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Rbstract Nitric oxide (NO) is a physiologically important signaling molecule that promotes the expansion of blood vessels and
thus facilitates the transport of oxygen (O,) and energy substrates to the muscles. Research shows that nitric oxide (NO) also
improves the effectiveness of mitochondrial respiration, which is manifested by reduced oxygen consumption during exercise.
Until recently, it was thought that nitric oxide (NO) could only be formed as a result of the endogenous pathway of oxidative
transformations L-arginine. Recent research results indicate, however, that an alternative to the endogenous pathway of nitric
oxide (NO) formation may be the exogenous supply of inorganic nitrates (NO3") with food.

The aim of the study was to review the current literature on the properties of beetroot juice as an important source of nitrates
(NO5") and its effectiveness in improving the exercise capacity of physically active people.

A systematic review of the research, published from 2005 to January 31, 2021, was made on the basis of searching bibliographic

databases such as: PubMed, Elsevier and Web of Science. The following keywords were used: “beetroot”, “beetroot juice’,
“nitrates”, “nitrites”, “nitric oxide”, “supplementation’, “ergogenic substances”, “sports nutrition”.

Although there are conflicting data, it appears that beetroot juice supply may be a cheap, natural, and promising nutritional
strategy for improving sports performance in both endurance and intermittent high intensity (start-stop) exercise. More detailed
studies are analyzing the effect of dietary nitrate (NO3) supply in anaerobic exercise — especially in high-volume resistance
training — are needed. It is also emphasized that further research is needed to elucidate the effects of specific factors on
the variability of ergogenic effects after beetroot juice consumption, which may be of the greatest importance in terms of the

effectiveness of this nutritional intervention.

KEV Words beetroot juice, ergogenic compounds, sports, nitrates, nitrites
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Introduction

The introduction of novel training stimuli allows athletes to achieve optimal performance during exercise
(Campbell, Winiewski, 2017). It is increasingly observed that adaptations initiated by physical activity can be
enhanced by appropriately selected nutritional strategies, which include guidelines for the type, quantity and timing
of meals or fluids intake, and in specific situations, the use of supplements and sports nutrition (Jeukendrup, 2017).
The aim of these strategies is, among other things, to cover individual energy needs taking into account the training
periodization, to maintain carbohydrate availability especially during endurance exercise, to increase post-workout
glycogen resynthesis, to regulate muscle protein synthesis and body water management (Belval et al., 2019;
Thomas, Erdman, Burke, 2016; Vitale, Gatzin, 2019).

According to the American College of Sports (ACSM), Academy of Nutrition and Dietetics (AND), and
Dietitians of Canada (DC), proper adjustment of nutrient supply in relation to the exercise performed is essential
for improved athletic performance (Thomas et al., 2016). Consequently, much of the current research, focuses on
the effects of the intake of specific foods, including the use of isolated food ingredients and dietary supplements to
improve not only health but also exercise capacity (Clements, Lee, Bloomer, 2014).

Based on current research, the Australian Institute of Sport (AIS) has classified food ingredients and dietary
supplements for athletes into four groups while determining whether they are safe, legal, and effective in improving
excercise performance. In category A, which includes food ingredients and dietary supplements with proven effects
on improving exercise capacity, the AlS included beetroot juice (Australian Institute of Sport [AIS], 2020; Maughan
et al., 2018). Undoubtedly, its use has gained great popularity among physically active people in recent years
and appears to be a cheap, natural and promising nutritional intervention for enhancing physical performance.
The ergogenic effect induced by beetroot juice consumption is related to its high content of inorganic nitrates (NO5”),
converted in the body to nitric oxide (NO), which is a physiologically important signaling molecule that dilates blood
vessels and thus can increase blood flow to muscles, facilitating oxygen (O) transport. In addition, studies have
shown that nitric oxide (NO) improves the efficiency of mitochondrial respiration, so that the oxygen cost of exercise
is significantly reduced (Dominguez et al., 2017).

Objective of the work

The aim of the study was to review the current literature on the properties of beetroot juice as an important
source of nitrates (NO5~) and its effectiveness in improving the exercise capacity of physically active people.

