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Abstract

The effect of beetroot juice on exercise tolerance in normoxia and moderate hypoxia

AIMS:

Beetroot juice (BR) has been shown to lower the oxygen cost of exercise in normoxia,
and may also be beneficial to performance in hypoxia. We investigated the effect of BR
on steady state economy and 10-km time trial (TT) performance in normoxia and in
hypoxia (simulated altitude of 2500 m).

METHODS:

Twelve trained male cyclists (VO,,,, = 60 ml'’kg"-min") completed four exercise trials.
Two hours prior to exercise, subjects consumed 70 mL BR (~6 mmol nitrate) or 70 mL
placebo (nitrate-depleted BR) in a randomized, double-blind manner. Subjects then
completed a 15-min self-selected cycling warm-up followed by a 15-min steady-state
exercise bout at 50% of maximum power output and a 10-km time trial (TT) in either
normoxia (~21% O,) or hypoxia (~16% O,). Environmental conditions were randomized
and single blind.

RESULTS:

Economy at 50% power output was similar in hypoxic and normoxic conditions (p >
0.05), but subjects had a significantly higher mean power output in the normoxic TT
relative to the hypoxic TT (p < 0.05). BR did not affect economy, mean power output, or
time to complete the 10-km TT relative to placebo in normoxia (p > 0.05 in all
comparisons). Similarly, in hypoxia, BR did not affect economy, steady state SpO,, mean
power output or time to complete the 10-km TT relative to placebo (p > 0.05 in all
comparisons). BR supplementation resulted in a significantly greater fraction of expired
nitric oxide relative to PL (28 [12] vs. 22 [9] ppb).

CONCLUSIONS:

In a small sample of well-trained male cyclists, BR did not improve exercise performance
in normoxia or hypoxia. This finding is possibly related to BR dosage, although it is
congruent with previous evidence showing that BR may be less effective in trained
populations in normoxia. The lack of an effect in hypoxia was contrary to our hypothesis.
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1. Introduction

1.1 Overview
At altitude, decreases in the barometric pressure and the alveolar partial pressure

of oxygen result in less oxygen reaching the tissues (reviewed in Sheel et al., 2010). The

drop in available oxygen detrimentally affects aerobic capacity. For example, V O,
decreases by ~6%/1000 m between 300 m and 2800 m above sea level (Wehrlin and
Hallén 2006). These factors combine to reduce overall training quality, particularly with
acute hypoxic exposure in absence of acclimatization. As athletes often train and compete
at moderate altitude (i.e., 1500-2500 m), the ability to maintain high exercise intensity is
important for performance.

Beetroot juice (BR), a supplement with a naturally high concentration of nitrate
(NOy) has gained popularity with endurance athletes aiming to improve performance.
There is evidence to suggest that dietary NO;™ improves oxygen delivery (Masschelein
2012), lowers blood pressure during exercise recovery (Larsen et al., 2010; Kenjale et al.,
2011), and increases mitochondrial efficiency through an improved oxidative
phosphorylation ratio (Larsen et al., 2011). When oxygen is less available from the
environment (e.g. at altitude), BR may have even greater physiological effects (Dauncey
2012); however, the efficacy of acute BR supplementation for exercise performance in
moderate hypoxia requires further research. As hypoxia limits aerobic capacity, the

potential benefits of BR are particularly relevant to aerobic exercise.

1.2 Aerobic exercise

Aerobic exercise, which involves continuous whole body or large muscle mass
exercise, stresses the cardiorespiratory system. Generally, moderate intensity constant-
load exercise can be sustained for relatively long periods of time due to the predominant
use of fatigue resistant slow-twitch muscle fibres. These fibres have a slower contraction
speed, meaning they utilize ATP at a slower rate; therefore, sufficient ATP production

can be maintained through aerobic metabolism (McArdle et al., 2007). Over time, the



result of endurance training is increased aerobic capacity, or an improved ability to
maintain a given power output or velocity (Jones and Carter 2000). Improved aerobic
capacity is indicative of better endurance performance (reviewed in Jones and Carter
2000), making improved aerobic capacity a central goal of many training programs.
Exercise causes an acute stress response throughout the body. At rest, energy
production requires oxygen, which is brought in through the lungs and diffuses to the
blood within the pulmonary vasculature. The oxygenated blood flows back to the heart
where it is pumped into the systemic circulation (McArdle et al., 2007) where the oxygen
diffuses into the tissue. Exercise increases the demand for oxygen, and the body responds
with an increase in tidal volume, breathing frequency, heart rate and stroke volume, all of
which help to maintain sufficient blood flow and oxygen delivery to support the working
muscles (West 2007). Improved oxygen delivery is supported by increased extraction at
the tissue level, which also facilitates the maintenance of elevated energy production.
During aerobic exercise the main energy pathway is oxidative phosphorylation. At low,
continuous exercise intensities, fat is the primary fuel for energy production, while higher
intensities rely predominantly on carbohydrate metabolism (McArdle et al., 2007). Over
time, these acute responses to exercise result in chronic training adaptations that improve
the body’s ability to maintain a work rate substantially above resting rates over prolonged

periods.

1.2.1 Adaptations to endurance exercise

Aerobic training causes both peripheral and central adaptations that act to enhance
oxygen delivery to the mitochondria as well as enhance the ability of muscles to use the
available oxygen (McArdle et al., 2007). The training-induced increase in plasma volume
and red blood cell mass increases the volume of blood passing through the heart, which
results in cardiac remodeling—most notably physiological hypertrophy of the left
ventricle—to help reduce strain on the myocardium during exercise (Ellison et al. 2011).
In trained athletes, increased stroke volume accounts for most of the increase in cardiac
output, as maximal heart rate is often unchanged or lower in comparison to untrained
individuals (Wilmore et al., 2008). The increased cardiac output allows for increased
perfusion of exercising muscles. At the muscle level, there is increased capillarization to

accommodate greater blood flow and increased myoglobin content to improve oxygen



delivery to the mitochondria. Greater energy demand on muscles requires a
commensurate increase in energy production. The increase in energy production is
facilitated by greater mitochondrial density and size (Wilmore et al., 2008). Chronic
endurance exercise has also been found to cause vascular remodeling, resulting in
widened vessels and increased vascular tone (Niebauer and Cooke 1996). High shear
stress promotes secretion of vasodilators (Paszkowiak and Dardik 2003) that are
important for maintaining blood pressure. Highly trained athletes repeatedly experience
high shear stress due to the increased cardiac output and hyperemic response associated
with exercise. Increased shear may result in improved bioactivity of nitric oxide (Green et
al.,2004). Changes in pulmonary function are important contributors to adaptations
elsewhere in the body. Trained individuals have a lower ventilation at a given
submaximal exercise intensity, coupled with a much greater maximal ventilation than
untrained individuals (McArdle et al., 2007). Pulmonary blood flow increases during
high intensity exercise. Together, the increase in blood flow and ventilation improve
pulmonary diffusion of oxygen (Wilmore et al., 2008). Once oxygen is carried to the
muscle, there is greater oxygen extraction at the tissue level in trained individuals, a
result of increased tissue perfusion (Bassett and Howley 2000).

Aerobic exercise causes adaptation across all body systems. These changes
improve the body’s ability to maintain continuous exercise at a given intensity and
increase the workload the body can produce for extended durations by increasing oxygen
delivery and extraction. Overall, these adaptations contribute greatly to cardiorespiratory

health and improve endurance performance.

1.2.3 Determinants of performance

For high-level athletes, the main goals of endurance training are to improve
aerobic capacity and performance. Performance may be measured in many ways,
including competition results, time to complete a given task, and mean power output
during an event. Endurance performance potential is often predicted from physiological

tests that provide insight into an athlete’s aerobic capacity (e.g., exercise economy, and



maximal oxygen uptake [V O,,.]).V O,,, and exercise economy are described in more

detail below.

Maximal oxygen uptake (V Oy 1 ayx)
V O,,.. is the highest rate at which an individual can use oxygen during maximal

exercise (Jones and Carter 2000). Both athletes and exercise physiologists consider V

0,,... the “gold-standard” measurement of aerobic capacity. Generally, individuals who
train in endurance events will have a higher V O, than their anaerobic sport or

untrained counterparts. Elite athletes will also generally have a higher V 0,,,,, than sub-

elite athletes. While a good measurement of aerobic fitness and a general marker of
performance potential (Levine 2008), V O,,,. is not necessarily a predictor of
performance, particularly among training-matched athletes. In other words, a highV O,

is necessary to perform well, but in a group of individuals with similar V 0,,,,. values,
there can be a large variation in performance, suggesting that there are many additional

factors (both physiological and psychological) that affect performance.

Exercise economy
Exercise economy (often grouped with mechanical efficiency) is a measure of the

oxygen cost for a given amount of physiological work. During exercise on a cycle

ergometer, V O, increases by ~10 mL-min™ for each additional watt of external power
output (Jones et al., 2013). While economy improves with training (i.e., lowered oxygen
cost of exercise), often as a result of training adaptations and improved biomechanical
efficiency, it does not change greatly over time in trained individuals.

