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Abstract Recent studies have suggested that dietary
inorganic nitrate (NO3;~) supplementation may improve
muscle efficiency and endurance exercise tolerance but
possible effects during team sport-specific intense inter-
mittent exercise have not been examined. We hypothesized
that NO;~ supplementation would enhance high-intensity
intermittent exercise performance. Fourteen male recrea-
tional team-sport players were assigned in a double-blind,
randomized, crossover design to consume 490 mL of
concentrated, nitrate-rich beetroot juice (BR) and nitrate-
depleted placebo juice (PL) over ~30 h preceding the
completion of a Yo-Yo intermittent recovery level 1 test
(Yo-Yo IRI1). Resting plasma nitrite concentration
(INO,]) was ~400 % greater in BR compared to PL.
Plasma [NO, "] declined by 20 % in PL (P < 0.05) and by
54 % in BR (P < 0.05) from pre-exercise to end-exercise.
Performance in the Yo-Yo IR1 was 4.2 % greater
(P <0.05) with BR (1,704 £ 304 m) compared to PL
(1,636 + 288 m). Blood [lactate] was not different between
BR and PL, but the mean blood [glucose] was lower
(3.8 0.8 vs. 42 + 1.1 mM, P <0.05) and the rise in
plasma [K*] tended to be reduced in BR compared to PL
(P = 0.08). These findings suggest that NO5;~ supplemen-
tation may promote NO production via the nitrate-nitrite-
NO pathway and enhance Yo-Yo IRI test performance,
perhaps by facilitating greater muscle glucose uptake or by
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better maintaining muscle excitability. Dietary NO;~
supplementation improves performance during intense
intermittent exercise and may be a useful ergogenic aid for
team sports players.

Keywords Repeated high-intensity exercise -
Nitric oxide - Team sports - Ergogenic aids

Introduction

Emerging research suggests that dietary inorganic nitrate
(NO37) supplementation may improve muscle efficiency
and fatigue resistance (Bailey et al. 2009, 2010; Herndndez
et al. 2012; Larsen et al. 2007, 2011). It has been shown
that nitrate ingestion results in 15-25 % increase in time-
to-exhaustion during severe-intensity, constant work-rate
exercise (Bailey et al. 2009, 2010; Lansley et al. 2011b). In
addition, some studies have reported a 1-2 % improvement
in time-trial performance during high-intensity endurance
exercise (Cermak et al. 2012a; Lansley et al. 2011a;
Murphy et al. 2012), although these findings have not been
confirmed in well-trained athletes (Bescds et al. 2012;
Christensen et al. 2013; Wilkerson et al. 2012). Conse-
quently, nitrate supplementation, in the form of nitrate-rich
beetroot products, has rapidly gained popularity as an
ergogenic aid for athletic performance.

Research to date has primarily focused on the use of
nitrate to improve performance in continuous, endurance-
type exercise ranging from ~ 6 min to ~2 h. This neglects
team sport players or other athletes whose aim is to max-
imize performance in intermittent high-intensity exercise.
The rapid, repeated transitions from a low to a high met-
abolic rate in team sport exercise place divergent demands
on the energy transfer system compared to continuous
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endurance exercise (Bangsbo et al. 2007; Krustrup et al.
2003, 2006; Mohr et al. 2007). It is presently not known
whether the performance-enhancing effects of dietary
nitrate that have been observed during continuous perfor-
mance tests may also be present during team sport-specific
intense intermittent exercise.

Phosphocreatine and glycogen degradation is greater in
type II than type I muscle fibres during maximal exercise
(Greenhaff et al. 1994). Type II muscle fibres are heavily
recruited during a transition from low to high metabolic
rate (Krustrup et al. 2004, 2009). As this pattern is repeated
during multiple sprint sports, the rate at which fatigue
develops in type II fibres plays a key role in determining
intermittent exercise performance (Colliander et al. 1988;
Krustrup et al. 2003, 2006). High-intensity intermittent
exercise also results in a high O, demand relative to O,
delivery which may result in the development of muscle
hypoxia, as well as low muscle pH and disturbances of
ionic balance, factors which likely also contribute to the
fatigue process (Krustrup et al. 2003; Mohr et al. 2004).

The physiological effects of nitrate supplementation
are likely mediated by the reduction of inorganic NO3;™
to nitrite (NO,) and nitric oxide (NO) (Lundberg and
Weitzberg 2010; Lundberg et al. 2011). NO has numerous
physiological signalling functions including the regulation
of blood flow, muscle contractility, glucose and calcium
homeostasis, and mitochondrial O, consumption (Stamler
and Meissner 2001), factors which may impact on muscle
fatigue and performance (Bailey et al. 2011). The reduction
of NO, ™ to NO is facilitated when O, availability is limited
(Lundberg and Weitzberg 2010; Lundberg et al. 2011) and
nitrate supplementation appears to be particularly effective
in enhancing performance in hypoxia and ischaemia
(Kenjale et al. 2011; Vanhatalo et al. 2011; Masschelein
et al. 2012). Recent studies suggest that nitrate supple-
mentation may specifically improve calcium handling and
force production in type I muscle fibres (Hernandez et al.
2012) and result in preferential distribution of blood flow to
type II muscles (Ferguson et al. 2013). Given the impor-
tance of type II fibre recruitment and metabolism to per-
formance in high-intensity intermittent exercise, and the
likelihood that tissue hypoxia develops to a greater extent
during such exercise compared to continuous low-intensity
exercise, these recent studies therefore provide a clear
rationale for nitrate supplementation to enhance perfor-
mance during multiple sprint sports.

