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Abstract: Nitrate-rich beetroot juice supplementation has been shown to improve cardiovascular
and cognitive function in younger and older adults via increased nitric oxide production. However,
it is unclear whether the level of effects differs between the two groups. We hypothesized that acute
supplementation with nitrate-rich beetroot juice would improve cardiovascular and cognitive function
in older and younger adults, with the potential for greater improvements in older adults. Thirteen
younger (18–30 years) and 11 older (50–70 years) adults consumed either 150 mL of nitrate-rich beetroot
juice (BR; 10.5 mmol nitrate) or placebo (PL; 1 mmol nitrate) in a double-blind, crossover design,
2.25 h prior to a 30-min treadmill walk. Plasma nitrate and nitrite concentrations, blood pressure
(BP), heart rate (HR), cognitive function, mood and perceptual tests were performed throughout
the trial. BR consumption significantly increased plasma nitrate (p < 0.001) and nitrite (p = 0.003)
concentrations and reduced systolic BP (p < 0.001) in both age groups and reduced diastolic BP
(p = 0.013) in older adults. Older adults showed a greater elevation in plasma nitrite (p = 0.038) and a
greater reduction in diastolic BP (p = 0.005) following BR consumption than younger adults. Reaction
time was improved in the Stroop test following BR supplementation for both groups (p = 0.045).
Acute BR supplementation increased plasma nitrite concentrations and reduced diastolic BP to a
greater degree in older adults; whilst systolic BP was reduced in both older and younger adults,
suggesting nitrate-rich BR may improve cardiovascular health, particularly in older adults due to the
greater benefits from reductions in diastolic BP.
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1. Introduction

The world’s population is aging, with the number of people aged over 60 years expected to
increase from 901 million to 1.4 billion by 2030 [1]. Rates of disease and age-related dysfunction are
increasing rapidly [2] and are expected to cause a dramatic increase in costs in the health and disability
services areas [1]. This has led to an increased interest in the use of food-based supplements and
bioactive compounds to improve or maintain health and body functions [3].
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Beetroot juice contains high levels of nitrate (NO3
−) which can be converted into the bioactive

form, nitric oxide (NO) [4]. Nitric oxide plays a major role in many signaling pathways and biological
processes, including improving neurotransmission and blood flow, alterations in mitochondrial oxygen
consumption, promotion of cognitive benefits, mood and cardiovascular function [2,4]. Currently,
two major pathways are known to result in the generation of NO in humans. First, through the
conversion of l-arginine to NO by the enzyme nitric oxide synthase (NOS), which is considered the
dominant pathway. Secondly, via the reduction of dietary NO3

− to NO2
− (nitrite), which occurs

in the mouth by lingual anaerobic bacteria [4]. Nitrite is then swallowed and ultimately enters the
bloodstream where it can be reduced further to NO [5]. It is through this second, exogenous pathway
of NO production that nitrate-based food supplements such as BR are likely to exert their potential
health benefits [4,6].

Acute supplementation with BR can improve physiological responses such as cardiovascular
function in younger adults [7–9]. Specifically, consumption of inorganic NO3

−, either in the form of
sodium nitrate or BR, has been shown to result in a significant increase in plasma NO2

− levels and
reduction of blood pressure in both younger (8 and 6 mmHg; systolic and diastolic blood pressure;
respectively) [10] and older [4] (5 and 3 mmHg; systolic and diastolic blood pressure; respectively)
adults. This positive effect on blood pressure has led to the suggestion that beetroot could potentially
be used in medical settings as an alternative to traditional blood pressure-lowering drugs [11].

Acute supplementation with BR (7.5 mmol nitrate) has been shown to improve simple reaction
times in older adults [12]. This effect may be due to an increase in blood flow to the brain which has
been observed in older adults following consumption of dietary NO3

− [13]. Cognitive diseases have
been linked to age-related reductions in cerebral blood flow (CBF) therefore nitrate supplementation
may slow the process of age-related cognitive decline due to the aforementioned increased perfusion
to the brain [13,14]. However, other studies have shown no improvement in cognitive function or
mood with acute or 3 days of NO3

− supplementation in older adults [4,6]. The equivocal findings are
likely due to methodological differences in the cognitive tests used, the duration of supplementation
(from 2 h to 14 days), and amount of NO3

− consumed (6–12 mmol NO3
−).