Training may increase mitochondrial density and therefore energy production. For
example, the vastus lateralis muscle of highly trained cyclists typically has a higher
percentage of Type I muscle fibres (Coyle et al., 1992), which have a greater
mitochondrial density than Type II fibres and are more efficient for continuous energy
production (Joyner and Coyle 2008). Irrespective of mitochondrial density, energy
required for a given workload should be fairly consistent within an individual, and

independent of how efficiently the energy is produced. In trained athletes, economy will



not differ greatly over time (assuming training is maintained), although economy may
improve as V 0,,,,. declines with age (Jones 1998). Exercise economy may be a better

predictor of performance in athletes closely matched in training load and 1% O,,0x 1% 0,0
is a ceiling value for the rate of oxygen use, but economy determines how much work can

be performed with that oxygen.

1.2 4 Limitations to aerobic capacity and performance

Aerobic capacity is limited by anything that negatively affects oxygen delivery to,
or oxygen extraction by, exercising muscles. These factors may include anything that
detrimentally affects pulmonary diffusion capacity (e.g., ventilation/perfusion mismatch
or shunts), cardiac output (e.g., decreased stroke volume), oxygen carrying capacity (e.g.,
low hemoglobin mass), or exercising muscles (e.g., decreased mitochondrial enzyme
activity) (Bassett and Howley 2000). A gas exchange limitation will likely impact highly
trained athletes to a greater extent than recreationally active individuals (potentially due
to a greater total blood volume and cardiac output), resulting in the muscular demand for
oxygen outstripping delivery at high exercise intensities. For instance, hypoxic exposure
negatively affects gas exchange and aerobic performance. A drop in the partial pressure
of oxygen decreases availability of oxygen to the body. By extension, hypoxia causes a
resultant decline in aerobic capacity that limits endurance performance. This drop is
particularly relevant to athletes who attend training camps or competitions at moderate

altitude, where training intensity and recovery will likely differ from sea level.

1.2.5 Aerobic exercise in hypoxia

A drop in PO, decreases the body’s ability to deliver saturated hemoglobin to the
tissues and the capacity for oxygen to diffuse to the mitochondria (Storz et al., 2011). The
body exhibits a number of physiological adjustments in response to hypoxia in an attempt
to maintain oxygen supply. The immediate response to hypoxia is increased ventilation to
maintain oxygen saturation, resulting in an increase in exhaled CO,, and subsequent
respiratory alkalosis (Bértsch and Saltin 2008). This ventilatory response shifts the
oxygen dissociation curve to the left, which better allows for oxygen to bind to
hemoglobin due to an increased blood-O, affinity (West 2007). Cardiac output also

increases (via elevated heart rate) to balance oxygen delivery with demand (Casey and



Joyner 2012); however, maximal heart rate may be reduced in hypoxia, as is maximal
cardiac output (Bértsch and Saltin 2008). Furthermore, an attenuated sympathetic
response in contracting muscle, despite an increase in vasoconstrictor signals, results in
compensatory vasodilation (Casey and Joyner 2012). Despite compensations, if oxygen
saturation is decreased, blood flow during maximal large-muscle mass exercise is lower

than in normoxic exercise (Calbet 2002). Reduced blood flow limits oxygen delivery, and

1% 0,,... decreases by ~6%/1000 m altitude (to 3000 m, after which the rate of decrease
may increase), due to the drop in oxygen driving pressure (Wherlin and Hallén 2006).
Even with the reduced blood flow, there is evidence that pulmonary and muscle diffusion
are the main components affecting this decrease in aerobic capacity (Wagner 2010). In
the practical sense, physiological adaptations that allow an individual to maintain a high
aerobic capacity will benefit endurance exercise at altitude.

Training intensity and endurance sport performance are both affected by hypoxia,
which has prompted athletes to try different strategies to attenuate the decline in
physiological function. It has been shown repeatedly that individuals with higher baseline
fitness tend to have a greater decline in aerobic performance than the untrained (Fulco et
al., 1998). Even for athletes who are well matched for fitness at sea level, there is great

inter-individual variation for response to hypoxia.

Although V O, drops significantly, economy remains consistent after hypoxic
acclimatization at moderate altitudes, although there may be modest improvements

(Lundby et al., 2006). This is potentially because a given workload requires an absolute

1% O, that remains constant. However, it is more difficult (i.e. requires more work) to
maintain a given workload at altitude—for example, pulmonary ventilation increases—so

the body must work comparatively harder in acute hypoxia than at sea level.

1.2.6 Effects of altitude training

Although altitude reduces aerobic capacity, acclimatization improves performance
at altitude and may have beneficial effects on sea-level performance. However, there is
great individual variation in the extent of these responses to both acute and longer-term

exposures (Martin et al., 2010). A number of different strategies are used to elicit this



benefit. For instance, living “high” and training “low” is a popular approach, combining
the benefit of training at sea-level with the physiological responses to prolonged altitude
exposure during rest that could benefit endurance exercise (Millet et al., 2010). The
efficacy of such strategies is highly variable and seems to depend on each individual’s
ability to acclimatize.

Ideally, endurance athletes competing at altitude will be able to acclimatize fully
to the conditions in which they will compete (a recommended two weeks for venues up to
3000 m) (Bergeron et al., 2012); however, even with acclimatization, performance at
altitude will not equal sea-level capabilities in endurance sport (if aerodynamic drag is
not factored in). Moreover, acclimatization is not always feasible, nor optimal for
training, as athletes are unable to maintain training intensities comparable to sea level at
altitude (Millet et al., 2010) and may have busy competition schedules, restricting the
time they could spend at altitude before a single event.

To augment training efforts, athletes often supplement with dietary or
pharmaceutical aids. Various treatments have been investigated to alleviate the strain of
exercise in hypoxia. For example, sildenafil results in reduced hypoxia-induced
pulmonary hypertension (Zhao et al., 2001; Ghofrani et al., 2004), while improving
exercise capacity at altitude through improved oxygen saturation and increased maximal
workload and cardiac output (Ghofrani et al., 2004). There are concerns regarding the use
of sildenafil at altitude, as it may increase the severity of headaches, a well-documented
symptom of acute mountain sickness (Hackett and Roach 2001). Athletes could also
experience other undesirable side effects (e.g., blue tinted vision (Marmor and Kessler

1999)).

1.3 Exercise and nitrate

In sport culture, supplementation is a common tactic to improve performance. In
recent years, research into nitrate (NO;") and nitrite (NO,’) supplementation has become
more popular, particularly involving the use of beetroot juice (BR) as a source of NO;
leading to nitric oxide (NO) production. In an applied setting, it has become common for
athletes to use BR for training and competition. These supplements contain juice from

beets (often exclusively), and vary in volume and NO; content, depending on whether



the supplement is ‘concentrated’ or not. For example, a BR ‘sport shot” used in studies
contains 70 mL of concentrated BR and ~4.2 mmol of NO; (Wylie et al., 2013). Some
studies, however, supplement with up to 500 mL of BR a day, with the maximum
reported dose being 500 mL BR (containing ~11 mmol NO;’) administered daily over a
period of six days (Bailey et al., 2009). While studies of BR and exercise capacity in both
clinical populations and averagely active individuals are promising (e.g., Kenjale et al.,
2011), the few studies conducted in highly trained athletes in normoxia have returned
mixed results (reviewed in Hoon et al., 2013b). The few studies of BR in hypoxia have
been unanimous in demonstrating positive effects (Vanhatalo et al., 2011; Masschelein et
al., 2012; Muggeridge et al., 2014), although only one of these studies (Muggeridge et
al., 2014) has been completed with well trained athletes. Current evidence suggests that
training and health status, sex (Kapil et al., 2010), dosage (Wylie et al., 2013a) and
altitude (Dauncey 2012) may all play a large role in the efficacy of BR as a supplement.
Therefore, it is important to test the usefulness of BR in highly trained endurance athletes
and to determine the conditions in which it is most effective.

In trained endurance athletes, there is evidence for responders and non-responders
to BR supplementation (e.g., Christensen et al.,2012). Varied ‘response’ between
individuals may be related to differences in adaptations to the vasculature, endothelial
function, and aerobic system. Physiological adaptations of endurance exercise should
result in excellent oxygen delivery, potentially masking or making redundant any BR

benefit. This possibility is reflected in a study finding no benefit of a six-day BR

supplementation for a 400-kcal (~18 minute) time trial (TT) in elite male cyclists (V O,
72.1 [4.5]) in normoxia (Christensen et al., 2012). This finding is contrasted by data from

Lansley et al. (2011a), which demonstrated a significant improvement in 4- and 16.1-km

TT performance in club-level males (V O,,,,.56 [5.7] ml'kg"-min™) following acute BR
supplementation. A meta-analysis by Hoon ef al. (2013b) indicated greater performance
improvements from BR have been found in inactive or recreationally active individuals.
As yet, there are no studies to indicate that so-called “responders” would continue to
respond repeatedly.

Despite differences in the effect of BR among athletes, some of the factors

contributing to aerobic performance are limited in acute hypoxia, making it plausible that



BR may enhance exercise tolerance even in those individuals who do not respond to BR
supplementation at sea level; however, this may be confounded by the variable response
to hypoxia alone. The background physiology and research are presented below in more
detail. Studies conducted to date assessing the efficacy of BR supplementation are

summarized in Table 8 in Appendix B.