It is important that the influence of nitrate supplemen-
tation on intermittent exercise performance is examined
using a valid and reliable test. The Yo-Yo Intermittent
Recovery, level 1 (IR1) test has been specifically devel-
oped to mimic the high-intensity running bouts in football
match-play (Bangsbo et al. 2008) and to assess an athlete’s
fatigue resistance during intermittent exercise taxing both
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aerobic and anaerobic energy systems (Krustrup et al.
2003). This test has a high reproducibility and is sensitive
to changes in fitness status and the competitive level of
team sport players (Krustrup et al. 2003; Mohr et al. 2003;
Ingebrigtsen et al. 2012) and to training interventions (Iaia
et al. 2008; Mohr et al. 2007).

The purpose of this study was to assess the physiological
and performance effects of dietary nitrate supplementation
on submaximal and exhaustive intermittent exercise using
a well-established and ecologically valid field performance
test. We hypothesized that dietary nitrate supplementation
would increase the distance covered in the Yo-Yo IR1 test.

Methods
Subjects

Fourteen male, recreational team-sport players (mean £ SD:
age 22 + 2 years, body mass 83 + 10 kg, height 1.80 +
0.10 m, VOyma: 524 7 mL kg~ min™") familiar with
intense intermittent exercise volunteered to participate in this
study. Subjects gave their written informed consent to par-
ticipate after the experimental procedures, associated risks,
and potential benefits of participation had been explained in
detail. The study was approved by the Institutional Research
Ethics Committee and conformed to the code of ethics of the
Declaration of Helsinki.

Experimental design

The subjects reported to the laboratory on three separate
occasions over a 12-day period. On visit 1, subjects were
familiarized to the Yo—Yo intermittent recovery level 1 test
(Yo-Yo IR1; see Krustrup et al. 2003). Subjects were then
assigned in a double-blind, randomized, crossover design
to receive either NOj ™ -rich beetroot juice (BR) or NO; ™ -
depleted BR (PL). The PL was created by passing standard
beetroot juice through an ion-exchange resin specific for
NO;~ (Lansley et al. 2011b). On each experimental visit
(2 and 3), the first 5 min of the Yo—Yo IR1 test was first
completed to familiarize the subjects with the experimental
procedures (including blood drawing from an intravenous
cannula) to be employed during the main test. This also
served to assess the reproducibility of the physiological
responses to repeated intermittent exercise. Then, after a
45 min passive rest period, the full Yo—Yo IR1 test was
completed. Blood samples were obtained before, during
and after the tests as previously described (Krustrup et al.
2003) and heart rate (HR) was recorded continuously
throughout the experiment (Polar RS400, Polar Electro Oy,
Kempele, Finland).
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The experimental trials were carried out at the same
time of the day (%1 h). Subjects were asked to record their
food intake in the 24 h preceding the first experimental trial
and to replicate this same diet in the 24 h preceding the
subsequent trial. Subjects were instructed to arrive at the
laboratory in a rested and fully hydrated state, >3 h post-
prandial, and to avoid strenuous exercise in the 24 h pre-
ceding each experimental trial. Subjects were also asked to
refrain from caffeine and alcohol in the preceding 24 h and
to abstain from using antibacterial mouthwash and chewing
gum throughout the study because this is known to prevent
the reduction of nitrate to nitrite in the oral cavity (Govoni
et al. 2008).

Experimental protocol

Upon arrival at the laboratory, a cannula (Insyte-W™,
Becton—Dickinson, Madrid, Spain) was inserted into the
subject’s antecubital vein to enable frequent blood sampling
before, during and after the test. The Yo—Yo IR1 test was
performed indoors on a wooden surface on running lanes
with a width of 2 m and a length of 20 m. The Yo-Yo IR1
test has been described and evaluated previously (Bangsbo
et al. 2008; Krustrup et al. 2003). In brief, it consists of
repeated 20 m runs at a progressively increased speed con-
trolled by audio bleeps from a CD player. Each running bout
is interspersed by a 10-s active recovery period where the
subject jogs around a marker placed 5 m behind the starting
line (for details see Bangsbo and Mohr 2012). When a subject
twice fails to reach the finishing line in time, the distance
covered is recorded and this represents the test result.
Blood was sampled at rest (baseline) prior to both the
submaximal and exhaustive Yo—Yo IR1 tests, as well as after
160, 440 and 600 m during the submaximal test, and at 160,
440, 600, 760, 920, 1,080, 1,240, 1,400 and 1,560 m during
the exhaustive test. In addition, blood was collected at 1, 3, 5
and 45 min post the submaximal test, and at exhaustion and
at 1, 3, 5, 10 and 15 min post the exhaustive test. Blood
lactate and glucose concentrations were analyzed in all
samples. Plasma [NO, ] and [NO; ] were analyzed in
samples collected at baseline before both tests; at 600 m
during and at 5 and 45 min post the submaximal test; and at
600 m, exhaustion, and at 15 min post the exhaustive test.
Plasma [K™] and [Na*] were measured in a subsample of the
subjects (n = 7). Plasma [K™] and [Na™] were analyzed in
samples collected at baseline; at 600 m during and at 5 and
45 min post the submaximal test; and at 600 m, 1,080 m,
exhaustion, and at 5 min post the exhaustive test.

