Dietary nitrate supple-
mentation reduces the O2 cost of walking and running: a placebo-controlled study. J Appl Physiol.
2011; 110(3):591–600. Epub 2010/11/13. doi: 10.1152/japplphysiol.01070.2010 PMID: 21071588.

12. Vanhatalo A, Bailey SJ, Blackwell JR, DiMenna FJ, Pavey TG, Wilkerson DP, et al. Acute and chronic
effects of dietary nitrate supplementation on blood pressure and the physiological responses to moder-
ate-intensity and incremental exercise. American journal of physiology Regulatory, integrative and
comparative physiology. 2010; 299(4):R1121–31. Epub 2010/08/13. doi: 10.1152/ajpregu.00206.2010
PMID: 20702806.

13. Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Effects of dietary nitrate on oxygen cost during exer-
cise. Acta physiologica. 2007; 191(1):59–66. doi: 10.1111/j.1748-1716.2007.01713.x PMID:
17635415.

14. Murphy M, Eliot K, Heuertz RM, Weiss E. Whole beetroot consumption acutely improves running per-
formance. Journal of the Academy of Nutrition and Dietetics. 2012; 112(4):548–52. Epub 2012/06/20.
doi: 10.1016/j.jand.2011.12.002 PMID: 22709704.

15. 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. 2012;
113(5):736–45. Epub 2012/07/10. doi: 10.1152/japplphysiol.01253.2011 PMID: 22773768.

16. Berry MJ, Justus NW, Hauser JI, Case AH, Helms CC, Basu S, et al. Dietary nitrate supplementation
improves exercise performance and decreases blood pressure in COPD patients. Nitric oxide: biology
and chemistry / official journal of the Nitric Oxide Society. 2014. doi: 10.1016/j.niox.2014.10.007 PMID:
25445634.

17. Kerley CP, Cahill K, Bolger K, McGowan A, Burke C, Faul J, et al. Dietary nitrate supplementation in
COPD: An acute, double-blind, randomized, placebo-controlled, crossover trial. Nitric oxide: biology
and chemistry / official journal of the Nitric Oxide Society. 2015; 44:105–11. doi: 10.1016/j.niox.2014.
12.010 PMID: 25534960.

18. Shepherd AI, Wilkerson DP, Dobson L, Kelly J, Winyard PG, Jones AM, et al. The effect of dietary
nitrate supplementation on the oxygen cost of cycling, walking performance and resting blood pressure
in individuals with chronic obstructive pulmonary disease: A double blind placebo controlled, rando-
mised control trial. Nitric oxide: biology and chemistry / official journal of the Nitric Oxide Society. 2015.
doi: 10.1016/j.niox.2015.01.002 PMID: 25596150.

19. Leong P, Basham JE, Yong T, Chazan A, Finlay P, Barnes S, et al. A double blind randomized placebo
control crossover trial on the effect of dietary nitrate supplementation on exercise tolerance in stable
moderate chronic obstructive pulmonary disease. BMC pulmonary medicine. 2015; 15(1):52. doi: 10.
1186/s12890-015-0057-4 PMID: 25934631; PubMed Central PMCID: PMC4423518.

20. Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P, et al. Global strategy for the diagnosis,
management, and prevention of chronic obstructive pulmonary disease: GOLD executive summary.
American journal of respiratory and critical care medicine. 2007; 176(6):532–55. doi: 10.1164/rccm.
200703-456SO PMID: 17507545.