Aging leads to a decline in body processes and functions resulting in increased blood pressure,
reduced blood flow, and reduced oxygen delivery to the muscle. All of these measures have been
shown to be improved following BR supplementation in both younger and older adults, however,
data presented for older adults is limited [4,5]. There may be greater potential for improvement in
cardiovascular and cognitive function, and mood following NO3

− supplementation in older adults
relative to younger adults due to age-related changes [15]. Few studies have examined the health
benefits of BR supplementation in older adults, and, to our knowledge, only one study directly
compared the effects in younger versus older adults [16], therefore further research in this area
is required.

We hypothesized that acute supplementation with nitrate-rich beetroot juice would provide
a greater improvement in cardiovascular responses, cognition, mood and perception in older
adults (50–70 years) compared to younger adults (18–30 years). To examine this hypothesis we
conducted a randomized, double-blind crossover trial to investigate and compare the effects of
acute supplementation with nitrate-rich beetroot juice on plasma nitrate and nitrite concentrations,
blood pressure and cognitive performance measures in older and younger adults.

2. Materials and Methods

2.1. Sample Size

A power analysis was conducted (G-Power 3.1) to calculate the sample size based on the primary
outcome measure of blood pressure. Previous literature in healthy adults has shown a mean change
in BP of 10 mmHg (9 SD) between BR (9.6 mmol nitrate) and control [4]. Based on this, the required
sample size was 11 per group, using an SD of 9, with a statistical power of 0.82 and α-level set at 0.05.
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2.2. Participants

Twenty-four healthy, normotensive, recreationally active adults (13 younger, 18–30 years,
and 11 older, 50–70 years) volunteered for this study. Participants completed a health-screening
questionnaire to ensure suitability. We did not recruit tobacco smokers, users of nitrate-based dietary
supplements or well-trained/elite athletes (defined as those completing >4 training sessions per week,
or >6 h of intense exercise per week, or having played/playing for a national or age-equivalent
sports team). Those with known diseases (e.g., dementia and cardiovascular disease) were also
excluded. Prior to testing, all participants were informed of the procedures, associated risks, and the
possible benefits of participation, after which written informed consent was obtained. The study
was approved by the Massey University Human Ethics Committee (SOA 16/27) and registered with
ACTRN (ACTRN12618001466235).

2.3. Intervention

Beetroot juice, extracted from fresh washed beetroots (beta vulgaris ‘Pablo’), was blended
with other fruit juices to provide a standardized beetroot juice drink with a constant soluble solid
concentration (11◦ Brix) and nitrate concentration (10.5 mmol/150 mL). The placebo beetroot drink
was produced using beetroot juice concentrate and standardized to the same constant soluble solids
concentration (11◦ Brix) but contained a low nitrate concentration (1 mmol/150 mL). The BR and
placebo juice drinks had previously been presented to a consumer sensory panel using a triangle
test, with 25 participants, and were not perceived as significantly different (p > 0.05). The nitrate
concentration was analyzed using high-performance liquid chromatography (HPLC) based on the
method of Cheng and Tsang [17]. Briefly, isocratic separation was achieved using a Gracesmart C-18
column; mobile phase 0.01 M Octylammonium orthophosphate (pH 3–3.5) at a flow rate of 0.8 mL/min.
Detection was carried out at 193 nm for nitrite and 213 nm for nitrate.

2.4. Study Design and Procedures

Participants were required to visit the laboratory on three separate occasions. During the first visit,
they were familiarized with the testing procedure and equipment, including cognitive, perceptual and
mood tests, and body weight (kg) and height (m) were measured using digital scales and a stadiometer,
respectively. Participants were instructed to complete a food diary for two days prior to the second
study visit and to replicate their diet and lifestyle factors for the third study visit (dietary nitrate was
not restricted, in an attempt to investigate additional benefits of BR in conjunction with normal daily
intake; however, the food intake diary was used to evaluate intake of dietary nitrate and correlated to
baseline plasma nitrate and nitrite concentrations). Participants were asked to arrive at the laboratory
in a well-rested, fasted state and to refrain from excessive exercise and alcohol consumption 24 h prior
and caffeine 6 h prior to each study visit. All trials were performed in the morning at approximately
the same time of day (±2 h).

The second and third visits were the supplementation trials, with each participant randomly
allocated (using a random number generator) the order of consumption of the two beverages in a
double-blind, crossover design. For these two study visits, participants consumed 150 mL of beetroot
juice (BR; containing 10.5 mmol NO3

−) during one visit and 150 mL of a placebo (PL; containing
1 mmol NO3

−), on the other visit. A 150-mL beverage was used to obtain approximately 10.5 mmol
of nitrate as this amount has been shown to be a sufficient dose to elicit beneficial effects [4]. Drinks
were consumed with a standardized, isocaloric breakfast (cereal or toast) with the same macronutrient
breakdown (15 g protein, 30 g carbohydrates and 10 g fat). Participants consumed the same breakfast
type for both supplementation trials. Visits two and three were separated by a one-week washout
period providing sufficient time for normalization of NO3

− and NO2
− levels in the body [8].