Supplementation

After completion of the familiarization test, the subjects
were assigned in a double-blind, randomized, crossover

design to consume concentrated NO5 ™ -rich beetroot juice
(BR; organic beetroot juice containing ~4.1 mmol of
NO;™ per 70 mL; Beet it, James White Drinks Ltd., Ips-
wich, UK) and NO; ™ -depleted beetroot juice (PL; organic
beetroot juice containing ~ 0.04 mmol NO3~ per 70 mL;
Beet it, James White Drinks Ltd., Ipswich, UK). On the day
before each experimental trial, subjects were instructed to
consume 2 x 70 mL of the beverage in the morning
(~10 am.) and 2 x 70 mL in the evening (~7 p.m.). On
each experimental day, subjects consumed a further
2 x 70 mL 2.5 hprior to and I x 70 mL 1.5 h prior to the
start of the exercise protocol. A minimum of 72-h washout
period separated the supplementation periods.

Blood analyses

Blood samples were drawn into 5-mL heparin syringes
(Terumo Corporation, Leuven, Belgium). 200 puL of blood
was immediately haemolyzed in 200 pL of ice-cold Triton
X-100 buffer solution (Triton X-100, Amresco, Salon, OH)
and analyzed to determine blood [lactate] and [glucose]
within ~5 min of collection (YSI 2300, Yellow Springs
Instruments, Yellow Springs, OH). The remaining whole
blood was then centrifuged at 4,000 rpm for 3 min (Hettich
EBA 20, Germany) before plasma was extracted and stored
on ice for ~30 min prior to being frozen at —80 °C for
later analysis of plasma [K'] and [Na*] (9180 Electrolyte
Analyzer, F. Hoffmann-La Roche, Basel, Switzerland).
Blood samples for the determination of plasma [NO, ] and
[NO3;™] were collected into lithium-heparin tubes (Vacu-
tainer, Becton—Dickinson, New Jersey, USA) and centri-
fuged at 4,000 rpm and 4 °C for 5 min within 3 min of
collection. Plasma was extracted and immediately frozen at
—80 °C for later analysis of [NO, ] and [NO5;].

All glassware, utensils, and surfaces were rinsed with
deionized water to remove residual NO prior to [NO, "] and
[NO5; 7] analysis. The [NO, ] of the undiluted (non-depro-
teinized) plasma was determined by its reduction to NO in
the presence of glacial acetic acid and 4 % (w/v) aqueous
Nal. The spectral emission of electronically excited nitrogen
dioxide product, from the NO reaction with ozone, was
detected by a thermoelectrically cooled, red-sensitive pho-
tomultiplier tube housed in a Sievers gas-phase chemilumi-
nescence nitric oxide analyzer (Sievers NOA 280i. Analytix
Ltd, Durham, UK). The [NO, ] was determined by plotting
signal (mV) area against a calibration plot of 100 nM to
1 uM sodium nitrite. Prior to determination of [NO;z;™ ],
samples were deproteinized using zinc sulphate/sodium
hydroxide precipitation. 400 pL of 10 % (w/v) aqueous
ZnS0O,4 and 400 pL of 0.5 M NaOH were added to 200 pL of
sample and vortexed for 30 s before being left to stand at
room temperature for 15 min. Thereafter, samples were
centrifuged at 4,000 rpm for 5 min, and the supernatant was
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removed for subsequent analysis. The [NO3; ] of the
deproteinized plasma sample was determined by its reduc-
tion to NO in the presence of 0.8 % (w/v) VCl; in 1 M HCL
The production of NO was detected using the chemilumi-
nescence nitric oxide analyzer, as described above. The
[NO;™] was determined by plotting signal (mV) area against
a calibration plot of 500 nM to 15 nM sodium nitrate.

Statistical analyses

Differences between PL and BR in distance covered and HR
during the Yo-Yo IR1 test were analyzed using a paired-
samples ¢ test. Differences between PL and BR in blood and
plasma variables were analyzed using a two-way repeated
measures ANOVA (supplement x time). Significant effects
were further analyzed using simple contrasts with the a-level
adjusted via Fisher’s LSD. Relationships between (changes
in) plasma [NO, ] and (changes in) performance were
analyzed using Pearson product moment correlation coeffi-
cients. Statistical significance was accepted at P < 0.05.
Results are presented as mean £ SD unless stated otherwise.