21. Govoni M, Jansson EA, Weitzberg E, Lundberg JO. The increase in plasma nitrite after a dietary nitrate
load is markedly attenuated by an antibacterial mouthwash. Nitric oxide: biology and chemistry / official

Acute Dietary Nitrate Supplementation in COPD

PLOSONE | DOI:10.1371/journal.pone.0144504 December 23, 2015 16 / 18

http://dx.doi.org/10.1080/026520399283669
http://www.ncbi.nlm.nih.gov/pubmed/10789374
http://dx.doi.org/10.1152/japplphysiol.00372.2013
http://www.ncbi.nlm.nih.gov/pubmed/23640589
http://dx.doi.org/10.1016/j.bbrc.2010.02.136
http://www.ncbi.nlm.nih.gov/pubmed/20494108
http://dx.doi.org/10.1016/j.freeradbiomed.2004.04.027
http://www.ncbi.nlm.nih.gov/pubmed/15223073
http://dx.doi.org/10.1152/japplphysiol.00046.2010
http://www.ncbi.nlm.nih.gov/pubmed/20466802
http://dx.doi.org/10.1152/japplphysiol.00722.2009
http://dx.doi.org/10.1152/japplphysiol.00722.2009
http://www.ncbi.nlm.nih.gov/pubmed/19661447
http://dx.doi.org/10.1152/japplphysiol.01070.2010
http://www.ncbi.nlm.nih.gov/pubmed/21071588
http://dx.doi.org/10.1152/ajpregu.00206.2010
http://www.ncbi.nlm.nih.gov/pubmed/20702806
http://dx.doi.org/10.1111/j.1748-1716.2007.01713.x
http://www.ncbi.nlm.nih.gov/pubmed/17635415
http://dx.doi.org/10.1016/j.jand.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22709704
http://dx.doi.org/10.1152/japplphysiol.01253.2011
http://www.ncbi.nlm.nih.gov/pubmed/22773768
http://dx.doi.org/10.1016/j.niox.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25445634
http://dx.doi.org/10.1016/j.niox.2014.12.010
http://dx.doi.org/10.1016/j.niox.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25534960
http://dx.doi.org/10.1016/j.niox.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25596150
http://dx.doi.org/10.1186/s12890-015-0057-4
http://dx.doi.org/10.1186/s12890-015-0057-4
http://www.ncbi.nlm.nih.gov/pubmed/25934631
http://dx.doi.org/10.1164/rccm.200703-456SO
http://dx.doi.org/10.1164/rccm.200703-456SO
http://www.ncbi.nlm.nih.gov/pubmed/17507545


journal of the Nitric Oxide Society. 2008; 19(4):333–7. doi: 10.1016/j.niox.2008.08.003 PMID:
18793740.

22. Steiner MC, Barton RL, Singh SJ, Morgan MD. Bedside methods versus dual energy X-ray absorptiom-
etry for body composition measurement in COPD. Eur Respir J. 2002; 19(4):626–31. PMID: 11998990.

23. Hill K, Dolmage TE, Woon L, Goldstein R, Brooks D. Measurement properties of the SenseWear arm-
band in adults with chronic obstructive pulmonary disease. Thorax. 2010; 65(6):486–91. doi: 10.1136/
thx.2009.128702 PMID: 20522844.

24. Edwards RH, Young A, Hosking GP, Jones DA. Human skeletal muscle function: description of tests
and normal values. Clinical science and molecular medicine. 1977; 52(3):283–90. PMID: 844260.

25. Seymour JM, Ward K, Sidhu PS, Puthucheary Z, Steier J, Jolley CJ, et al. Ultrasound measurement of
rectus femoris cross-sectional area and the relationship with quadriceps strength in COPD. Thorax.
2009; 64(5):418–23. Epub 2009/01/23. thx.2008.103986 [pii] doi: 10.1136/thx.2008.103986 PMID:
19158125.

26. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. Standardisation of spirom-
etry. The European respiratory journal: official journal of the European Society for Clinical Respiratory
Physiology. 2005; 26(2):319–38. doi: 10.1183/09031936.05.00034805 PMID: 16055882.

27. Macintyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CP, Brusasco V, et al. Standardisation
of the single-breath determination of carbon monoxide uptake in the lung. Eur Respir J. 2005; 26
(4):720–35. Epub 2005/10/06. doi: 10.1183/09031936.05.00034905 PMID: 16204605.