1.3.1 Nitric oxide pathways

Nitric oxide (NO) is a signaling molecule and potent vasodilator formed by nitric
oxide synthase (NOS) enzymes (constitutive, inducible or neuronal) in response to
chemical and mechanical stimuli (MacMicking et al. 1997; Bogdan 2001) through the
oxidation of L-arginine (Palmer et al., 1988). This complex reaction is catalyzed by the
NOS enzymes and requires oxygen and other substrates (Lundberg and Weitzberg 2010;
Bailey et al.,2012).

A secondary pathway for the formation of NO has been suggested, in which
dietary nitrate (NOy) is reduced to nitrite (NO,’) by anaerobic bacteria in the mouth
(reviewed in Lundberg et al., 2008). Some of this NO,  is further reduced to NO in the
acidic environment of the stomach (Lundberg and Govoni 2004; Lundberg et al., 2008),
while other NO,” molecules continue to circulate in the blood and may form NO
systemically, catalyzed by hemoglobin, myoglobin, and xanthine oxidoreductase among
other species (Lundberg et al., 2011b; Lundberg et al., 2008). When the resultant NO
from either pathway diffuses into surrounding smooth muscle cells, it activates guanylyl
cyclase, which in turn stimulates cyclic guanosine monophosphate (cGMP) formation

and smooth muscle cell relaxation (Bredt and Snyder 1994). See Figure 1.



reduction

reduction

oxidation

Fig 1: Sources of nitric oxide (NO) in the human body. NO can form in the body through
the nitric oxide synthase pathway (NOS) or through nitrate (NOy) in the diet. NO;” may
be reduced to nitrite (NO,") and subsequently NO. NO may also be oxidized to form NO,
and NO;.

NO is known to be particularly important for health. In addition to being a
vasomodulator, NO plays roles in cellular respiration and inflammation (Lundberg e? al.,
2008). For example, in male Munich Wistar rats, chronic (two month) blocking of the
NOS pathway through the use of L-NG nitroarginine methyl ester (L-NAME) resulted in
systemic hypertension and glomerular injury (Baylis et al., 1992). Jones et al. (2004)

further reported that in humans, acute L-NAME infusion increased mean arterial

pressure, and decreased V O,,,,. and heart rate.

Inorganic NO; and BR supplementation have been found to decrease blood
pressure (BP) (Siervo et al., 2013). Specifically, BR supplementation has been shown to
lower diastolic blood pressure (DBP), systolic blood pressure (SBP), and mean arterial
pressure (e.g., Webb et al., 2008). These results coincide with greater plasma [NO,]
following supplementation. An increase in plasma [NO,] may be the result of NO;’
reduction, indicating that NO; supplementation is responsible for subsequent BP
reductions, possibly mediated by increased NO. Chronic intake of a nitrate-rich diet (e.g.,

the “Mediterranean Diet”) may have a cardioprotective effect, suggesting long-term
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benefit (Hu 2003; Lundberg et al., 2006; Lidder and Webb 2012). Decreased BP is
maintained for at least 15 days with chronic BR supplementation (Vanhatalo et al., 2010),
but there are no investigations of longer duration. There may be a dose-dependent
relationship between NO; intake and change in BP (2010) (Kapil ez al., 2010). An
increase in BP occurred when oral microflora were disrupted with the use of antibacterial
mouthwash (Kapil et al., 2012), further demonstrating the significance of the oral

pathway in generating NO.

1.3.2 Sex differences in response to nitrate supplementation

Sex differences in the effect of NO; supplementation on BP may exist. Kapil et
al., (2012) reported that premenopausal females had higher basal [NO,] coupled with
lower BP than age-matched males and, following supplementation with potassium nitrate
males had a greater reduction in BP than females. Thoonen et al. (2012), suggested that
nitrate supplementation may be less effective in women, due to possible differences in
sex-specific NO-cGMP signaling. The reason for the discrepancy is unknown but may be
caused by differences in vasodilation signals. For example, it has been suggested that in
female mice the main endothelial-derived relaxing factor is endothelial-derived
hyperpolarizing factor, while in males it is NO and prostacyclin (Scotland et al., 2005).
The possibility that supplement efficacy varies between sexes warrants further research,
as data demonstrating such a dichotomy would be of interest to athletes interested in

nitrate supplementation,

1.3.3 Effect of beetroot juice on exercise

Bailey et al. (2010) demonstrated that BR supplementation before small-muscle
exercise significantly altered the intramuscular environment (demonstrated by decreased
ADP and P, accumulation and decreased PCr depletion) and increased exercise tolerance
in normoxia, relative to placebo. In this study, subjects completed incremental double-
legged knee extension exercise in a step-wise manner until task failure. There was a 25%
increase in time to task failure with BR, with each of the seven subjects performing better

in the BR condition. The authors suggest that this finding may be the result of a
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decreased total ATP cost for muscle force production, as reduced ADP and P;
accumulation may be due to coupling between ATP hydrolysis and the energy required
for force production at a given work rate with BR supplementation. If ADP and P; are
reduced, oxidative phosphorylation would likely also be reduced (Brown 1992). Results
from this study indicated improved matching of energy produced for energy required
(Bailey et al., 2010).

The majority of BR studies in humans have investigated performance outcomes
rather than the effect’s mechanism. Studies in animal models have allowed for a more in
depth understanding of how BR and NO; supplementation may affect muscle function.
For example, fast-twitch muscle fibres from C57bl/6 male mice supplemented with 1 mM
sodium nitrate in water for seven days had increased Ca** handling proteins and
myoplasmic free [Ca*], as well as increased contractile force and a faster rate of force
development compared to untreated mice (Herndndez et al., 2012). Relatedly, Ferguson
et al. (2012), demonstrated improved skeletal muscle blood flow and vascular
conductance in male Sprague-Dawley rats supplemented with 1 mmol NO; kg "-day™ in
BR during treadmill running, primarily in Type IIB+d/x fibres. Together, these studies
indicate a greater role for NO in oxygen matching in fast-twitch fibres. Previous findings
that NO directly inhibits force-generating proteins in skeletal muscle myofibrils (Galler et
al., 1997) may seem counterintuitive considering conclusions by both Hernandez et al.,
(2012) and Ferguson et al., (2012). However, this study used muscle fibres from rat leg
muscles such as the soleus and vastus lateralis, which, in endurance trained humans, are
likely composed of a high proportion of Type 1 fibres (Coyle et al., 1992). These results
as a whole seem to be supported in humans by Bailey et al. (2010), as discussed above.

It has also been demonstrated in male Sprague-Dawley rats that renal injury was
attenuated after a medium-to-high dose of dietary NO, was provided in drinking water
concomitantly to chronic L-NAME infusion (Kanematsu et al., 2008). This provides
evidence that the NOS and NO; — NO, — NO systems are independent, and one can act
to maintain NO production should the other be compromised. This has important clinical

applications, but also strengthens the rationale for BR as a supplement in hypoxia.
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1.3 4 Nitrate supplementation and normoxic exercise performance

Although most human research has been conducted using untrained populations, a
small, but highly relevant, number of studies have investigated the effect of BR on
endurance performance in highly trained athletes. Studies of highly trained or elite
cyclists in normoxia have found improvement in time trial performance following BR
supplementation in a 4-km TT (Lansley et al., 2011a), a 10-km TT (Cermak et al.,
2012a), and a 16.1-km TT (Lansley et al., 2011a) but not in a 50-mile TT (Wilkerson et
al.,2012). Lansley et al. (2011a) concluded that mean power output increased for both 4-
km and 16.1-km TT distances with BR supplementation, although VO, values did not
differ between BR and placebo (PL). Conversely, Wilkerson et al. (2012) demonstrated

that neither power output nor mean V O, differed significantly between BR and PL trials.

This study reported a lower mean V O, with BR compared to placebo over the 50-mile
TT that approached statistical significance (p = 0.06), which may be practically
meaningful. Wilkerson et al. (2012) also demonstrated that individuals with higher
plasma [NO,] following supplementation performed better in the time trial. While the
50-mile TT completed in this study was of a much longer distance than those used in
other studies (e.g., Lansley ef al. (2011a); Cermak et al. (2012a)), the exercise intensity
was fairly low. This may have limited the efficacy of the NO;”— NO, — NO pathway,
which is potentiated in hypoxic and acidic conditions (Dauncey 2012; Modin et al.,
2001).