Results

There were no significant differences between the initial
600 m submaximal Yo-Yo IRI test and the initial 600 m

portion of the subsequent exhaustive Yo-Yo IR1 test for
plasma [NO5 ], [NO, ], [Na™] or [K™] or blood [glucose]
or [lactate].

Plasma [NO, ] and [NO3 ]

There were significant main effects by supplement and time,
and an interaction effect on the plasma [NO, ] (all
P < 0.001) and [NO3] (all P < 0.05). At resting baseline
the [NO, ] was 118 + 44 nM in PL and 584 + 343 nM in
BR (P < 0.05). Overall, [NO, ] was greater in BR than PL at
each measurement time point (Fig. 1), and was ~377 %
greater, on average, across the entire protocol. At resting
baseline the [NOs; ] was 25 &9 uM in PL and 768 +
180 uM in BR (P < 0.05). [NO;3; ] was greater in BR than
PL at each measurement time point (Fig. 2) and was
~2,833 % greater, on average, across the entire protocol.
During the submaximal test, the [NO, ] and [NO5;~] were
not significantly altered relative to baseline in either the PL
or BR conditions. During the exhaustive test, however, the
[NO, ] declined by 20 + 26 nM (~20 %)inPL (P < 0.05)
and by 288 £ 221 nM (~54 %) in BR (P < 0.05) relative
to the pre-exercise baseline (Fig. 1). Concurrently, [NO3™]
rose by 4.4 + 3.8 uM (~17 %) in PL (P < 0.05) and by
71.8 £ 82.3 uM (~10 %) in BR (P < 0.05; Fig. 2). The
reduction in [NO, ] and the rise in [NO3 | were signifi-
cantly greater in BR than PL (both P < 0.05).

Fig. 1 Plasma [NO, ] did not 700 - * -
change during the submaximal A * * C
test in either condition (panels | *
a and b), but decreased 600 i *
significantly during the =
exhaustive test in both BR < 5001 T
(filled circle) and PL (open ON *
circle) (panels ¢ and d) with the Z, 400 - .
decline being greater in BR. g u {
Error bars indicate the SE. 3 300 - | .
*P < 0.05 compared to PL; o
#P < 0.05 compared to baseline E
200 ]
od 1
140 B D
S 1201 .
£
% 100 A B % #
©
SR
o 801 b
60 - ;r
0 . Recove -
| ! Sub. IR1 ! ry ! o | YovoiRt | | Recovery|
0 5 10 50 55 EXH 15
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Fig. 2 Plasma [NO; ] did not 900

change during the submaximal A
test (panels a and b), but
increased during the exhaustive - *
Yo-Yo IR1 test in both BR %_ 800
(filled circle) and PL (open =
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Yo-Yo IR1 performance

The distance covered in the Yo-Yo IRI test was 4.2 %
greater (P < 0.05) in BR (1,704 £ 304 m) compared to PL
(1,636 £ 288 m) (Fig. 3). There were no differences
between conditions in HR at the end of either the sub-
maximal test (PL: 170 £ 7 vs. BR: 168 & 4 b min™;
P > 0.05) or the exhaustive test (PL: 198 £ 5 vs. BR
194 & 11 b min~'; P > 0.05). Following BR ingestion,
the baseline plasma [NO, ] tended to be correlated with
Yo-Yo IR1 test performance (r = 0.48; P = 0.08) and the
change in plasma [NO, ] from baseline to end-exercise
also tended to be correlated with Yo—Yo IR1 test perfor-
mance (r = 0.46; P = 0.09).

Of the 14 subjects tested, ten improved their Yo—Yo IR1
performance (by between 40 and 280 m), one was
unchanged, and three became slightly worse (by 40-80 m).
In the three subjects whose Yo—Yo IR1 test performance
became worse, baseline plasma [NO, ] was substantially
elevated by BR compared to PL (by 131, 205 and 668 %).
However, in two of these subjects, the decline in plasma
[NO, ] from baseline to exhaustion was similar in BR and
PL (difference of —30 and —12 nM) compared to a sub-
stantially greater fall of plasma [NO, ] in BR compared to

T
5 10 50 55 EXH 15
Time (min)
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2200 - ——
2100 - N
2000 - e ———

1900 - ——=
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1700 - F-—==" //_:} .
1600 - ===
1500 o ==T_ _———===Z%
1400 ===

1300 __
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Yo-Yo IR1 test performance (m)

Placebo Beetroot

Fig. 3 The distance covered in the Yo-Yo IR1 test was 4.2 %
greater with BR compared to PL. The dashed lines indicate the
responses of individual subjects. The solid line indicates the group
mean (£SE). *P < 0.05

PL in those subjects whose performance improved
(=31 £ 49 nM in PL vs. —388 + 358 nM in BR, n = 10).