The protocol for visits two and three is illustrated in Figure 1. Prior to consumption of the
beverage, baseline measures of blood pressure (mean value of three measurements taken from the
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left arm: deluxe HEM-7130; OMRON Healthcare CO. Ltd.; Kyoto, Japan), heart rate (A1 polar chest
transducer), cognitive function, perceptual and mood tests were completed followed by collection
of a resting blood sample. Participants then consumed the allocated drink with breakfast, within a
10-min period. Participants were asked to remain in the laboratory for a 2.25 h absorption period while
a home development show was aired for entertainment purposes (has minimal effect on cognitive
stimulation or arousal levels [4]), or participants could complete computer work or study. The 2.25 h
absorption period was chosen as previous research has shown that peak plasma nitrite concentrations
occur 2–3 h after beetroot juice consumption [18]. After 2.25 h, the aforementioned measurements were
repeated. Blood samples were also taken again 3.25 h post-supplementation.
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2.5. Blood Measurements

Plasma nitrite and nitrate were used as biomarkers for nitric oxide availability [19]. Six milliliter
venous blood samples were taken by venepuncture, from a vein within the antecubital area, and collected
into heparinized tubes. Samples were mixed, centrifuged (MF–50 Hanil Science Industrial, Incheon,
South Korea) at 3500 rpm (1330 g) for 10 min, and the collected plasma aliquoted into Eppendorf
tubes (0.5 mL per tube) and stored at −80 ◦C for later analysis of nitrite and nitrate concentrations by
HPLC [20].

2.6. Cognitive Measurements

Cognitive tests were completed in a quiet, isolated room using a computer placed at eye level
(PsychoPy software, version 1.83.04 [21]). The cognitive tasks included the choice reaction test (CRT),
rapid visual information processing (RVIP), and Stroop tests. Each task was performed a total of four
times per participant (two per trial; pre- and 2.5 h post-supplementation). These tests have been used to
investigate the effects of nutritional supplementation on executive function, attention, and information
processing speed [4,22].

2.6.1. Choice Reaction Test (CRT)

The CRT task involves participants pressing the left-hand key when the word ‘LEFT’ appears and
the right-hand key when the word ‘RIGHT’ appears.

2.6.2. Rapid Visual Information Processing (RVIP)

The RVIP test involves participants following a chain of single numbers from 1 to 9, which appear
in a pseudo-random order at the rate of 100 per minute. The aim of the test is to correctly identify
target sequences (2–4–6, 4–6–8, and 3–5–7) as quickly as possible.

2.6.3. Stroop Test

The Stroop test involves the display of different color names (‘RED’, ‘GREEN’, and ‘BLUE’) which
appear on the screen, one at a time in different colored fonts (red, green or blue). The aim of this test is
to press the key corresponding to the color of the font that the present word was displayed in.
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2.7. Mood and Perceptual Measurements

The feeling scale (FS) was used to measure the degree of displeasure or pleasure based on an
11-point scale ranging from−5 (very bad) to +5 (very good) [23]. The felt arousal scale (FAS) was used to
measure the degree of arousal-activation based on a 6-point scale ranging from 1 (low arousal) to 6 (high
arousal) [24]. The profile of mood states (POMS) was used to evaluate mood based on ranking how
one feels, on a 5-point Likert scale ranging from 0 (not at all) to 4 (extremely) for each word presented
under the 7 mood states (fatigue, anger, vigor, tension, esteem, confusion, and depression) [25]. The FS,
FAS and POMS measures were all completed before and 2.5 h post-supplementation.

2.8. Statistical Analysis

Statistical analyses were completed using IBM SPSS (Version 22.0). All data except for physical
characteristics and baseline measurements were analyzed using mixed-method repeated-measures
analysis of variance (ANOVA) with treatment and time as within-subject factors, and age as the
between-subject factor. Sphericity was tested using the Mauchly’s test to ensure the assumption of
sphericity was not violated, and multivariate models were applied if these assumptions were not
met. Where significant differences were found, post-hoc tests with Holm-Bonferroni correction were
undertaken to assess multiple comparisons. Outliers were excluded based on the Tukey test. Relative
effect sizes were calculated using partial eta squared and defined as small (η2

p = 0.01), medium
(η2

p = 0.06), or large (η2
p = 0.14). Independent Student’s t-tests were used to examine differences

in physical characteristics (height, weight, age) between age groups. Data are presented as mean ±
standard deviation. Statistical significance was set at p < 0.05.