BR supplementation may be more effective for improving performance over
moderate distances and/or higher intensity exercise. In a study by Christensen et al.
(2012), a six-day BR loading protocol did not improve endurance capacity or repeated

sprint performance in elite male cyclists. However, two of the ten subjects were identified

as “responders” who demonstrated decreased V O, at stages of 50% and 70% of aerobic
peak power with BR supplementation. Furthermore, studies have concluded that an
improvement in economy (reflected in decreased VO, for a given power output) is likely
due to changes in skeletal muscle rather than cardiopulmonary variables (Bailey ef al.,

2009; Bailey et al., 2010).
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1.3.5 Beetroot juice and hypoxic performance studies

As of 2013, data has been published from three studies that examined BR
supplementation in normobaric hypoxia. Masschelein et al. (2012) used a cycling
protocol consisting of 20-minute steady state exercise at 45% of maximum power output,
followed by an incremental test to exhaustion. It was demonstrated that, in hypoxia (11%
0O,; equivalent to ~5000 m), BR increased time to exhaustion by ~5%, and improved
muscle oxygenation relative to placebo. Two-legged knee extension exercise to
exhaustion in hypoxia (14.5% O,) when supplemented with BR, was also demonstrated
to be comparable to normoxic trials (Vanhatalo et al., 2011). Another recent study
examined economy and TT performance at a simulated altitude of 2500 m (~15% O,)
(Muggeridge et al., 2014) and showed that steady-state economy at 60% of maximum
work rate and 16.1 km TT performance were both improved with BR, relative to placebo.
This finding strengthens the rationale for BR being effective in hypoxia for highly trained
individuals. In a related study, patients with peripheral arterial disease (a model of
pathological ischemia that models poor oxygen delivery) demonstrated that BR
supplementation increased time to onset of claudication pain (caused by too little blood
flow during exercise), indicating improved perfusion in hypoxic tissue (Kenjale et al.,
2011). Together, these studies suggest that exercise performance in moderate hypoxia

may benefit from BR supplementation.

1.3.6 Nitric oxide in hypoxia

During submaximal exercise in hypoxia, changes in oxygen saturation are
compensated for by changes in cardiac output and muscle blood flow to maintain oxygen
delivery (Calbet et al., 2000). However, as intensity increases during large-muscle
exercise, such as cycling, the body cannot appropriately compensate for the lack of
inspired oxygen. There is also a right shift of the oxygen dissociation curve that limits
oxygen unloading in the muscle and decreases total oxygen consumption (Calbet et al.,
2009). If cardiac output is reduced, as in maximal exercise in moderate hypoxia (Calbet
et al., 2009), muscle blood flow is decreased, reducing oxygen delivery. Vasodilation
may work to better match O, requirements to delivery, regulated by oxygen sensing

(Calbet et al., 2002). In hypoxia, the production of NO is up-regulated by the NOS
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system, contributing to compensatory vasodilation and improved oxygen delivery. This
up-regulation is likely related to increased shear stress and blunting of sympathetic
vasoconstrictor signals (Casey and Joyner 2012). NO is also formed preferentially from
NO, as oxygen pressure falls (Cosby et al., 2003; Lundberg and Weitzberg 2005;
Lundberg et al., 2008) mainly through anaerobic pathways. The reduction of NO," is
potentiated as oxygen tension falls, and the rate of conversion of NO, to NO by
hemoglobin is highest when oxygen saturation approaches 50%, due to available binding
sites on hemoglobin and a peak in nitrite reductase activity (this occurs with desaturation
at the tissue level) (Lundberg et al., 2008). Furthermore, this reaction benefits from a
drop in pH to that expected during increased metabolic activity or hypoxia (Modin ef al.,
2001). Therefore, it seems possible that this secondary pathway of NO production could
also improve compensatory vasodilation in hypoxia (Joyner and Casey 2013).

One of the main physiological roles played by NO is the regulation of
mitochondrial respiration, making NO particularly relevant to aerobic exercise
performance. For example, NO, carried by myoglobin, competes with O, for binding sites
on cytochrome c oxidase, effectively inhibiting cytochrome C oxidase and sparing O,.
This results in less ATP generation in mitochondria close to the feeder artery (Dauncey
2012); however, due to a change in the inner mitochondrial membrane potential, there is
less proton leak back into the mitochondrial matrix, leading to greater efficiency in
cellular respiration. The O, gradient seems to be extended, and O, molecules spared from
proximal mitochondria are used to generate ATP more distally (Dauncey 2012).
Improved mitochondrial efficiency could make exercise more economical and would be
particularly important in hypoxia, where matching oxygen delivery to consumption
becomes more difficult. Supplementing with dietary NO;™ could benefit exercise in
hypoxia in a few ways: 1) improved mitochondrial efficiency (Larsen et al., 2011),
meaning less O, used for a given energy output; 2) improved muscle contractile
efficiency (Bailey et al., 2010), and therefore fewer ATP used for a given force
production (Jones et al., 2013); and 3) increased vasodilation due to increased NO

availability, allowing for improved oxygen delivery (Siervo et al., 2013).
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1.4 Summary and potential significance

Athletes may travel to altitude for training camps or competitions. There are
currently many strategies to enhance training and performance under hypoxia, although
research shows inconsistent results, due to differences in length of hypoxic exposures and
dose. It is also likely there is considerable variation between individuals in the
physiological response to hypoxia. Dietary NO;™ in the form of BR has been
demonstrated to improve normoxic exercise tolerance in clinical populations and
recreational athletes. There is further evidence that exercise tolerance in simulated
hypoxia may benefit from BR. Comparing recreationally active individuals and elite
athletes, greater performance improvements have been demonstrated in less fit
populations. In the few studies that have assessed the efficacy of BR in highly trained
individuals, there has been no obvious effect of BR, although some individuals seem to
be ‘responders.” Highly trained endurance athletes benefit from training volume and
duration that results in physiological improvements specific to continuous exercise. In
this case, the increased endogenous production of NO (Green et al., 2004) coupled with
other training adaptations (Joyner and Coyle 2008) may mask the effect of BR.
However, these adaptations do not explain differences in training matched, fit
individuals, and little is known about why these responses would differ. Therefore, the
specific sport, intensity and duration of exercise may also alter the efficacy of BR.
Whether effective in normoxia or not, the decreased PO, in hypoxia may benefit BR-
related performance enhancement in highly trained athletes. BR could potentially
ameliorate training intensity and recovery through improved oxygen saturation, economy
and blood pressure, which are impacted at altitude. Theoretically, these improvements
would benefit both repeated training bouts (such as during a training camp) and

competitive performance in hypoxia.
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2. Effect of beetroot juice on exercise performance in normoxia and moderate

hypoxia

2.1 Introduction

At altitude, decreases in the barometric pressure ultimately result in less oxygen

reaching the tissues (reviewed in Sheel e al., 2010). V O, decreases almost linearly
with oxygen saturation (Wagner 2010), limiting intense endurance exercise as a given
submaximal workload has approximately the same oxygen cost at altitude as at sea level.
Relying on the aerobic energy system to maintain a given workload in hypoxia requires
that the individual increase ventilation and cardiac output to improve diffusion and
maintain oxygen delivery. Thus, ventilation and cardiac output are higher for a given
submaximal workload. The combined effect of increasing cardiopulmonary workloads
while lowering maximal aerobic capacity reduces overall training quality, particularly
with acute hypoxic exposure in absence of acclimatization. As athletes often train and
compete at moderate altitude (i.e., 1500-2500 m), anything that would ameliorate these
limiting factors would help to maintain high exercise intensity and performance.

Dietary NO; lowers blood pressure during exercise recovery in individuals of
average fitness (Larsen et al., 2010) and clinical populations (Kenjale ef al., 2011).
Dietary NO; also increases mitochondrial efficiency through an improved oxidative
phosphorylation ratio (Larsen ef al., 2011) in normoxia. Beetroot juice (BR), a
supplement with a naturally high concentration of NO; that may have ergogenic effects
for athletes due to subsequent increases in circulating NO; and NO, that increase NO
availability, has gained popularity with endurance athletes aiming to improve
performance; however, normoxic studies in highly trained athletes supplemented with BR
indicate that it may be less effective in this population (e.g., Cermak et al., 2012b).
Despite evidence that trained athletes may not benefit from BR at sea level, when oxygen
is limited in the environment (e.g. at altitude) BR may have even greater physiological
effects Muggeridge et al., 2014; Dauncey 2012; Masschelein et al., 2012). Therefore, BR
may positively affect trained athletes in hypoxic environments. While Muggeridge et al.

(2014) have previously investigated the effect of BR in trained athletes in moderate
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hypoxia, a comparison between the efficacy of BR supplementation in normoxia and
moderate hypoxia for trained athletes has not been done. This may be useful for

understanding under which conditions BR is most effective for athletes.

2.2 Purpose, objectives and hypotheses

The primary purpose of this project is to assess whether an acute dose of BR can
improve indices of exercise performance in trained men, and, if so, whether these effects
are due to the available [NO,] in the supplement. There is evidence to suggest that highly
trained athletes do not benefit from BR supplementation in normoxia to the same extent
as less fit individuals; however, there may be a greater ergogenic effect on performance
in hypoxia because it is more difficult to maintain endogenous NO production. To
address this question, I examined the efficacy of acute BR supplementation for improved
exercise performance in both normoxia and moderate hypoxia in trained male cyclists.
Through the course of my thesis, I aimed to address the following four questions by

testing the associated hypotheses:

Question 1: Do highly trained athletes experience an ergogenic benefit from BR' under
normoxic conditions?

Question 2: Do highly trained athletes benefit from BR supplementation in hypoxia?
Question 3: Does resting BP decrease following BR supplementation?

Question 4: Does BR supplementation increase fraction of exhaled nitric oxide (FENO)?

Hypothesis 1: BR will have no effect on exercise performance in normoxia (i.e., no

change in economy, or TT performance), relative to placebo.

Hypothesis 2: BR will improve indices of exercise performance in hypoxia (i.e.,
improved economy, increased oxygen saturation, improved TT performance), relative to

placebo.