Blood [lactate] and [glucose]

Blood [lactate] increased significantly during both the
submaximal and exhaustive Yo-Yo IR1 tests (P < 0.05)
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Fig. 4 Blood [lactate] during 14 1
the submaximal and exhaustive A
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different between BR (filled
circle) and PL (open circle)
(panel a). There was a greater 10 1
decline in blood [glucose] in BR =
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but there were no differences between supplements 42+ 1.1 mM) compared to BR (3.8 £ 0.8 mM)

(Fig. 4a). There was a trend towards a significant interac-
tion effect on blood [glucose] during the submaximal test
(P = 0.06), suggesting that blood [glucose] decreased to a
greater extent during the BR trial compared to PL
(Fig. 4b). The follow-up tests indicated that blood [glu-
cose] was lower in BR than PL after 600 m and at 1 min
into recovery (P < 0.05 for both). The mean blood [glu-
cose] during the submaximal test was greater in PL
4.1 £ 1.1 mM) compared to BR (3.7 £ 0.7 mM)
(P < 0.01, paired samples ¢ test including all measure-
ments). Blood [glucose] declined with time during the
exhaustive Yo-Yo IR1 test in both BR and PL condition
(P < 0.05). Although there was no significant interaction
or main effect by supplement during the exhaustive test,
the mean blood [glucose] was significantly greater in PL
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(P < 0.001, paired samples ¢ test including all measure-
ments) (Fig. 4b).

Plasma [Na*] and [K™]

The plasma [Na*] was not significantly different between
PL and BR during the submaximal (Fig. 5c) or exhaustive
Yo—Yo IR1 tests (Fig. 5d). The plasma [K'] was not sig-
nificantly different between BR and PL during the sub-
maximal Yo-Yo IR1 test (P > 0.05; Fig. 5a). However,
there was a trend for a significant interaction effect on
plasma [K"] during the exhaustive Yo-Yo IRI test
(P = 0.08; Fig. 5b) suggesting that the rise in plasma [K*]
was blunted with BR compared to PL. Post hoc analysis
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indicated that plasma [K*] was lower in BR than PL after
600 m (P < 0.05).

Discussion

The principal original finding of this study was that dietary
nitrate supplementation, in the form of beetroot juice,
significantly improved intense intermittent exercise per-
formance as measured by an increased distance covered in
the Yo-Yo IR1 test. This finding is consistent with our
experimental hypothesis and suggests that increasing die-
tary nitrate intake might be an effective nutritional strategy
to improve performance in intermittent sports such as
association football. Plasma [NO, ] declined over the
course of the Yo—Yo IR1 test in both the PL and BR trials;
however, plasma [NO, ] was greater with BR prior to the
onset of the test and the magnitude of the decline in plasma
[NO,™] was greater in this condition. Concomitantly,
plasma [NO5™] increased during the Yo-Yo IRI test in
both PL and BR, but plasma [NO; ] was greater with BR
prior to the onset of the test and the magnitude of the
increase in plasma [NO; ] was greater with BR. Blood
[lactate] and plasma [Na*] were not significantly impacted
by dietary NO3;~ supplementation across the Yo—Yo IRI,
but there were trends for blood [glucose] and plasma [K*]
to be lower with BR compared to PL.

Influence of dietary NO;~ supplementation
on intermittent exercise performance

In recreationally active and trained but sub-elite subjects,
short-term dietary nitrate supplementation has been shown
to increase exercise tolerance at a fixed sub-maximal work
rate (Bailey et al. 2009, 2010; Lansley et al. 2011b) and to
increase power output during self-paced endurance exer-
cise leading to improved cycle time-trial performance
(Cermak et al. 2012a; Lansley et al. 2011a). It has recently
been reported that dietary nitrate supplementation might
also improve performance during repeated high-intensity
intervals on a rowing ergometer (Bond et al. 2012). Spe-
cifically, these authors asked trained rowers to complete
6 x 500 m rowing ergometer repetitions (~90 s comple-
tion time per repetition) with 90-s recovery and observed a
higher mean power output with nitrate supplementation.
These results might have implications for improving per-
formance in high-intensity interval training sessions.
However, no study to date has investigated the influence of
nitrate supplementation on team sport-specific, intense
intermittent exercise performance.

To assess the potential ergogenic effects of dietary
nitrate supplementation on intermittent exercise perfor-
mance where the interval and recovery durations are

characteristic of those encountered during team sports, we
measured the distance covered during the Yo-Yo IR1 test
after supplementation with BR and PL. Performance (dis-
tance covered) in the Yo—Yo IR1 test has been shown to
closely correlate with high-intensity running during soccer
games (Krustrup et al. 2003), which is a key determinant of
soccer performance (Bradley et al. 2011; Mohr et al. 2003).
Moreover, since performance in the Yo—Yo IRI test has
been shown to discriminate between players of different
ability levels in different team sports (Atkins, 2006;
Bangsbo et al. 2008; Veale et al. 2010; Vernillo et al.
2012), improved Yo-Yo IR1 test performance would be
expected to contribute towards improved performance in
invasion games. In this study, we observed a 4.2 %
increase in the total distance covered in the Yo—Yo IR1 test
with BR compared to PL. This suggests that dietary nitrate
supplementation might enhance performance in intermit-
tent team sports, at least in recreationally active subjects.
Further research is required to establish whether nitrate
supplementation can enhance intermittent exercise perfor-
mance in highly trained team sport athletes. Nitrate sup-
plementation has been reported be less effective in
enhancing endurance exercise performance in highly
trained endurance athletes in some (BescOs et al. 2012;
Cermak et al. 2012b; Christensen et al. 2013; Peacock et al.
2012; Wilkerson et al. 2012) but not all (Bond et al. 2012;
Cermak et al. 2012a) studies.