28. Wanger J, Clausen JL, Coates A, Pedersen OF, Brusasco V, Burgos F, et al. Standardisation of the
measurement of lung volumes. The European respiratory journal: official journal of the European Soci-
ety for Clinical Respiratory Physiology. 2005; 26(3):511–22. doi: 10.1183/09031936.05.00035005
PMID: 16135736.

29. Gibson GJ. Standardised lung function testing. The European respiratory journal: official journal of the
European Society for Clinical Respiratory Physiology. 1993; 6(2):155–7. PMID: 8444285.

30. Meguro M, Barley EA, Spencer S, Jones PW. Development and Validation of an Improved, COPD-Spe-
cific Version of the St. George Respiratory Questionnaire. Chest. 2007; 132(2):456–63. Epub 2007/07/
25. doi: 10.1378/chest.06-0702 PMID: 17646240.

31. Jones PW, Harding G, Berry P, Wiklund I, ChenWH, Kline Leidy N. Development and first validation of
the COPD Assessment Test. Eur Respir J. 2009; 34(3):648–54. Epub 2009/09/02. doi: 10.1183/
09031936.00102509 PMID: 19720809.

32. Rassaf T, Bryan NS, Kelm M, Feelisch M. Concomitant presence of N-nitroso and S-nitroso proteins in
human plasma. Free radical biology & medicine. 2002; 33(11):1590–6. PMID: 12446216.

33. Nikolic SB, Wilson R, Hare JL, AdamsMJ, Edwards LM, Sharman JE. Spironolactone reduces aortic
stiffness via blood pressure-dependent effects of canrenoate. Metabolomics. 2014; 10(1):105–13. doi:
10.1007/s11306-013-0557-2 PMID: WOS:000330622400011.

34. Jungersten L, Ambring A, Wall B, Wennmalm A. Both physical fitness and acute exercise regulate nitric
oxide formation in healthy humans. Journal of applied physiology. 1997; 82(3):760–4. PMID: 9074960.

35. Larsen FJ, Ekblom B, Sahlin K, Lundberg JO, Weitzberg E. Effects of dietary nitrate on blood pressure
in healthy volunteers. The New England journal of medicine. 2006; 355(26):2792–3. doi: 10.1056/
NEJMc062800 PMID: 17192551.

36. Webb AJ, Patel N, Loukogeorgakis S, Okorie M, Aboud Z, Misra S, et al. Acute blood pressure lower-
ing, vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to nitrite. Hyperten-
sion. 2008; 51(3):784–90. doi: 10.1161/HYPERTENSIONAHA.107.103523 PMID: 18250365; PubMed
Central PMCID: PMC2839282.

37. Kenjale AA, Ham KL, Stabler T, Robbins JL, Johnson JL, Vanbruggen M, et al. Dietary nitrate supple-
mentation enhances exercise performance in peripheral arterial disease. J Appl Physiol. 2011; 110
(6):1582–91. Epub 2011/04/02. doi: 10.1152/japplphysiol.00071.2011 PMID: 21454745; PubMed Cen-
tral PMCID: PMC3119136.

38. O'Donnell DE, Casaburi R, VinckenW, Puente-Maestu L, Swales J, Lawrence D, et al. Effect of indaca-
terol on exercise endurance and lung hyperinflation in COPD. Respiratory medicine. 2011; 105
(7):1030–6. doi: 10.1016/j.rmed.2011.03.014 PMID: 21498063.

39. Kessler R, Partridge MR, Miravitlles M, Cazzola M, Vogelmeier C, Leynaud D, et al. Symptom variability
in patients with severe COPD: a pan-European cross-sectional study. The European respiratory jour-
nal: official journal of the European Society for Clinical Respiratory Physiology. 2011; 37(2):264–72.
doi: 10.1183/09031936.00051110 PMID: 21115606.