Methodology

A systematic review of studies published from January 1, 2005 to January 31, 2021 was performed. For this
purpose, bibliographic databases such as PubMed, Elsevier and Web of Science were searched. Keywords were

used: “beetroot’, “beetroot juice”, “nitrates’, “nitrites”, “nitric oxide”, “supplementation”, “ergogenic substances’,
“sports nutrition”. The information considered relevant was included in this review.

The mechanism of the nitric oxide (NO) formation

Beetroot juice is used as an ergogenic substance due to its high content of inorganic nitrate (NOs), which is
the precursor for nitric oxide (NO) in the human body (Lundberg, Weitzberg, Gladwin, 2008). Until recently, it was
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thought that nitric oxide (NO) could only be formed by the endogenous pathway of oxidation of L-arginine, catalyzed
by several isoforms of nitric oxide synthase (NOS), in the presence of molecular oxygen and such chemical reaction
cofactors as NADPH, FAD, BH, (Ignarro, Fukuto, Griscavage, Rogers, Byrns, 1993). However, recent findings
indicate that an alternative to the endogenous pathway of nitric oxide (NO) formation, may be the exogenous supply
of inorganic nitrate (NO3") with food. This means that large amounts of nitrate (NO5~) present in beetroot juice are
able to increase nitric oxide (NO) levels in the human body (Bailey et al., 2009; DeMartino, Kim-Shapiro, Patel,
Gladwin, 2019).

Other food products rich in inorganic nitrates (NO3) include, among others green leafy vegetables, such
as savoy cabbage, Chinese cabbage, endive, fennel, lettuce, spinach, rucoli, a well as vegetable and fruit
juices, e.g. carrot juice or pomegranate juice, and drinking water. It is estimated that the content of nitrates in the
aforementioned vegetables is in the case of with cabbage, Chinese cabbage, fennel and endive drom 500-2,500 mg
(9-40 mmol)/1 kg of fresh vegetables, while in the case of lettuce, spinach, rucoli and beetroot (including beetroot
juice) — 2,500 mg (40 mmol)/1 kg of fresh vegetables, respectively. It should be noted that the content of nitrates
in plant product varies depending on their type and largely depends on environmental factors such as climate, soil
conditions or the time elapsed from harvesting (Hord, Tang, Bryan, 2009; Santamaria, 2005).

It should also be mentioned that the source of nitrates in the diet may be meat products in which nitrates are
used as a preservative (Murphy, Eliot, Heuertz, Weiss, 2012).

The average food intake of nitrates among adults in the United States, Europe and Australia is 60-120 mg/day
(1-2 mmol/day). Based on the data obtained, it is estimated that vegetables are the main source of this compound
in the diet of adults (80-85%). Researchers also suggest that vegetarians and people who follow nutritional models
such as the DASH (Dietary Approaches to Stop Hypertension) diet are likely to achieve higher intakes of nitrates
with food (AIS, 2020; Clements et al., 2014).

In the initiation of the exogenous pathway of “nitrate — nitrite — NO” metabolism, an important role is played by
the oral microbiome, specifically, commensal, anaerobic bacteria residing in crypts distributed on the surface of the
tongue, which degrade 25% of the nitrate (NO3-) ingested with food to nitrite (NO,") via nitrate reductase enzymes
(Qu, Wu, Pang, Jin, Qin, Wang, 2016). Subsequently, part of the nitrite (NO,") is converted to nitric oxide (NO) in the
stomach by a non-enzymatic mechanism that is dependent on low pH (Lundberg, Carlstrom, Larsen, Weitzberg,
2011), and the remainder is absorbed from the small intestine, from which it enters the systemic circulation, where it
can be reduced to nitric oxide (NO) in the blood or in other body tissues, with the involvement of deoxyhemoglobin,
among others, under conditions of low oxygen availability (hypoxia) (Lundberg et al, 2008). Importantly, researchers
have observed that skeletal muscle probably contains the largest storage of nitrate (NO5) in the body. Nitrate
(NO;") stored in muscle tissue, under hypoxic and acidic conditions resulting from the accumulation of lactic acid
accumulated during exercise, is used to produce nitrite (NO,~) and subsequently form nitric oxide (NO), which may
explain the potential benefits for athletes in terms of improved exercise capacity (Piknova et al., 2015; Piknova, Park,
Kwan, Lam, Schechter, 2016).