Although dietary nitrate supplementation produced a
statistically significant improvement in Yo—Yo IRI test
performance that is likely to be practically meaningful
during team sports which rely on intermittent high-inten-
sity exercise (Bangsbo et al. 2008), the size of the
improvement was less than has been reported following
other interventions. Specifically, caffeine ingestion (6 mg/
kg body weight) resulted in a 16 % mean improvement in
performance in the Yo—-Yo IR2 test (Mohr et al. 2011)
whereas sprint and speed endurance training resulted in 10
and 29 % improvements in Yo-Yo IR2 performance,
respectively (Mohr et al. 2007). There is evidence that the
improvements in Yo—Yo test performance following these
interventions are related, in part, to better control of muscle
K" homeostasis (Taia et al. 2008; Mohr et al. 2007,
2011). In contrast, short-term dietary supplementation with
L-arginine, a substrate for NO production via nitric oxide
synthase, altered neither plasma [NO; ] and [NO, ] nor
high-intensity intermittent exercise performance in judo
players (Liu et al. 2009).

Influence of dietary NO5;~ supplementation on NO
metabolism

In this study dietary nitrate supplementation increased the
resting baseline plasma [NO; ] and [NO," ] by ~3,000
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Fig. 5 Plasma [K*] during the 6.0 7 A
submaximal test was not
different between BR (filled
circle) and PL (open circle)
(panel a; note that the data
points for BR and PL at rest are
superimposed), but there was a
trend towards an attenuated rise
in plasma [K*] in BR (filled
circle) relative to PL (open
circle) during the exhaustive
Yo-Yo IR1 test (panel b; note
that the data points for BR and
PL at 5-min recovery are
superimposed). Plasma [Na 180 -
during the submaximal (panel C
¢) and exhaustive (panel d)
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and ~400 %, respectively. While several previous reports
have shown that dietary nitrate supplementation can
increase resting plasma [NO; ] and/or [NO, ] (Bailey
et al. 2009, 2010; Bescos et al. 2012; Larsen et al. 2007,
2010; Lansley et al. 2011a; Vanhatalo et al. 2010a, 2011),
the magnitude of the increase has typically been smaller
than the values attained in the present study. Indeed, in
previous studies, plasma [NO3; | has been reported to
increase by ~400-600 % (Bescos et al. 2012; Larsen et al.
2007, 2010) and plasma [NO, ] by ~50-150 % (Bailey
et al. 2009, 2010; Bescos et al. 2012; Larsen et al. 2007,
2010; Lansley et al. 2011a; Vanhatalo et al. 2010a) after
dietary nitrate supplementation. The greater increases in
plasma [NO3;"] and [NO, ] in the present study is most
likely a consequence of the higher nitrate dose (~29 mmol
in ~36 h) administered compared to our previous studies
using beetroot juice (~5—6 mmol/day; Bailey et al. 2009,
2010; Lansley et al. 2011b; Vanhatalo et al. 2010a).

It should be noted that while the daily nitrate dose used
in this study was approximately four times greater than the
recommended dietary allowance in the UK, it is similar to
that used in the study of Kapil et al. (2010) who investi-
gated the dose-response relationship between nitrate
ingestion and the reduction of resting blood pressure. The
nitrate supplementation regimen we used also resulted in a
similar nitrate intake to the influential ‘Dietary Approaches
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to Stop Hypertension’ (DASH) diet (Hord et al. 2009) and
traditional Mediterranean and Japanese diets (Sobko et al.
2010) which are promoted for their cardiovascular health
benefits. We used a relatively high nitrate dose and selected
the nitrate ingestion regimen in this study to ensure that
plasma [NO, ] remained elevated throughout the relatively
lengthy testing protocol, which included an initial sub-
maximal Yo-Yo IR1 test and a subsequent exhaustive
Yo-Yo IR1 test. We have previously reported improve-
ments in endurance exercise tolerance using a nitrate dose
of ~5-6 mmol/day for 4-6 days (Bailey et al. 2009, 2010;
Lansley et al. 2011b). It is unclear whether the smaller
nitrate dose used in our previous studies might be ergo-
genic during intermittent exercise or whether the nitrate
dose administered herein was optimal for enhancing
intermittent exercise performance. Moreover, since we
have shown that performance in certain exercise tests is
improved with more chronic (15 days) nitrate supplemen-
tation (Vanhatalo et al. 2010a), further research is required
to determine whether intermittent exercise performance
can be increased to a greater extent, safely, with longer
term nitrate supplementation.