40. Casaburi R, Maltais F, Porszasz J, Albers F, Deng Q, Iqbal A, et al. Effects of tiotropium on hyperinfla-
tion and treadmill exercise tolerance in mild to moderate chronic obstructive pulmonary disease. Annals

Acute Dietary Nitrate Supplementation in COPD

PLOSONE | DOI:10.1371/journal.pone.0144504 December 23, 2015 17 / 18

http://dx.doi.org/10.1016/j.niox.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18793740
http://www.ncbi.nlm.nih.gov/pubmed/11998990
http://dx.doi.org/10.1136/thx.2009.128702
http://dx.doi.org/10.1136/thx.2009.128702
http://www.ncbi.nlm.nih.gov/pubmed/20522844
http://www.ncbi.nlm.nih.gov/pubmed/844260
http://dx.doi.org/10.1136/thx.2008.103986
http://www.ncbi.nlm.nih.gov/pubmed/19158125
http://dx.doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/pubmed/16055882
http://dx.doi.org/10.1183/09031936.05.00034905
http://www.ncbi.nlm.nih.gov/pubmed/16204605
http://dx.doi.org/10.1183/09031936.05.00035005
http://www.ncbi.nlm.nih.gov/pubmed/16135736
http://www.ncbi.nlm.nih.gov/pubmed/8444285
http://dx.doi.org/10.1378/chest.06-0702
http://www.ncbi.nlm.nih.gov/pubmed/17646240
http://dx.doi.org/10.1183/09031936.00102509
http://dx.doi.org/10.1183/09031936.00102509
http://www.ncbi.nlm.nih.gov/pubmed/19720809
http://www.ncbi.nlm.nih.gov/pubmed/12446216
http://dx.doi.org/10.1007/s11306-013-0557-2
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000330622400011
http://www.ncbi.nlm.nih.gov/pubmed/9074960
http://dx.doi.org/10.1056/NEJMc062800
http://dx.doi.org/10.1056/NEJMc062800
http://www.ncbi.nlm.nih.gov/pubmed/17192551
http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.103523
http://www.ncbi.nlm.nih.gov/pubmed/18250365
http://dx.doi.org/10.1152/japplphysiol.00071.2011
http://www.ncbi.nlm.nih.gov/pubmed/21454745
http://dx.doi.org/10.1016/j.rmed.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21498063
http://dx.doi.org/10.1183/09031936.00051110
http://www.ncbi.nlm.nih.gov/pubmed/21115606


of the American Thoracic Society. 2014; 11(9):1351–61. doi: 10.1513/AnnalsATS.201404-174OC
PMID: 25289942.

41. Maltais F, Hamilton A, Marciniuk D, Hernandez P, Sciurba FC, Richter K, et al. Improvements in symp-
tom-limited exercise performance over 8 h with once-daily tiotropium in patients with COPD. Chest.
2005; 128(3):1168–78. doi: 10.1378/chest.128.3.1168 PMID: 16162703.

42. HultstromM, Amorim de Paula C, Antonio Peliky Fontes M, Porcelli S, Bellistri G, Pugliese L, et al.
Commentaries on Viewpoint: Can elite athletes benefit from dietary nitrate supplementation? J Appl
Physiol (1985). 2015; 119(6):762–9. doi: 10.1152/japplphysiol.00640.2015 PMID: 26374877.

43. Porcelli S, Ramaglia M, Bellistri G, Pavei G, Pugliese L, Montorsi M, et al. Aerobic Fitness Affects the
Exercise Performance Responses to Nitrate Supplementation. Medicine and science in sports and
exercise. 2015; 47(8):1643–51. doi: 10.1249/MSS.0000000000000577 PMID: 25412295.

44. McConell GK, Bradley SJ, Stephens TJ, Canny BJ, Kingwell BA, Lee-Young RS. Skeletal muscle
nNOSmu protein content is increased by exercise training in humans. American journal of physiology
Regulatory, integrative and comparative physiology. 2007; 293(2):R821–8. doi: 10.1152/ajpregu.
00796.2006 PMID: 17459909.

45. Bentley R, Gray SR, Schwarzbauer C, Dawson D, Frenneaux M, He J. Dietary nitrate reduces skeletal
muscle oxygenation response to physical exercise: a quantitative muscle functional MRI study. Physio-
logical reports. 2014; 2(7). doi: 10.14814/phy2.12089 PMID: 25052493.