Nitric oxide (NO) is a physiologically relevant signaling molecule that has importanthemodynamic and metabolic
functions (Dominguez et al., 2018; Ferguson et al., 2013; Jones et al., 2021; Larsen, Weitzberg, Lundberg, Eklbom,
2007). Studies have shown that it plays an essential role in the regulation of blood flow and, more specifically, favors
vasodilation (Furchgott, Jothianandan, 1991), resulting in increased transport of oxygen and, among others, energy
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substrates i.e. glucose and lipids to the muscles, thus supporting exercise performance and post-exercise recovery
speed (Puype, Ramaekers, Thienen, Deldicque, Hespel, 2015).

Furthermore, nitric oxide (NO) has been found to induce gene expression, enhancing biogenesis and
mitochondrial efficiency, through a cGMP — dependent mechanism, thus improving mitochondrial efficiency in
skeletal muscle (Dejam, Hunter, Schechter, Gladwin, 2004; Pinna et al., 2014). These effects benefit from increased
efficiency of oxidative metabolism, manifested by reduced oxygen consumption during exercise, or more productive
phosphocreatine resynthesis (Ahluwalia et. al., 2016; Allen et al., 2010; Larsen et al., 2007; Larsen, Schiffer,
Weitzberg, Lundberg, 2012).

The efficiency of mitochondrial oxidative phosphorylation is classically measured as the amount of oxygen
consumed per amount of ATP produced, referred to as the P/O ratio (Hinkle, 2005). The research results indicate an
improvement in the mitochondrial P/O ratio as a result of the exogenous supply of nitrates (NO5). There are several
possible interactions between nitrate (NO3°), nitrite (NO,7), nitric oxide (NO), and the mitochondrion. Perhaps the
best characterized effect of NO is its binding to cytochrome C oxidase (COX) and the terminal electron acceptor in
the electron transport system (ETS) (Brown, Cooper, 1994). Research results indicate that nitrates mechanically
contribute to (NO5~) reduction in the expression of ATP/ADP translocator, a protein involved in proton conduction,
which has a profound impact on the basic function of mitochodndria in skeletal muscle (Larsen et al., 2011).

The importance of beetroot juice in the nutrition of people with increased physical activity

The results of research concerning the influence of nitrates (NO5~) as a precursor of nitric oxide (NO) and
the resulting benefits for the human organism have led scientists to analyze the influence of an increased supply
of nitrates (NO5") together with food, i.e. beetroot juice on the performance of athletes of various sports (Larsen
etal.,, 2007). In addition, the enormous workload of exercise, during which athletes often balance between training
hard enough and achieving their goals and at the same time avoiding the risk of injury, has given rise to the need to
look for new ways, including nutritional, that could protect the athlete’s body. The aim of these interventions would
be, among other things, to reduce the risk of delayed onset muscle soreness syndrome (DOMS), which potentially
increases the risk of injury (Flores, Gomez, Estrada-Catrillion, Smitaman, Pathria, 2018), or to improve post-workout
recovery, allowing athletes to compete at the highest possible level of performance.

The first study conducted in this area to verify whether nitrate (NO5-) has any effect on metabolic parameters
during exercise was conducted by Larsen et al. (2007). The authors, in a randomized double-blind crossover study,
examined the effects of a three-day supply of nitrate (NO5~) in the form of sodium nitrate, at a dose of 0.1 mmol/
kg b.w./day, on physiological and metabolic parameters of male athletes. Based on the results obtained after tests
performed on a cycle ergometer at submaximal intensity, they showed that the aerobic cost of exercise decreased
after sodium nitrate supply compared to the placebo group. Furthermore, in this study, there was no increase in
lactic acid concentration in muscle tissue, which would indicate more efficient energy production during exercise.