It is now known that NO5; ™, which was once considered
to be an inert product of NO oxidation, can be reduced
in vivo to bioactive NO,  and further to NO and other
reactive nitrogen species (Lundberg and Weitzberg 2010;
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Lundberg et al. 2011). The reduction of NO,™ to NO
is potentiated by acidosis and hypoxia (Lundberg and
Weitzberg 2010; Lundberg et al. 2011). NO, ™ reduction to
NO would be anticipated during the Yo-Yo IRI test
because the test results in blood (Rampinini et al. 2010)
and muscle (Krustrup et al. 2003) acidosis, and it is known
that high-intensity exercise reduces muscle PO, (Richard-
son et al. 1999). It has been reported that exercise may both
increase (Allen et al. 2010; Gladwin et al. 2000) and
decrease (Cosby et al. 2003; Dreissigacker et al. 2010;
Larsen et al. 2010) plasma [NO, " ]. In the present study we
found that plasma [NO, ] declined and that plasma
[NO;7] increased during exhaustive intermittent exercise.
Importantly, the decline in plasma [NO, ] and the increase
in plasma [NO;z; | were significantly greater with BR
compared to PL. Given that plasma [NO, ] can serve as a
circulating reservoir for hypoxic NO production (Lundberg
and Weitzberg 2010), a decline in venous plasma [NO, ]
may be interpreted to represent a reduction of NO,~ to NO
within the muscle or in the surrounding microvasculature.
On this basis, it is possible that increasing plasma [NO, ]
via dietary nitrate supplementation might augment the
synthesis of NO during high-intensity intermittent exercise.
This interpretation is not straightforward, however.
Because NO, ™ is both an oxidation product of NO gener-
ated via the ‘conventional’ nitric oxide synthase pathway
and a substrate for NO production in hypoxia, the net
NO; -NO, -NO ‘flux’ during submaximal and high-
intensity exercise is unclear.

In the present study we found that, following BR inges-
tion, the baseline plasma [NO, ] and the change in plasma
[NO, ] from baseline to end-exercise tended to be correlated
with Yo—Yo IR1 test performance. Other studies have also
suggested that baseline plasma [NO, ] and/or the change in
plasma [NO, ] during exercise may be related to exercise
performance. It has been shown that plasma [NO3 ] and
[NO, ] are significantly higher in trained athletes compared
to untrained controls (Poveda et al. 1997). Dreissigacker
etal. (2010) reported that plasma [NO, ] decreased from the
start to the end of exercise and that the magnitude of this
reduction was correlated with exercise capacity at 80 % of
maximal work rate. Totzeck et al. (2012) also showed that
baseline plasma [NO, ] was correlated with lactate thresh-
old and predicted exercise capacity during an incremental
cycle test in highly trained athletes. Collectively, these
results suggest that both a high baseline plasma [NO, ] and
the capacity to ‘utilize’ [NO, ] during exercise may be
related to high-intensity exercise performance.

The possibility that there may be ‘responders’ and ‘non-
responders’ to nitrate supplementation has been suggested
previously (Christensen et al. 2013; Wilkerson et al. 2012).
Wilkerson et al. (2012) reported that, while group mean
50-mile cycle time-trial performance was not significantly

improved by acute nitrate supplementation, subjects who
evidenced a >30 % increase in plasma [NO, ] (‘respond-
ers’) improved their performance whereas those whose
plasma [NO, ] changed by <30 % did not improve their
performance. In the present study, we found that nitrate
supplementation resulted in a substantial elevation of
plasma [NO, ] in all subjects (range 131-746 % increase
with BR compared to PL), presumably because the amount
of nitrate ingested was relatively high. However, we also
found that while the majority of subjects exhibited a sub-
stantially greater decline of plasma [NO, ] with BR
compared to PL during the exhaustive Yo—Yo IR1 test, this
was not the case in two of the three subjects whose test
performance did not improve with BR. The explanation for
this difference is not clear but might relate to inter-indi-
vidual differences in muscle oxygenation and acidosis
during exercise, factors which might, in turn, be linked to
differences in effort, anaerobic capacity or muscle fibre-
type distribution.

Mechanisms for enhanced Yo—Yo IR1 test performance
after NO3;~ supplementation

Fatigue in the Yo—Yo IR1 test is accompanied by a sig-
nificant reduction in muscle [phosphocreatine] ([PCr]),
[glycogen] and pH, and a significant increase in muscle
[lactate] (Krustrup et al. 2003). Therefore, delaying the
attainment of this limiting intramuscular milieu might be
expected to improve performance in the Yo—Yo IR1 test.
Existing evidence suggests that dietary nitrate supplemen-
tation can attenuate the decline in muscle PCr and the
accumulation of muscle adenosine diphosphate and inor-
ganic phosphate (Bailey et al. 2010), metabolites linked to
the process of muscle fatigue (Allen et al. 2008). Blunting
the rate of change of these substrates and metabolites
would be expected to delay the attainment of a ‘critical’
intramuscular environment and to extend the tolerable
duration of high-intensity constant-work-rate exercise
(Burnley and Jones 2007; Vanhatalo et al. 2010b). In the
present study, there were no significant differences in blood
lactate accumulation with BR compared to PL. However,
blood [glucose] was lower over the Yo—Yo IRI test with
BR compared to PL. To our knowledge, this is the first
study to show that dietary nitrate supplementation lowers
blood [glucose] during exercise. Among its various sig-
nalling properties, NO is known to play an important role
in skeletal muscle glucose uptake (Merry et al. 2010).
Therefore, it is possible that a greater increase in NO
synthesis following nitrate supplementation enhanced
skeletal muscle glucose uptake during the Yo—Yo IR1 test.
If so, it is possible that this might have contributed to the
enhanced intermittent exercise performance with BR by
sparing muscle glycogen utilization (Tsintzas and Williams
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1998) in individual (especially type II) fibres or fibre
compartments. Further research is required to determine
whether dietary nitrate supplementation can increase
skeletal muscle glucose uptake during exercise using more
specific experimental techniques.