46. Larsen FJ, Schiffer TA, Borniquel S, Sahlin K, Ekblom B, Lundberg JO, et al. Dietary inorganic nitrate
improves mitochondrial efficiency in humans. Cell metabolism. 2011; 13(2):149–59. doi: 10.1016/j.
cmet.2011.01.004 PMID: 21284982.

47. Evangelista AM, Rao VS, Filo AR, Marozkina NV, Doctor A, Jones DR, et al. Direct regulation of striated
muscle myosins by nitric oxide and endogenous nitrosothiols. PloS one. 2010; 5(6):e11209. doi: 10.
1371/journal.pone.0011209 PMID: 20585450; PubMed Central PMCID: PMC2887846.

48. Ishii T, Sunami O, Saitoh N, Nishio H, Takeuchi T, Hata F. Inhibition of skeletal muscle sarcoplasmic
reticulum Ca2+-ATPase by nitric oxide. FEBS letters. 1998; 440(1–2):218–22. PMID: 9862458.

49. Jones AM. Dietary nitrate supplementation and exercise performance. Sports medicine. 2014; 44
Suppl 1:S35–45. doi: 10.1007/s40279-014-0149-y PMID: 24791915; PubMed Central PMCID:
PMC4008816.

50. Ashmore T, Fernandez BO, Evans CE, Huang Y, Branco-Price C, Griffin JL, et al. Suppression of eryth-
ropoiesis by dietary nitrate. FASEB journal: official publication of the Federation of American Societies
for Experimental Biology. 2014. doi: 10.1096/fj.14-263004 PMID: 25422368.

51. Ashmore T, Fernandez BO, Branco-Price C, West JA, Cowburn AS, Heather LC, et al. Dietary nitrate
increases arginine availability and protects mitochondrial complex I and energetics in the hypoxic rat
heart. The Journal of physiology. 2014; 592(Pt 21):4715–31. doi: 10.1113/jphysiol.2014.275263 PMID:
25172947; PubMed Central PMCID: PMC4253472.

Acute Dietary Nitrate Supplementation in COPD

PLOSONE | DOI:10.1371/journal.pone.0144504 December 23, 2015 18 / 18

http://dx.doi.org/10.1513/AnnalsATS.201404-174OC
http://www.ncbi.nlm.nih.gov/pubmed/25289942
http://dx.doi.org/10.1378/chest.128.3.1168
http://www.ncbi.nlm.nih.gov/pubmed/16162703
http://dx.doi.org/10.1152/japplphysiol.00640.2015
http://www.ncbi.nlm.nih.gov/pubmed/26374877
http://dx.doi.org/10.1249/MSS.0000000000000577
http://www.ncbi.nlm.nih.gov/pubmed/25412295
http://dx.doi.org/10.1152/ajpregu.00796.2006
http://dx.doi.org/10.1152/ajpregu.00796.2006
http://www.ncbi.nlm.nih.gov/pubmed/17459909
http://dx.doi.org/10.14814/phy2.12089
http://www.ncbi.nlm.nih.gov/pubmed/25052493
http://dx.doi.org/10.1016/j.cmet.2011.01.004
http://dx.doi.org/10.1016/j.cmet.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21284982
http://dx.doi.org/10.1371/journal.pone.0011209
http://dx.doi.org/10.1371/journal.pone.0011209
http://www.ncbi.nlm.nih.gov/pubmed/20585450
http://www.ncbi.nlm.nih.gov/pubmed/9862458
http://dx.doi.org/10.1007/s40279-014-0149-y
http://www.ncbi.nlm.nih.gov/pubmed/24791915
http://dx.doi.org/10.1096/fj.14-263004
http://www.ncbi.nlm.nih.gov/pubmed/25422368
http://dx.doi.org/10.1113/jphysiol.2014.275263
http://www.ncbi.nlm.nih.gov/pubmed/25172947