Given the results of the above study, Bailey et al. (2009) set out to determine if similar effects could be
achieved through the administration of nitrate (NO3") rich beetroot juice. This is an important question given that
sodium nitrate is a pharmaceutical, whereas beetoot juice is a natural food product that can easily be included
as part of a balanced diet. The researchers therefore hypothesized that beetroot juice supply is able to reduce
the aerobic cost of moderate-intensity exercise and increase exercise tolerance during high-intensity exercise.
An additional goal was to determine the effects of beetroot juice, and thus nitrate (NO5), on plasma, blood pressure,
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and muscle oxygenation in athletes. In a crossover double-blind study, the athletes were given beetroot juice for six
days at 500 ml/day, equivalent to 5.5 mmol/NO5-, and in addition, the athletes were asked to refrain from consuming
other products containing nitrate (NO5-), according to a list provided. On the last three days of the experiment, the
athletes were subjected to exercise testing. Based on the results, the supply of nitrate (NO3-) along with beetroot
juice resulted in an increase in plasma nitrite (NO,~) concentration, a decrease in systolic blood pressure, as well as
an improvement in muscle oxygenation indices and a decrease in VO,,.x. The authors of this study suggested that
increased dietary nitrate (NO5") intake could potentially increase exercise tolerance during prolonged endurance
exercise.

A study by Rokkendal - Lausch et al. (2019) confirmed the beneficial effects of high nitrate intake — 12.4 mmol
NO;~ along with beetroot juice among trained cyclists. In a randomized, crossover, double-blinded trial, it was
shown to improve the athletes’ performance during 10 km of cycling. Similar results were obtained by researchers
at Maringa State University (de Castro, de Assis, Figueiredo, Machado, 2019), who showed that a three-day supply
of 42 ml (8.4 mmol NO3") of beetroot juice among recreationally trained long-distance runners was able to effectively
increase the average speed and final time during the athletes’ 10 km run.

On the other hand, in a systematic review of studies, Dominguez et al. (2017) showed that nitrate (NO3")
supply, in the form of beetroot juice, can have ergogenic effects on cardiorespiratory fitness, and furthermore
increase energy production at the same VO,,,, Values, in trained athletes under normoxia and hypoxia. This is
important, due to the fact that such a nutritional strategy could be a factor in potentially increasing energy efficiency,
in athletes training for endurance sports. Moreover, the researchers concluded on the basis of the obtained data
that beetroot juice consumption should be started about 90 minutes before exercise, because after this time the
maximum increase in plasma nitrite (NO,~) concentration is observed. Most of the studies analyzed by the authors
indicated that the optimal supply of nitrates (NO5-) with beetroot juice was between 6-8 mmol NO5-, although as
it turned out, this is not a fully justified dose in such sports disciplines as kayaking or rowing. Based on the data
obtained, the researchers suggested that nitrate supply should be higher when performing exercise involving the
upper extremities. In addition, this review of studies confirmed that a chronic supply (up to 15 days) of beetroot juice
may be equally effective in improving cardiorespiratory fithess as a single dose.

Another review of studies was also published in 2020 that proved the efficacy of nitrate supply with diet, and
although a small increase of only 3% in exercise performance was shown, in the context of athletic participation, this
small increase can significantly affect athletes’ performance and determine victory (Senefeld et al., 2020). Indeed,
research indicates that even a 0.6% improvement in performance can change the state of sports competition
(Paton, Hopkins, 2006). The cited study noted the lack of research among women, which may have contributed
to the authors’ results of a lack of significant benefits regarding increased physical performance. The same lack
of effect was noted among professional athletes and among athletes performing prolonged efforts (>15 minutes)
of lower intensity. The optimal nitrate supply proposed by the authors of this study was between 5 and 25 mmol
NO,-, taken 2-3.5 hours before training (in none of the analyzed studies was an ergogenic effect obtained at values
below 5 mmol NO5-) (Senefeld et al., 2020).

Peacock et al. (2012) in their studies, the aim of which was to analyze the impact of the consumption of nitrates
(NO57) with a diet on the improvement oh the efficiency of cross — country skiers during 5 and 10 km run, also
showed that the short — term supply of nitrates (NO5") in the diet may not be an effective strategy for reducing
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the aerobic cost of exercise during submaximal exercise, and it does not increase the performance of endurance
exercise among highly trained endurance athletes.

Similar results were obtained by Cermak Res, Stinkens, Lundberg, Gibala, van Loon et al. (2012) who showed
no improvement in exercise capacity among traing cyclist after the supply of nitrates (NO3) wuth beetroot juice at
a dose od 8.7 mmol compared to group of placebo.

In turn, researchers from a research center in Spain did not confirm improvements in such analyzed variables
as cardioventilation variables, VO, level, economy of exercise performed, or effects on time trial among male
triathletes, during a bicycle ergometer test (Garnacho-Castano et al., 2018).