Fatigue during intense exercise has been linked to
depolarized muscle membrane potential induced by dis-
turbances in muscle ion homeostasis where interstitial K
accumulation is the main component (McKenna et al.
2008; Mohr et al. 2011; Nielsen et al. 2003). In the present
study, there was a trend (P = 0.08) for the rise in plasma
[K™] during the exhaustive Yo—Yo IR1 test to be attenu-
ated with BR compared to PL, with post hoc analysis
showing that plasma [K "] was significantly lower with BR
compared to PL after 600 m of the test. Therefore,
assuming that fatigue during intermittent high-intensity
exercise is related, in part, to reduced muscle excitability
due to a net loss of muscle KT (McKenna et al. 2008;
Nielsen and de Paoli, 2007), these results suggest that
performance in the Yo-Yo IRl test may have been
enhanced by BR due to a reduced muscle K™ efflux and
accumulation in the extracellular fluids. The muscle K™
efflux appears to be accelerated by acidosis (Mohr et al.
2004; Nordsborg et al. 2003). While there was no differ-
ence in blood [lactate] between BR and PL during the
exhaustive Yo—Yo IR1 test, it is recognized that mea-
surements of blood [lactate] are not sufficiently sensitive to
reflect possible differences in muscle anaerobic energy
turnover and H' accumulation between BR and PL.

It has been reported that glycogen content is reduced
in a high proportion of type II muscle fibres during the
Yo-Yo IR1 test (Krustrup et al. 2003) and that most type 11
fibres are depleted or almost depleted of glycogen after a
football game (Krustrup et al. 2006). This suggests that
type II fibres are heavily recruited and that a significant
metabolic perturbation in these fibres may coincide with
exhaustion during the Yo—Yo IRI test. Recent research
indicates that type II muscle fibres might be specifically
impacted by dietary nitrate supplementation (Ferguson
et al. 2013; Hernandez et al. 2012). Ferguson et al. (2013)
reported that dietary nitrate supplementation increased hind
limb skeletal muscle blood flow in rats, with this additional
blood flow being preferentially distributed to type II mus-
cle fibres. An increase in muscle O, delivery might be
expected to increase the proportional energy contribution
from oxidative metabolism (Bangsbo et al. 2001), partic-
ularly in type II muscle fibres where O, requirements may
outstrip O, supply (Behnke et al. 2003; McDonough et al.
2005) and to blunt the rate of PCr decline and accumulation
of fatigue-related metabolites (Hogan et al. 1999; Van-
hatalo et al. 2010b). Increased muscle O, delivery may also
hasten the restoration of homeostasis in type II muscle
fibres in the recovery periods between exercise bouts
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during the Yo—Yo IR1 test. For example, greater muscle O,
availability would be expected to speed PCr resynthesis in
the recovery phase of intermittent exercise (Paganini et al.
1997; Vanhatalo et al. 2011). It has also been reported that
dietary nitrate supplementation increases sarcoplasmic
reticulum calcium release and force production, specifi-
cally in type II fibres (Herndndez et al. 2012). Assuming
these findings are applicable to humans, an enhanced force
production in type II muscle fibres might lower energy
turnover by reducing the number of muscle fibres recruited
to generate a given submaximal force production during
the Yo—Yo IR1 test. Therefore, changes in skeletal muscle
contractile properties and motor unit recruitment, as well as
changes in bulk blood flow and its distribution, might
account, at least in part, for the improved intermittent
exercise performance with BR compared to PL in this
study.

In conclusion, this study has shown for the first time that
short-term dietary nitrate supplementation can improve
intermittent exercise performance in recreationally active
adults. Plasma [NO, ] was elevated prior to exercise with
BR compared to PL and declined to a greater extent with
BR compared to PL during the exhaustive Yo—Yo IR1 test,
suggesting that NO,™ may have served as a substrate for
NO production during high-intensity exercise. Nitrate
supplementation resulted in strong trends for reductions in
blood [glucose] and plasma [K*] during the Yo—Yo IR1
test, suggesting that changes in muscle glucose uptake and
muscle excitability may have contributed to the increased
fatigue resistance. The results of this study suggest that
nitrate may be an effective ergogenic aid for intermittent
high-intensity exercise performance in recreational team
sport players.
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