3. Results

3.1. Participants

The physical characteristics and baseline nitrate, nitrite and blood pressure measurements for
the younger and older group participants are reported in Table 1. All 24 participants completed
the blood pressure, mood, perceptual and cognitive tests, and treadmill walking exercise. However,
blood samples were only successfully obtained from 19 of the 24 (11 younger and 8 older) participants.
One older participant was excluded from the Stroop test as their result was determined to be an outlier
(using Tukey test) falling outside the interquartile range.

Table 1. Physical characteristics and baseline nitrate, nitrite and blood pressure measurements of
younger and older adult group participants. 1

Younger Adults (n = 13) Older Adults (n = 11) p-Value

Male 9 3
Female 4 8

Age (years) 25 ± 3 56 ± 6 <0.001 *
Height (cm) 178.4 ± 10.1 169.8 ± 7.0 0.026 *

Body Mass (kg) 75.3 ± 14.9 74.7 ± 7.9 0.90

Beetroot Placebo Beetroot Placebo
Beetroot
(Between
Groups)

Placebo
(Between
Groups)

Plasma NO2
− (nM) 193.9 ± 77.5 153.8 ± 57.7 145.4 ± 40.2 143.1 ± 60.3 0.19 0.86

Plasma NO3
− (µM) 111.8 ± 112.5 116.0 ± 80.9 90.3 ± 62.1 127.0 ± 71.1 0.90 0.27

SBP (mmHg) 116.8 ± 8.1 114.9 ± 9.2 125.2 ± 9.6 120.9 ± 10.8 0.061 0.003 *
DBP (mmHg) 68.5 ± 6.0 68.8 ± 7.3 80.9 ± 6.9 77.9 ± 6.3 0.81 0.042 *

1 Values are means ± SD. * indicates significant difference (p < 0.05).
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3.2. Plasma Nitrite and Nitrate

There was no significant difference (p < 0.05) between baseline plasma [NO2
−] and [NO3

−] between
the groups (Table 1). Plasma [NO2

−] was elevated 2.25 and 3.25 h post-supplementation following BR
consumption compared to PL) in both groups (p = 0.003, η2

p = 0.41, Figure 2A). Older adults had a
greater increase in plasma [NO2

−] 2.5 and 3.5 h post-supplementation compared to younger adults
following BR supplementation versus PL (p = 0.038, η2

p = 0.23). Plasma [NO3
−] was also elevated

2.25 and 3.5 h post-supplementation with BR consumption compared to PL in both groups (p < 0.001,
η2

p = 0.67, Figure 2B). There was a trend for a greater increase in plasma [NO3
−] in older adults, 3.5 h

post BR supplementation versus PL (p = 0.064, η2
p = 0.19).
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Figure 2. (A) Plasma nitrite concentration ([NO2
−]) (nM) pre- (Pre Sup), post-supplementation (Post

Sup) and post-exercise (Post Ex) with beetroot juice (BR) and placebo (PL) in younger (Yng) (n = 13)
and older (Old) adults (n = 11). (B) Plasma nitrate concentration ([NO3

−]) (µM) pre- (Pre Sup),
post-supplementation (Post Sup) and post-exercise (Post Ex) with beetroot juice (BR) and placebo (PL)
in younger (Yng) and older (Old) adults. Values are expressed as means ± SD. * Significant mean
difference between treatment (placebo vs. beetroot), and time (pre- vs. post-supplementation) (p < 0.05).
# Significant mean difference between treatment, time and age (p < 0.05).

3.3. Blood Pressure

Systolic blood pressure (SBP) was reduced in both younger and older adults following consumption
of BR (p < 0.001, η2

p = 0.45, Figure 3A). However, there was no interaction effect for SBP of
treatment*time*age (p = 0.11, η2

p = 0.11). There was a reduction in DBP post-supplementation
compared to pre-supplementation following consumption of BR versus PL for older but not younger
adults (p = 0.013, η2

p = 0.25, Figure 3B). Older adults had a greater reduction in DBP post- versus
pre-supplementation with BR versus PL, compared to younger adults (p = 0.005, η2

p = 0.31, Figure 3B).
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Figure 3. (A) Change in systolic blood pressure (SBP) (mmHg) pre- and post-supplementation with
beetroot juice (BR) and placebo (PL) in younger (n = 13) and older adults (n = 11). (B) Change in
diastolic blood pressure (DBP) (mmHg) pre- and post-supplementation with beetroot juice (BR) and
placebo (PL) in younger and older adults. Values are expressed as means ± SD. * Significant mean
difference between change in blood pressure (A,B) and change in blood pressure between older and
younger adults (B) (p < 0.05).