There are several theories due to which both the degree of training and the intensity of exercise may affect
the ergogenic effect of the use nitrates (NO5~) with beetroot juice (Wilkerson et al., 2012). It has been shown that
in the case of highly trained athletes, the exogenous ,nitrate — nitrite — NO” pathway may be less important due
to the high activity od the endogenous L-arginine oxidation patwahy (NOS) (McConell et al., 2007). Moreover, the
response to the standard dose of nitrate (NO5) along with beetroot juice may be less effective in highly trained
athletes due to the higher starting nitrite (NO,") level in the blood plasma, compared to people who lead a sedentary
lifestyle (Poveda et al., 1997). It should also be mentioned that nitrites (NO,") are reduced to nitric oxide (NO) under
hypoxic conditions, while due to the greater capliiarity of skeletal muscles in highly trained athletes, muscle tissue
hypoperfusion may be minimized during physical exertion, thus leading to a reduction in demand on the production
of nitric oxide (NO) by the reduction of nitrite (NO,"). The above mechanism also explains the reduced effectiveness
of nitrate (NO5") in low — intensity endurance exercise, due to the fact that highly trained athletes who performed
endurance traning usually work with optimal blood flow and O, distribution levels (Jensen, Bangsbo, Hellsten, 2004).

Due to the above data, Wilkerson et al. (2012) proposed that, based on the NO, response in the blood plasma,
athletes should be divided into two groups — “responders” and “non-responders” to the supply of nitrates (NO5~)
along with beet juice. It should be emphasized that factors such as the dose of nitrates (NO5~) with beetroot juice,
the intensity of exercise or the individual response of the body are important factors that may affect the effectiveness
of a nutritional intervention, which is the supply of beetroot juice in relation to improve exercise capacity. It has been
suggested that an increased dose may be required among elite athletes to obtain similar performance enhancement
benefits as for intermediate level athletes (Garnacho-Castano et al., 2018).

Based on the research conducted by Logan — Sprenger, Logan (2016), it was shown that women consuming
higher amounts of nitrates (NO5~) with the diet per 1 kg of body weight (2.4 mg NO5/kg b.w.) showed an increased
response on the supply of nitrates (NO5~) with beetroot juice, compared to men (1.3 mg NO;7/kg b.w.). The results
of the research indicate that athletes are characterized by a higher daily intake of nitrates (NO3) with their diet
compared to the general population. Therefore, the researchers point out that the elevated starting values of nitrite
(NOy7) in the blood plasma of highly trained individuals may be partially the result of consuming more foods that are
naturally rich in nitrates (NO3").

There is also scientific evidence that contradicts the claim that nitrate (NO5) supply along with beetroot juice
would bring benefits in terms of improving sports performance even among less trained. Such conclusions were
reached by Hurst, Saunders, Coleman (2020), who in their study showed no difference between the time running
performance over a distance of 5 km in recreationally trained runners taking nitrate-rich beetroot juice (70 ml,
4.1 mmol NO5~) compared with the placebo group.
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Currently, an area of interest for researchers is the use of nitrate (NO5") rich beetroot juice in team sports
characterized by periods of high intensity activity interspersed with periods of relative recovery (start-stop exercise).
Thompson, Vanhatalo, Jell, Fulford (2016) undertook to investigate the effect of nitrate (NO5) on the performance
of this type of exercise using the Yo-Yo Intermittent Recovery level 1 test. In a randomised, crossover, double-blind
study, a control group of recreationally trained athletes received, for five days, 70 ml of concentrated beetroot juice
(6.4 mmol NO5~), while a placebo group received 70 ml of nitrate (NO5~) depleted beetroot juice, also. Based on the
data obtained, the supply of NO5~ rich beetroot juice improved maximum performance in sprint and high-intensity
interval running among athletes. The authors of the study suggested that this effect may translate into performance
not only in individual sports but also in team sports.