1 For the purpose of this thesis, “BR” will indicate beetroot juice containing NO5', while “PL” will indicate
beetroot juice that has been NO;™ depleted. The protocol described in this thesis specifically tests whether
the NOj’ in beetroot juice is effective as an ergogenic aid.
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Hypothesis 3: Acute BR supplementation will decrease resting blood pressure in highly

trained men, relative to placebo.

Hypothesis 4: FENO will increase with BR juice supplementation.

2.3 Methods

2.3.1 Participant information

Between April and August 2013, 12 trained male cyclists were recruited to
participate in this study. Subjects were recruited through poster advertisements at the
University of British Columbia (UBC) campus, in cycling shops and through email
contact with cycling clubs in Vancouver. Initially, 15 individuals expressed interest in

participating; however, two were excluded during screening, as they did not meet all of

the inclusion criteria. Of the remaining 13 subjects, one individual did meet the inclusion

criteria but withdrew from the study due to personal reasons.
Subjects were given $20.00 per visit to the lab ($100.00 total for all five visits).
Informed written consent was obtained from all subjects. The UBC clinical research

ethics board (CREB) approved this study.

Table 1: Inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria

Males aged 19 (18 for UBC students*) to 40 Females

years History of pulmonary or heart disease
Self-reported trained cyclists Diabetes

Maximal oxygen uptake of at least 60 mL-kg" Smoking

“min" or 5 L-min™ Recent (within 2 months) visit to 2500 m or
English speaking above

Inability to communicate in English

Note. UBC CREB approved treating 18-year-old UBC students as emancipated for the purpose of this
study.

2.3.2 Experimental design
A randomized, placebo-controlled, crossover study design was used for this

experiment (see Figure 2). The 12 subjects that qualified for the study visited the
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laboratory five times in total. Following an initial screening visit, there were four
randomly assigned treatment days: 1) normoxic trial supplemented with BR; 2) normoxic
trial supplemented with placebo (PL); 3) hypoxic trial supplemented with BR; and 4)
hypoxic trial supplemented with PL. Each visit was separated by at least 96 hours to
allow for washout and recovery. All cycling tests were completed on a fully adjustable
Velotron cycle ergometer (Racermate Dynafit Pro, Racermate Inc., Seattle WA) to mimic
real road cycling as closely as possible. Data collection took place in the Environmental
Physiology Laboratory and the Gene, RNA, Informatics and Proteins Laboratory at the
University of British Columbia, Vancouver, Canada. The lab is located approximately 75
m above sea level.

Individual subjects were tested at approximately the same time of day on each
visit. Supplementation was administered in a double-blind manner, whereas only the
subjects were blinded to the environmental condition. Informing the researcher of the
environmental condition was necessary to allow oxygen saturation to be monitored
during the exercise protocol, which was required by CREB. Subjects were given either 70
mL BR or 70 mL PL, and completed the testing protocol in either moderate hypoxia
(normobaric hypoxia chamber set to 2500 m) or normoxia. The BR supplement (Beet It
Sport, James White Drinks Ltd., Suffolk, UK), which contained beetroot juice and lemon
juice had 72 kcal and 0.4 g of NO; (6.5 mmol NOy) in 70 mL. The PL product was
identical to the BR supplement, except that it was NO; depleted. This allowed for any
differences in the experimental conditions to be explained by the available NO; content.
The supplement was Informed-Sport tested and both the BR and PL were consumed at
room temperature.

Subjects were asked to record their food intake for the 24-hour period leading up
to the initial test and to then replicate this diet as closely as possible over the 24 hours
leading up to each subsequent test day. They were also asked to arrive at the lab fully
hydrated (i.e., at least 500 mL of water consumed in the preceding hour) but to avoid
alcohol and caffeine consumption for 24 and 6 hours, respectively, before laboratory
visits. As well, subjects were asked not to use anti-bacterial mouthwashes or chew anti-
bacterial gum for the duration of the study. Other than the treatment, subjects did not eat

or drink anything during the testing with the exception of water, which was permitted ad
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libitum between supplementation and exercise testing. Finally, subjects did not exercise

on test days and remained in the laboratory between supplementation and exercise

testing.
SCREENING DAY EXPERIMENTAL DAYS
(Visit 1) (Visits 2-5) )
Randomized, crossover
Baseline VO, BR + hypoxia BR + normoxia PL + hypoxia PL + normoxia
Time trial Time trial Time trial Time trial

Figure 2: General study overview. Subjects came to the laboratory on five separate occasions.
The first visit included a maximal exercise test and familiarization with the exercise protocol
to be completed on subsequent days. During data collection days, subjects underwent one of
four protocols: supplementation with either beetroot juice (BR) in hypoxia or normoxia, or
supplementation with nitrate-depleted beetroot juice (PL) in either normoxia or hypoxia (see
text for details).

2.3.2.1 Visit 1: Fitness screening

The first visit consisted of anthropometric measurements, baseline fitness testing
and familiarization with the lab, the equipment to be used on test days, and the
experimental day protocol (see Appendix D for subject information sheets). Subjects
were weighed and measured. A venous blood sample was taken to measure baseline
plasma [NO;] and [NO,], and a finger prick sample was drawn into a capillary tube to
determine hematocrit using a CMH30 Micro Hematocrit Centrifuge (UNICO, Dayton NJ,
USA). To determine whether prospective subjects met the inclusion criteria for fitness,
each individual completed an incremental V O,,,, test to volitional exhaustion. A
mouthpiece was fitted to each subject’s face fixed with a two-way, non-rebreathing valve.
Subjects inhaled room air and exhaled to a metabolic cart via a breathing tube. Subjects
completed a self-selected, five-minute warm-up on the Velotron cycle ergometer. The
test started immediately afterwards at a work rate of 0 W. The work rate increased by 1
W every 2 seconds. 1% 0,,... Was met when the subject met at least three of the following

criteria: 1) a plateau in oxygen uptake despite an increase in work rate; 2) a respiratory
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exchange ratio >1.15; 3) heart rate > 90% of the age predicted max (220 bpm — age in

years); 4) volitional exhaustion. The subject then completed a self-selected cool down.

For those subjects who achieved aV 0,,,, value =60 mL-kg"-min™ (or 5 L-min™") this
ramp test was also used to determine their 50% maximal power outputs (in Watts) for

subsequent test days. Each subject’s 50% power output was calculated from power output

at V 0,,,.. After a rest period, subjects completed the TT protocol in normoxia (described
in detail below), used for subsequent testing days, to familiarize them to the ergometer’s

gearing and the intensity and duration of the TT protocol.

2.3.2.2 Visits 2, 3,4, 5: Data collection

On arrival to the lab, resting blood pressure (BP) was assessed manually with a
sphygmomanometer and a stethoscope. Subjects sat quietly for five-minutes and kept
both feet on the floor during BP assessment. BP was measured in duplicate, and the
second measurement was used for analysis. Fraction of expired nitric oxide (FENO) was
measured following the American Thoracic Society and European Respiratory Society
guidelines for measurement of exhaled lower respiratory nitric oxide using offline
measurements (ATS and ERS 2005). While in a seated position, subjects held the NIOX
MINO handheld electrochemical analyzer (Aerocrine AB, Solna, Sweden). Subjects
exhaled completely, inhaled NO-free air through the mouthpiece until reaching vital
capacity, and immediately exhaled for 10 seconds at a rate of 50 mL-s' to complete the
test. FENO was measured once.

Immediately following these tests, subjects drank 70 mL of either BR supplement
or PL (distributed using a double blind protocol). Regardless of treatment subjects waited
in the laboratory for two hours, to allow time for any increase in plasma [NO;] and [NO,
]. After two hours, post-supplementation blood pressure and FENO were assessed and a
second venous blood sample was taken.

Following post- supplementation tests, subjects were fitted with a heart rate
monitor (Polar T31 Transmitter, Polar; Kempele, Finland), an earlobe pulse oximeter
(Avant 9600, Nonin Instruments, Plymouth, MN), and a facemask (Hans Rudolph, Oro-

Nasal 7450 V2 Mask, Shawnee, KS) connected to a two-way non-rebreathing valve
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(2700 T-shape, Hans Rudolph, Shawnee, KS). The valve was attached on one side to a
normobaric hypoxia chamber (Colorado Altitude Training; Louisville, CO) with a
breathing tube, and to a metabolic cart (Parvo Medics; Sandy, UT) on the other side with

another breathing tube (see Figure 3).

Fig 3: Breathing set-up. Subjects breathed either normoxic or hypoxic air from the
normobaric hypoxia chamber through a breathing tube, and exhaled through a second
tube to a metabolic cart.

Prior to warming up on the cycle ergometer, emission and detection fibre optic
probes connected to a near infrared spectroscopy (NIRS) system (NIRO-200
Oxygenation Monitor, Hamamatsu, Japan) were taped to the subject’s upper thigh (over
the vastus lateralis) to assess tissue oxygenation index (TOI). The probes were covered
with a tensor bandage, which lay under the subjects’ cycling shorts. The site of probe
placement was marked on the skin in permanent marker, so probe position could be
replicated for subsequent test days. Muscle oxygenation data was collected during the
steady state and TT portions of the cycling protocol.