Similar conclusions were reached by researchers in the Netherlands, who showed that a supply of beetroot
juice improved athletes’ performance during the Yo-YoIR1, and also lowered the heart rate of athletes in the control
group compared to the placebo group (Nyakayiru et al., 2017). The researchers inferred that a six-day supply
of 140 ml (12.9 mmol NO5~) of beetroot juice was effective in improving the performance of intermittent high-
intensity exercise, including high-intensity running and sprinting series, in trained soccer players. It should be noted
that the nature of this type of exercise is dependent on the contribution of type Il muscle fibers. This issue has been
addressed by researchers from the United States and Sweden. Ferguson et al. (2013) using an animal model in their
study evaluated the effect of dietary nitrate supply on blood flow during submaximal exercise. The authors observed
that the increase in blood flow and vascular conductance in the limbs involved in the exercise was increased
primarily in fast twitch muscle fibers. On the other hand, Hernandez et al. (2012) demonstrated that dietary nitrate
supply influences increased calcium (Ca?') reuptake from the endoplasmic reticulum, in type Il muscle fibers in
mice, which translates into increased muscle contraction force, and thus may indicate an ergogenic effect of nitrate
(NO5") for efforts involving the above type of muscle fibers.

Daab, Bouzid, Lajri, Bouchiba, Saafi, Rebai (2020) conducted an experiment in which the effects of beetroot
juice consumption on the kinetics of fitness recovery, levels of markers of muscle damage and perceived muscle
soreness were analyzed among athletes after a simulated soccer game. Reduced levels of creatine kinase (CK)
and lactate dehydrogenase (LDH), indicative of muscle damage, were noted. In addition, they also showed reduced
acute phase protein — CRP levels and no onset of delayed onset muscle soreness syndrome (DOMS) among football
players who took nitrate-rich beetroot juice (NO5), compared to the placebo group. A review of studies by Rojas-
Valverde, Montoya-Rodriquez, Azofeifa-Mora, Sanchez-Urena (2020) also confirmed the benefits of beetroot juice
intake, applied both in a single dose (250 ml to 500 ml) 2.5-3 hours before exercise and taken 3-6 days before the
exercise test, in the amount of 70 ml. Based on the results, an improvement in the athletes’ resistance to exhaustion
during repeated sprints was observed, which manifested itself in an increased number of running repetitions. Other
conclusions were reached by researchers from Spain (Lopez - Samanes, Parra, Moreno-Perez, Courel-lbanez,
2020), who analyzed the effect of beetroot juice supply on the improvement of neuromuscular efficiency, among
basketball players. The authors in their experiment did not demonstrate the effectiveness of this type of nutritional
intervention. Similar results were obtained by Fernandez-Elias et al. (2020), who showed that a single 70 ml supply
of beetroot juice appears to be an ergogenic agent of little value for improving the performance of physical exercise
performed by professional tennis players.

The cross-section of research on the effects of beetroot juice intake on athletes of endurance and speed
sports is quite wide, while there are limited data on the evaluation of ergogenic potential in resistance training i.e.
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weightlifting. A meta-analysis conducted by San Juan, Dominguez, Lago-Rodriguez, Montoya, Tan, Bailey (2020),
on nitrate (NO5) supply along with beetroot juice on improving muscle strength, contraction velocity and muscular
endurance during weightlifting, showed that beetroot juice supply may be a promising nutritional intervention in
improving contraction velocity and the ability of athletes to perform more repetitions during weightlifting, however, it
was emphasized that further research is needed in this area.

Also published in 2020 were the results of a randomized double-blind study that evaluated the effects of beetroot
juice supply on muscular endurance and concentric movement velocity during resistance training, specifically
during exercises performed by athletes in the form of back squat and bench press (Ranchal-Sanchez, Diaz-Bernier,
De La Florida-Villagran, CLIorente-Cantarero, Campos-Perez, Jurado-Castro, 2020). The data obtained confirmed
the effectiveness of the nutritional strategy used by increasing the maximum number of repetitions during the squat,
but these benefits were not observed when the athletes performed the test in the form of bench press.

Nitrates (NO,-) from beetroot juice vs supplementation with Sodium nitrate (NIT/NaNO,)

Undoubtedly, a very important issue is also the assessment of the effectiveness of the use of an increased
supply of nitrates (NO53) with beetroot juice compared to supplementation with sodium nitrate (NIT/NaNO3") in
terms of improving exercise capacity.

Flueck, Bogdanova, Mettler, Perret (2016) conducted a study to compare the effects of sodium nitrate (NIT)
and nitrate (NO5~) ingested with beetroot juice fo oxygen (O,) consumption in male athletes during moderate to
high intensity exercise. Twelve men took part in the study, who were subjected to an exercise test on a bicycle
ergometer for seven days and received various doses of nitrates (NO3") in the form of concentrated beetroot juice or
sodium nitrate (NIT) dissolved in pure water (3, 6, 12 mmol NO3-). The concentrations of nitrates (NO5-) and nitrites
(NO,") in the plasma were measured before, three hours after consumption and after the exercise test. Oxygen (O,)
consumption of the moderate — intensity exercise test did not differ significantly between exercise over the seven
days.However, with high — intensity exercise, oxygen (O,) consumption was approximately 4% lower when 6 mmol
nitrate (NO5~) was consumed in beetroot juice compared to the same dose of sodium nitrate (NIT). The authors
of the study concluded that beetroot juice can reduce oxygen consumption to a greater extent than sodium nitrate
(NIT), and thus more effectively improve the exercise capacity of physically active athletes.

In turn, Clifford, Howaston, West, Stevenson (2017) conducted a study to compare the effects of nitrate (NO3")
consumed with beetroot juice and a drink containing only sodium nitrate (NIT/NaNO3-) on exercise-induced muscle
injury rates (EIMD). Thirty recreational men were divided into three groups, each of which received a different
type of supplementation (concentrated beetroot juice, sodium nitrate or isocaloric placebo) immediately after the
exercise test and 24 and 48 hours after. To assess muscle damage, maximal isometric voluntary contractions
(MIVC), pressure pain threshold (PPT), creatine kinase (CK), and high-sensitivity-reactive protein C (hs-CRP) were
measured immediately after exercise, 24, 48 and 72 hours after exercise test. Based on the obtained data, the
authors of the study suggested that the supply of nitrates (NO5) with beetroot juice is more effective than sodium
nitrate (NIT) in relieving EIMD-related muscle pain, and any analgesic effects are most likely related to the content
of beetroot juice. phytonutrients other than nitrates (NO5-) or due to their interaction.
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Toxicity of nitrates (NO,") and nitrites (NO,)

Based on the results of research carried out in previous years, it was found that nitrates (NO3") and nitrites
(NOy") have a negative effect on the human body, contributing to the formation of N-nitroso compounds (NOCs) —
potentially carcinogenic compounds (Mirvish, 1995; Tannenbaum, Sinskey, Weisman, Bishop, 1974).

Studies on the effect of beetroot juice consumption on the production of N-nitroso compounds (NOCs), and thus
analyzing its consumption in relation to the risk of cancer, are limited. In a randomized controlled trial, the aim of which
was to analyze the endogenous formation of N-nitroso compounds after consumption of beetroot juice and the effect
of vitamin C supplementation on the excretion of the above-mentioned. compounds with urine, it was shown that in
29 healthy adults, recreationally active, consumption of concentrated beetroot juice in a dose of 70 ml (400 mg (NO5~)
caused a significant increase in the level of N-nitroso compounds (NOCs) in the urine, measured as ATNC (Apparent
Total Nitrosamine Content) after one day and in the next seven days. Based on the data obtained, it was found that
vitamin C supplementation was able to inhibit the excretion of N-nitrosamine compounds (NOCs) after consuming one
dose of beetroot juice, but not for a longer period. The authors of the study concluded that caution should be exercised
with long-term use of beetroot juice as an intervention to support exercise capacity, and signaled the need for more
extensive research to rule out possible long-term adverse health effects (Berends et al., 2019).

The Australian Institute of Sport (AIS) points out the adverse health effects of consuming beetroot juice
(especially in higher doses and in concentrated form) in the form of mild gastro-intestinal complaints, and therefore
recommends that this nutritional intervention be checked by competitors during the preparation period, and not
immediately before or during the competition. AIS also indicates the possible occurrence of temporary pink
discoloration of the urine and stools, which in turn is a completely harmless side effect (AlS, 2020).

Although there is insufficient evidence confirming the harmfulness of consuming high doses of nitrates (NO3")
with beetroot juice, numerous epidemiological studies can be found in the literature on the subject, analyzing the
possible risks to human health related to the consumption of nitrates (NO5~) and nitrites (NO,") along with other
foods that are rich in this compound.