Subjects were seated on the cycle ergometer, facing a computer screen, breathing
either ~21% or ~16% O, from the normobaric hypoxia chamber. A 15-minute self-
selected warm-up on the cycle ergometer was then completed followed by 15 minutes at

50% of each subject’s specific maximal power output (as pre-determined by their initial

V 0,,,. test). During the steady state portion of the test, power output was fixed, and

subjects were asked to maintain a seated position and a consistent cycling cadence.
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Metabolic data was measured over the final five minutes of this task. This data was used
to assess exercise economy (mL O, min”-W™), the main outcome variable for the steady
state portion of the test. Subjects were not given any feedback regarding gearing or
cadence during the warm-up to prevent subjective comparison with future and past
testing days. Following the steady state exercise, subjects completed a 10-km TT on a flat
and straight course (RacerMate Interactive 3D Software, Seattle, WA) (see Figure 4 and
Table 3). During the TT, subjects were able to change gears and position if desired. Only
feedback on distance covered and cadence was provided to them via the computer screen.
Metabolic data was collected for the duration of the TT. The main outcome variable for
the TT was mean power output relative to body weight (W-kg™).

Following completion of testing protocols, subjects were asked whether they
thought they had experienced hypoxia or normoxia and whether they consumed BR or
PL. This was used to assess the efficacy of the single- and double- blinding. See
Appendix C for a more detailed explanation of the normoxic and hypoxic breathing

protocol, as well as metabolic calculations.
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Table 2: Summary of procedures for all subjects on laboratory visits.

Appointment 1 Appointments 2,3, 4,5

-Anthropometric measures (height, weight) -BP and FENO

-Hematocrit measurement -Supplemented with either 70 mL BR or PL
-Incremental maximal oxygen uptake test -2 hours post-supplementation, second BP and
(V Oz FENO

-15 minute self-selected warm up, breathing
either normoxic (~21% O,) or hypoxic air
(~16% 0O,), followed by 15 minutes at 50%
max power (HR, SpO,, TOI, 1% 0,, power
output)

-10-km time trial (SpO,, TOI, 1% O,, power
output)

Note. NO; =nitrate; NO, =nitrite; V O,,,,. =maximal oxygen uptake; FENO=fraction of expired nitric
oxide; HR=heart rate; BP=blood pressure; SpO2=pulse oxygen saturation; V O,,,. =oxygen uptake;
TOlI=tissue oxygenation index.

2.3.3 Statistical analysis

A power calculation (G*Power 3.1, Heinrich Heine, Universitit Diisseldorf)
indicated that the required sample size for this study was 12 subjects. This was based on
submaximal cycling economy data from Bailey ez al. (2009). This study showed that the
mean cycling economy of the placebo condition was 11.6 (SD = 0.9) and the mean of the
nitrate-supplementation condition was 10.8 (SD = 0.8). This power calculation was based
on an alpha level of 0.05 and a power of 0.84.

Descriptive analyses of all variables are presented as mean (SD). A two-way
repeated measures ANOV A was used to analyze differences between the four conditions
for BP and FENO variables. The independent variables for these tests were time (pre- and
post- supplementation) and treatment (PL or BR). Dependent variables were systolic BP,
diastolic BP and FENO. Paired samples t-tests were used to compare the average
difference in FENO between pre- and post- supplementation with BR or PL. For these

analyses, averages of the two BR and two PL test days were used.
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A two-way repeated-measures ANOVA was used to analyze differences between
the four conditions for dependent variables relating to steady state and TT performance.
The independent variables for these tests were condition (hypoxia, normoxia) and
supplement treatment (BR, PL). For the steady state portion of the protocol, dependent
variables were cycling economy (mL O, min""W™), SpO,, TOIL, HR, BP, and V. In the

TT, dependent variables were time to complete 10-km, mean power output per kg, and

mean V O,. For all tests, the alpha-level was set at p = 0.05.

1 2 3 7
Hypoxia or normoxia
Arrival & >l
2 hr break
41 5| 6
0 15 150 195

Time in lab (min)

Fig. 4: Timeline of data collection (sessions 2-5). After pre-supplementation blood sampling
and tests for expired nitric oxide (FENO) and blood pressure (BP)(1), subjects consumed either
70 mL beetroot juice (BR) or placebo (PL)(2). Following a two-hour break, blood sampling
and FENO and BP tests were completed again (3). Subjects were then exposed to either
normoxia or hypoxia, and completed a cycling exercise protocol consisting of a 15-minute self-
selected warm-up (4), 15 minutes at 50% maximum power output (5) and a 10-km time trial.
Each session concluded with a cool-down.

2.4 Results

2 4.1 Subject characteristics
Twelve healthy, trained male cyclists and triathletes volunteered to participate in

this study. Subject anthropometric data is presented in Table 4.
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Table 3: Subject anthropometric, fitness, and power data.

Statistic Age (yrs) Height (cm) Weight (kg) Vv O (MI'KE 50% max power Hematocrit
l~min’l) (W) (%)

Mean 293 181 759 67.5 211 45

SD 5.1 52 6.5 5.8 13.1 3

Min 21 1735 65.4 60.9 190 38

Max 40 187.5 86.8 81.2 230 50

Note. n = 12, except for hematocrit where n = 10. V O,,,.., maximal oxygen consumption (mL-kg"'-min™).

2 4.2 Hypoxic and normoxic exposures

The PO, did not differ between PL and BR supplementation days in hypoxia (117
[1] and 118 [1] mmHg, respectively. t[11] =-1.659; p = 0.125), or normoxia (155 [1] and
155 [2], respectively. t[11] =-0.312; p = 0.761). The average PO, for hypoxic exposures
corresponded to an altitude of 2440 m (~8000 feet). Subjects correctly identified the
environmental condition on 56% of trials, while 21% of assumptions were incorrect and

23% did not know.

2 4.3 Resting blood pressure and FENO

Resting SBP and DBP were similar before and after BR and PL supplementation
(see Figure 5). Mean FENO was similar before (25 [11] vs. 23 [8] ppb) supplementation
with either BR or PL. There was a significant interaction effect for time x treatment, and
follow up paired samples t-tests indicate FENO post-BR was significantly greater than
post-PL (28 [12] vs. 22 [9] ppb) (see Tables 4 and 5). Subjects correctly identified the
supplement 8% of the time and incorrectly identified the supplement 11% of the time
(81% did not know.) Descriptive data and average difference data for BP and FENO

variables are reported in Tables 5 and 6.
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Fig 5: Systolic and diastolic blood pressure (mmHg) pre- and post-supplementation with either
placebo (PL) or beetroot juice (BR). Error bars represent standard deviation.

Table 4: Summary data for blood pressure and fraction of expired nitric oxide measurements pre- and post-

supplementation.
Variable Time Supplement N Mean [SD] Paired samples t-test
and p-value
SBP Pre-supplement BR 12 116 [7] t[11]=0.114;
(mmHg) PL 12 116 [7] p=0.911
DBP Pre-supplement BR 12 73 [6] t[11]=-0.435;
(mmHg) PL 12 74 [8] p=0.672
SBP Post-supplement BR 12 115 [7] t[11]=-0.543;
(mmHg) PL 12 116 [8] p=0.598
DBP Post-supplement BR 12 73 [6] t[11]=-0.758,;
(mmHg) PL 12 75 [7] p=0.464
FENO Pre-supplement BR 12 25 [11] t[11]=1.484,
(ppb) PL 12 23 [9] p=0.166
FENO Post-supplement BR 12 28 [12]* t[11]=5.016;
(ppb) PL 12 22 [9] p<0.001

Note: BR, beetroot juice; PL, placebo; SBP, systolic blood pressure; DBP, diastolic blood pressure; FENO,
fraction of exhaled nitric oxide.
(*) Indicates a significant difference from the PL treatment.
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2 4 4 Steady-state cycling

Variables measured during the 50% power output trial are presented in Table 7.

Relative to normoxia, hypoxic exposure increased Vi and HR and decreased SpO, and

TOI (p < 0.05 for all variables). There was no difference in 1% O, or exercise economy (p

> 0.05 for both variables) between normoxic and hypoxic conditions. In normoxia, there
was no effect of BR on Vi, HR, 1% 0,, or exercise economy between BR and PL trials. In

hypoxia, there was no effect of BR on V., HR, SpO,, TOI, 1% O,, or economy (p > 0.05
for all variables.) See Figure 7 below and Figures 8-11 in Appendix E.
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Fig 6: Economy (mL O,'min"-W™) during steady state cycling at 50% maximum power
output in normoxia or hypoxia when supplemented with either placebo (PL) or beetroot juice
(BR). Error bars represent standard deviation.

2.4.5 10-km time trial
Relative to normoxia, TT performance was significantly decreased in hypoxia.

Time to complete the 10-km TT and increased, and mean power output decreased in

hypoxia relative to normoxia (p < 0.05 for both variables). Mean V O, and SpO, were

also significantly lower in hypoxia (see Table 8). TOI was similar between both

conditions (see Table 8).
In normoxia, there was no improvement in performance with BR. There was no

difference in time to complete the 10-km TT, mean power output, or mean V O, over 10

km (p > 0.05 in all variables). In hypoxia, there was also no improvement in performance

with BR. Mean V O, over 10 km, time to complete the 10-km TT, mean power output,
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SpO, and TOI did not differ between BR and PL trials. See Table 8 for summary

statistics of variables measured during the 10-km TT. See also Figure 8 below and 14-18

in Appendix F.
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Fig 7: Mean power output (W-kg") during the 10-km time trial in either normoxia or
hypoxia when supplemented with placebo (PL) or beetroot juice (BR). Error bars represent
standard deviation.
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Table 5: Summary statistics for systolic and diastolic blood pressures and fraction of expired nitric oxide pre- and post- supplementation with BR or PL.

Variable n Pre-PL Pre-BR Post-PL Post-BR ANOVA Results
Time Treatment Interaction
SBP (mmHg) 12 116 [7] 116 [7] 116 [8] 115 [7] F(1,11)=0.178 F(1,11)=0.077 F(1,11)=0.843
P=0.681 P=0.786 P=0.378
DBP (mmHg) 12 74 [8] 73 [6] 75 [7] 73 [6] F(1,11)=0.254 F(1,11)=0.460 F(1,11)=0.176
P=0.625 P=0.512 P=0.683
FENO (ppb) 12 23 [8] 25 [11] 22 [9] 28 [12] F(1,11)=0.946 F(1,11)=11.219 F(1,11)=15.621
P=0.352 P=0.006* P=0.002*

Note. BR, beetroot juice; PL, placebo; SBP, systolic blood pressure; DBP, diastolic blood pressure; FENO, fraction of expired nitric oxide. Data presented as
mean [SD].



Table 6: Summary statistics for physiological responses to cycling in normoxia and hypoxia at 50% of maximum power following supplementation with BR or PL

Variable n NPL NBR HPL HBR ANOYVA Results
Treatment Condition Interaction
1% 0, (mLkg"*min™") 12 39.3 [3.6] 39.7 [3.8] 38.5[5] 39.1 [3.6] F(1,11)=0412; F(1,11)=0.785; F(1,11)=0.012
p=0.534 p=0.395 p=0.914
Economy 12 142 [1.1] 143 [1.2] 13.9[1.3] 14.1 [1.2] F(1,11)=0.248 F(1,11)=0.670  F(1,11)=0.057
(mL O, min™-W™) p=0.682 p=0.430 p=0.816
Vi (L'min™) 12 80.7 [17] 76.5 [10] 88.1 [9.9] 91.2[139] F@{1,11)=0.097 F(@1,11)=31.272 F(1,11)=1.949
p=0.761 p<0.001* p=0.190
HR (bpm) 12 150 [13] 149 [11] 156 [9] 156 [12] F(1,11)=0.218 F(1,11)=34.726 F(1,11)=0.061
p=0.650 p<0.001* p=0.810
SpO, (%) 12 98 [1] 98 [2] 87 [4] 88 [3] F(1,11)=2.926 F(1,11)=156.708 F(1,11)=1.347
p=0.115 p<0.001* p=0.270
TOI (%) 7 51 [12] 52 [13] 45 [12] 46 [10] F(1,6)=0.161 F(1,6)=13.785 F(1,6)=0.023
p=0.702 p=0.01* p=0.884

Note. BR, beetroot juice; PL, placebo; V 0, (mL'kg"'min’l), oxygen uptake; Vg, ventilation; HR, heart rate; SpO,, pulse oxygen saturation; TOI, tissue
oxygenation index. Data presented as mean [SD].

Table 7: Summary statistics for physiological responses to a 10-km cycling time trial in normoxia and hypoxia following supplementation with BR or PL.

Variable n NPL NBR HPL HBR ANOVA Results
Treatment Condition Interaction

Mean V 0, 12 50.5[5.5] 51.2[5.3] 433 [7.4] 44 .4 [54] F(1,11)=0.681 F(1,11)=29.513 F(1,11)=0.009
(mL-kg"-min"") p=0.427 p<0.001* p=0.925
Mean power output 12 3.8[04] 3.7[04] 3.210.3] 3.2 [0.3] F(1,11)=0.379 F(1,11)=161.971 F(1,11)=2.505
(W-kg™") p=0.550 p<0.001* p=0.142
Time (s) 12 950 [47] 959 [53] 1023 [47] 1015 [51] F(1,11)=0.006 F(1,11)=143.784 F(1,11)=2.385

p=0.939 p<0.001* p=0.151
SpO, (%) 12 97 [2] 97 [3] 87 [4] 87 [4] F(1,11)=0.363 F(1,11)=365.943 F(1,11)=0.156

p=0.559 p<0.001* p=0.692
TOI (%) 7 48 [12] 49 [13] 46 [10] 45 [11] F(1,6)=0.013 F(1,6)=5.848 F(1,6)=0.177

p=0.913 p=0.06 p=0.692

Note. BR, beetroot juice; PL, placebo; Mean 1% 0,, mean oxygen uptake over 10-km; SpO,, pulse oxygen saturation; TOI, tissue oxygenation index. Data
presented as mean [SD].
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2.5 Discussion

2.5.1 Layout of discussion

The purpose of this study was to assess the effects of BR supplementation on
exercise performance in trained male cyclists in normoxia and moderate hypoxia. The
discussion is divided into three parts: 1) the effects of BR on pre- and post-
supplementation variables; 2) the effects of BR on exercise economy; and 3) the effects

of BR on 10-km TT performance.

2.5.2 Pre- and post-supplementation variables

The supplement used in this study is sold as an ergogenic aid, and was selected
as appropriate for practical application to the target athlete group as it is commercially
available and inexpensive. Furthermore, the NO; content of the supplement that we used
(400 mg) falls within the suggested “safe” limits of NO;™ intake of 300-500 mg
(Lundberg et al., 2011a). Despite the suggested benefits of NO;, little is known of the
long-term effects and safe amounts for consistent use. In the past, there have been
concerns regarding high concentrations of NO;™ and NO,  in drinking water. If NO,”
binds to hemoglobin and oxidizes the heme group to its ferric state (Fe’*), the reaction
forms methemoglobin, which cannot bind with O, (Lundberg et al., 2008). Infants under
six months have a smaller amount of the enzyme that converts methemoglobin back to
hemoglobin, making them vulnerable to methemoglobinemia (“blue baby syndrome”)
(Avery 1999). Methemoglobinemia is very unlikely in adults without underlying
pathology, but it remains a worthwhile consideration. Consumption of meat products
preserved with NO, may be linked to cancer; however, epidemiological studies have not
demonstrated conclusive evidence of this belief (Mensinga et al., 2003). Nonetheless,
uncontrolled intake of NO; supplements could result in NO; toxicity (Lundberg et al.,
2011a). Anecdotally, some people find that foods containing dietary NO; or NO,’
trigger headaches, and migraines. To date, there have been no reported headaches in BR
studies, although some individuals may be susceptible to this effect. This would be

particularly relevant in hypoxia, where headache is a symptom of acute mountain
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sickness (Hackett and Roach 2001). However, it is obvious from other studies that
continuous supplementation with BR over multiple days (e.g., Vanhatalo ef al., 2010) or
a larger acute dose (e.g., Wylie et al., 2013a) causes greater increases in plasma NO;’
and NO, than a single concentrated dose (e.g., Wylie et al., 2013a).

Our study is the first to measure the effect of BR on FENO, and our results show
that an acute dose of ~6.5 mmol [NO;] in 70 mL BR is sufficient to increase FENO.
Previously, a meal rich in NO; has been demonstrated to increase FENO in healthy
individuals (Olin et al., 2001). Dietary NO; and NO, that are not reduced in the acidic
stomach may be absorbed from the intestine to the blood. As blood passes through the

lungs, it is possible that some NO; or NO,  carried in the blood is reduced to NO.

2.5.3 Blood pressure

Supplementation with BR did not decrease resting BP in this study. BR
supplementation has demonstrated a small but consistent drop in systolic blood pressure
(Siervo et al., 2013), and a recent study by Wylie et al. (2013a) indicated that systolic
BP significantly decreased following acute supplementation with 70 mL, 140 mL or 280
mL of BR containing 4.2, 8.4 and 16.8 mmol NOj;, respectively. Therefore, the dose of
BR used in our study should have been sufficient to decrease BP; however, these authors
also indicated that the peak reduction in BP following the smallest dose of BR was at 4
hours post-supplementation. In the present study, subjects’ BP was assessed two hours
post-supplementation, which may not have allowed enough time for BP to decrease.
Metadata presented by Siervo et al., (2013) included data from individuals with health
comorbidities, where BP may be more responsive to NO; or BR supplementation.
Subjects in our study had fairly low BP and perhaps BR would reduce BP more in
individuals with higher baseline BP. It is also possible that physiological arousal was
high immediately prior to completing the TT protocol, which could counteract any
lowering effects of the BR. It is worth noting that this study was not specifically

powered to detect a change in blood pressure.
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2.54 Exercise economy

In our study, economy was similar between BR and PL trials in normoxic and
hypoxic steady-state trials. Economy also did not differ significantly between hypoxia
and normoxia. Any improvement in economy would likely be indicative of alterations in
oxidative phosphorylation, as a given amount of work should have a consistent energy
cost (Jones n.d). Our data is inconsistent with previous evidence demonstrating
measurable improvements in exercise economy with BR supplementation.