Studies assessing the impact of consuming red or processed meat with a high content of nitrates (NO;-) and
nitrites (NO,") have shown that its consumption causes the endogenous formation of N-nitroso compounds (NOCs)
(Habermeyer et al., 2015; Hebels et al., al., 2012; Hughes, Cross, Pollock, Bingham, 2001; Linseisen et al., 2006).
Moreover, the results of prospective cohort studies show an association between red meat consumption and an
increased risk of colon (Cross et al., 2011), stomach (Tannenbaum, Correa, 1985) and bladder cancer (Mirvish, 1995).

Itis also worth mentioning the increased risk of methaemoglobinaemia with the use of too high doses of nitrite
salts (Lundberg, Larsen, Weitzberg, 2011).

Scientists from the World Cancer Research Fund and the American Institute for Cancer Research (2018)
observed that the supply of nitrates (NO5") in the form of vegetables and fruits correlated with a lower risk of cancer
development, which is probably the result of the high content of bioactive compounds in in particular the antioxidants
of the above-mentioned food groups. It is also believed that vitamin C present in vegetables is able to inhibit the
formation of N-nitroso compounds (NOCs) by reducing 2HNO, to nitric oxide (NO), while itself being oxidized to
dehydroascorbic acid (World Health Organization [WHQ], International Agency for Research on Cancer [IARC],
2010). Bahadoran, Mirmiran, kabir, Azizi, Ghasemi (2017) also pointed out that it is unlikely that the acceptable daily
intake of nitrates (0.3-7 mg/kg body weight/day) will be exceeded by consuming vegetables and fruits, unless they
are consumed daily in concentrated and extremely high doses.
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Taking into account the above data, consumption of beetroot juice containing a high content of nitrates may
pose a potential threat to human health, mainly due to the formation of N-nitroso compounds (NOCs). However, it
is important to emphasize the beneficial role of bioactive substances contained in fruits and vegetables, including
beetroot juice, which may, in turn, positively affect the reduction of the risk of cancer development. However, the
above issue requires further research (Zamani et al., 2021).

Variability of the ergogenic effects of the supply of nitrates (NO,-) along with heetroot juice

Due to the controversy surrounding the potential effectiveness of a nutritional intervention such as nitrate
(NO37) supply along with diet, and more specifically with beetroot juice, researchers undertook a study to isolate the
factors influencing the variability of ergogenic effects. It has been proven that it can be influenced by several factors
i.e. the level of aerobic capacity of the athletes, the time of use, and the proposed nitrate (NO5) dose, the inter-
individual variability in pharmacodynamics (Wylie et al., 2013; Wylie et al., 2016), gender (Wickham, Spriet, 2019),
and environmental factors (Shannon et al., 2017). Furthermore, ergogenic potential may be dependent on the oral
microbiome, which is responsible for the reduction of nitrate (NO5") to nitrite (NO,7), and which is shaped by many
oral substances such as antibiotics, chewing gum, or antibacterial mouthwashes (Govoni, Jansson, Weitzberg,
Lundberg, 2008; Qu et al., 2016).

Conclusion

In conclusion, although there are conflicting data, it appears that the use of beetroot juice rich in inorganic
nitrate (NO5~) may be an effective nutritional strategy in improving exercise performance, especially in recreational
exercisers. Among competitive athletes, there is a need for further research to determine an appropriately higher
dose or timing of beetroot juice supply to achieve the desired effect of increased exercise capacity.

There is scientific evidence demonstrating the ergogenic effect of beetroot juice intake in both endurance and
intermittent high intensity start-stop exercise. However, more detailed studies analyzing the effect of dietary nitrate
(NO3") supply on anaerobic exercise - especially high volume resistance training — are needed. Further research
is also needed to elucidate the effects of specific factors on the variability of ergogenic effects after beetroot juice
consumption, which may be most relevant to the effectiveness of this nutritional intervention. In addition, the impact
of an extended period of nitrate (NOs) delivery with food beyond the relatively short period that the scientific data
present (i.e., up to 15 days) needs to be evaluated to determine whether stronger ergogenic effects can be observed
with a longer duration of beetroot juice application, and thus, an in-depth investigation of the long-term safety profile
of increased nitrate (NO5") delivery, in this case in the form of beetroot juice, should also be considered.
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