Previous studies investigating the effect of BR on economy reported
improvements with BR supplementation in normoxia relative to PL. Lansley et al.
(2011b) concluded that economy was significantly improved following BR (0.5 L (~5
mmol NOjy) per day for 15 days prior to exercise) during both moderate- and severe-
intensity treadmill exercise. Using a similar six-day loading protocol to Lansley et al.
(2011b), Bailey et al. (2009) also demonstrated lowered oxygen cost at the end of
exercise for moderate intensity cycling; however, the provided dose of NO;™ in the BR
supplement was greater in these studies than the supplement used in the present study. It
seems promising that a greater acute NO; dose will result in greater benefit to
performance (Hoon et al., 2013a), although smaller doses of BR over a few days would
likely be more palatable to athletes.

One of the discrepancies between this study and those previously published is the
fitness of subjects. The majority of studies have used recreationally active subjects,

while our study used well-trained subjects; however, Cermak ef al. (2012a)

demonstrated a lower V O, in trained cyclists during 30-minute steady state cycling at
45% and 65% of maximum power output, when supplementing with 140 mL BR per day
(~8 mmol NOy) over six days. The daily dose in that study was greater than the acute
dose provided in our study. Data from Cermak et al. (2012a) indicated that BR may be
effective in trained athletes, but athletes may require a larger dose than untrained
individuals to see a benefit in performance. Furthermore, highly trained athletes
routinely cause sufficient shear to their vessels to up-regulate NO production through the
endogenous NOS system. Training adaptations specifically affecting NO production
may mask the effect of a small, acute, dose of BR on economy in the trained athletes in

this study. Studies showing an improvement in economy indicate that loading protocols
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are a viable option to improve economy; however, large acute doses may be more
practical for athletes. Different loading and acute supplementation protocols, as well as
fitness, are therefore important considerations for athletes competing in normoxia. The
NO; dose per kg of body weight could also be an important mediator of the effects. The
average weight of the subjects in our study was 75.9 [6.5], ranging from 65-87 kg;
however, each individual was provided with the same dose of BR. It is possible that the
NO; dose per kg was not sufficient to cause a measurable effect on economy in the
heavier subjects. However, there was no change in economy in our study and no
correlation between dose by weight and economy.

The acute dose of BR used in this study was not expected to have an effect in
normoxia in our subject population due to their baseline fitness (i.e. subjects were well
trained). While the NOS system is upregulated in hypoxia (Casey and Joyner 2012), the
lack of available oxygen inhibits oxidation of L-arginine, which we hypothesized would
increase the efficacy of BR; however, steady-state economy was similar between BR
and PL in hypoxia. The NO; — NO, — NO system is potentiated by hypoxic
environments (Dauncey 2012), and the conversion of NO; to NO, is maximized as
oxygen saturation approaches 50% (Lundberg et al., 2008). Furthermore, this system is
primarily anaerobic. Hypoxic exposure affects aerobic performance to a greater extent in
fit individuals compared to individuals of lower baseline fitness (Fulco 1998). If highly
trained individuals are affected more by hypoxia (and if they become more hypoxemic
than less fit individuals (Dempsey and Wagner 1999); it follows that they will have less
oxygen available for their NOS systems, making the anaerobic NO pathway particularly
useful to fit individuals in hypoxia. Our normobaric hypoxic exposure was equivalent to
moderate altitude (~2440 m), which may not be sufficient to negatively impact NOS
production in the trained subjects. Another possibility is that the BR dose we used was
not great enough to enhance the effects of endogenous NO production to a degree that
would be measurable within the normal day-to-day variation of metabolic data.

Our results disagree with those of Muggeridge et al. (2014), which indicated a
measurable benefit to performance in trained athletes supplemented with BR in
moderate hypoxia. Muggeridge et al. (2014) had a very similar protocol to our study:

trained cyclists completed a 15-minute steady-state cycling bout at 60% of hypoxic
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maximum power output at a simulated 2500 m. The authors concluded that V O, was
lower in the BR trial compared to PL (2542 [114] mL.min™" vs. 2727 [85] mlI'min™ p =
0.049). The acute BR supplementation protocol in this study was similar to ours,
although it had a lower NO; content (70 mL containing ~5 mmol NO;’). Muggeridge et
al. (2013b) provided the BR supplement three hours before performance testing as
opposed to our two hour interval, which may not have allowed enough time for plasma
[NO;] and [NO,] to peak, and reduced the likelihood of BR benefitting performance.
Muggeridge et al. (2013b) also based their hypoxic steady state intensity on a hypoxic

1% O, test. In our study, 50% of maximum power output was based on a normoxic

V O,,,., test. It is likely that in our study, 50% power in normoxia was equivalent to a
greater percentage of maximal workload in hypoxia, making it more difficult to maintain
metabolic steady state. However, while the exercise intensity had a greater physiological
cost (e.g., Vi and HR were higher) in hypoxia compared to normoxia, hypoxic exposure

for both BR and PL trials was consistent, allowing for direct comparison between

hypoxic steady state trials. Furthermore, measured economy and V 0, did not differ
between normoxic and hypoxic steady state trials in our study. While subjects may have
been slightly less economical in hypoxia, it was not obvious from our collected
metabolic data that the chosen intensity was too high to maintain steady state, despite
subjects working harder in hypoxic than in normoxic trials.

The HR and V; were significantly increased and SpO, and TOI significantly
decreased during the hypoxic PL economy trial compared to the normoxic PL trial in our
study; however, these variables were unchanged between BR and PL trials in both
normoxia and hypoxia. Previously, Masschelein et al. (2012), demonstrated
improvement in SpO, as well as TOI in the vastus lateralis during steady state cycling at
45% maximum power after supplementing with a BR dose of 0.07 mmol NO; kg '-day™
for six days prior to testing (equating to ~5.25 mmol NOj in a 75 kg individual). In that
study, hypoxic exercise trials were completed at a simulated altitude of 5000 m, making
the exposure more severe than ours, and mean SpO, during steady-state exercise was
below 70%. On average, SpO, during hypoxic steady-state cycling in our study was 88%

with BR and 87% with PL; given that we did not find a difference in saturation between
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the supplement trials, it is possible that there needs to be a greater degree of hypoxemia
for BR to have an effect on blood oxygen saturation. Similar to our study, Muggeridge
et al. (2013b) demonstrated no difference in steady-state SpO, between BR and PL trials
at a simulated altitude of 2500 m. At an oxygen saturation of ~88%, oxygen
concentration remains on the relatively flat portion of the oxygen dissociation curve. It is
possible that if BR attenuated a decrease in saturation through NO availability, it would
be more obvious at higher altitudes, because the conversion of NO, to NO is potentiated
as oxygen tension falls and the oxygen dissociation curve becomes much steeper (i.e.,
small effects would cause a greater shift in SpO,). If this were correct, the efficacy of

BR supplementation would correlate with severity of hypoxic exposure.

2.5.5 10-km TT performance
Acute BR supplementation did not improve 10-km TT performance relative to

PL in either normoxia or hypoxia in our study: there was not a significant difference

between time to complete the TT, mean power output or meanV O,. TOI and SpO, did

not differ between BR and PL supplementation. As expected, hypoxia impaired TT

performance: SpO,and mean V O, were significantly lower, time to complete 10-km
significantly increased, and mean power output was decreased by ~17% in hypoxia
relative to normoxia.

Data from Muggeridge et al. (2013b) indicated an improvement in 16.1-km TT
performance following acute BR supplementation at a simulated altitude of 2500 m (70
mL; ~5 mmol NOy’); however, as discussed earlier, these authors tested their subjects
three hours post-supplementation, potentially allowing more time for NO;” and NOj;™ to
peak.

Previous studies testing trained cyclists suggested that some individuals are
“responders” to BR supplementation. Christensen ef al., (2012) supplemented with 500
mL (0.5 g NO;", ~8 mmol NO;’) BR per day for six days and had subjects complete a
two-hour cycling warm-up consisting of moderate- to high-intensity blocks, followed by

a 400 kcal TT. Although there was no significant improvement with BR, these authors

identified two responders (V O,,,. of 71 and 74 ml-kg 1-min™) as individuals who had a
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2.5% and 8% improvement, respectively, in the 400 kcal TT. These individuals did not
differ from the rest of the subjects in baseline plasma [NO;]. Wilkerson et al. (2012)
also did not report an overall significant improvement in trained cyclists over a 50-mile

TT with an acute 500 mL dose of BR containing 6.2 mmol NO;’; however, six of eight

subjects demonstrated a performance improvement, and V O, tended to be lower,
resulting in an improved economy.

Unlike the two studies of highly trained cyclists discussed above (Christensen et
al., 2012; Wilkerson et al., 2012), individual subjects were not identified as responders
in our study. Subjects were not tested repeatedly in each environmental condition and
we therefore could not conclude whether any differences in performance between BR
and PL were due to chance or the effect of supplementation, on an individual basis (i.e.
when the overall result is no effect, some subjects will inevitably demonstrate an effect

(“responders”) and some subjects will not (“non-responders”), as data will be dispersed

around the mean). Mean V 0,,,,. (67.5 [5.8] mI'kg"*min™") in our study was slightly
higher than the average in the Wilkerson et al. (2012) (63 [8] ml'’kg-min™"). The NO,
dose in the BR supplement was