3.4. Heart Rate

There was no interaction of treatment*time (pre- and post-supplementation) (p = 0.99, η2
p < 0.001)

or interaction of treatment*time*age (p = 0.62, η2
p = 0.011) on average HR in either group.

3.5. Cognitive Performance

Supplementation with BR showed a trend for improved correct response percentage in the
Stroop test from pre- to post-supplementation compared to PL (p = 0.075, η2

p = 0.14). Beetroot juice
improved reaction time during the Stroop test from pre- to post-supplementation compared to PL
(p = 0.045, η2

p = 0.18, Table 2). There was no interaction of treatment*time*age for correct responses
(p = 0.99, η2

p < 0.001) or reaction time (p = 0.38, η2
p = 0.037) in the Stroop test. Placebo improved

correct response percentage for CRT from pre- to post-supplementation compared to BR (p = 0.008,
η2

p = 0.28). There was no effect of treatment*time for reaction time in the CRT (p = 0.14, η2
p = 0.094) or

interaction effect of treatment*time and age for percentage correct responses (p = 0.96, η2
p < 0.001)

or reaction time (p = 0.076, η2
p = 0.14) in the CRT (p = 0.96, η2

p < 0.001). There were no interaction
effects of treatment*time or treatment*time*age for RVIP percentage correct responses (p = 0.33 and
0.89, η2

p = 0.043 and 0.001, respectively), percentage of errors (p = 0.92 and 0.65, η2
p < 0.001 and 0.010,

respectively), and reaction time (p = 0.31 and 0.99, η2
p = 0.047 and <0.001, respectively).
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Table 2. Cognitive performance tests and mood analysis pre- and post-supplementation with beetroot juice and placebo in younger and older adults. 1

Younger Adults Older Adults

Placebo Beetroot Placebo Beetroot

Pre Post Pre Post Pre Post Pre Post

Choice Reaction Test

Correct Response (%) 96.2 ± 2.3 97.5 ± 1.7 * 96.2 ± 2.1 95.6 ± 2.6 98.6 ± 2.0 99.2 ± 0.4 * 98.7 ± 1.7 97.4 ± 2.2
Reaction Time (ms) 433 ± 48 426 ± 34 435 ± 46 421 ± 45 637 ± 125 588 ± 59 596 ± 96 615 ± 134

Rapid Visual Information Processing

Correct Response (%) 87.2 ± 9.5 90.1 ± 8.8 81.1 ± 16.7 89.5 ± 7.7 57.8 ± 20.3 63.1 ± 21.4 55.9 ± 20.6 65.4 ± 16.9
Errors 1.2 ± 1.2 1.2 ± 1.1 1.4 ± 1.3 1.1 ± 1.1 2.4 ± 3.4 1.3 ± 1.7 2.6 ± 2.0 1.8 ± 1.6

Reaction Time (ms) 422 ± 34 402 ± 32 445 ± 67 409 ± 49 481 ± 65 495 ± 61 498 ± 68 496 ± 76

Stroop Test

Correct Response (%) 96.5 ± 2.6 95.8 ± 3.6 95.6 ± 3.0 96.3 ± 2.8 98.0 ± 2.2 98.6 ± 1.1 96.7 ± 3.0 98.7 ± 1.6
Reaction Time (ms) 644 ± 112 607 ± 102 690 ± 204 616 ± 117 * 965 ± 194 970 ± 167 978 ± 189 891 ± 138 *

Mood Measures

FS 1.9 ± 1.1 2.2 ± 1.1 2.6 ± 1.3 2.9 ± 1.3 2.7 ± 1.2 2.8 ± 1.5 2.2 ± 1.8 2.4 ± 1.3
FAS 1.9 ± 0.8 2.4 ± 1.0 2.2 ± 0.6 2.3 ± 1.0 1.9 ± 0.9 2.0 ± 1.1 2.1 ± 1.2 1.9 ± 1.3

POMS 22 ± 11 17 ± 7 22 ± 9 19 ± 8 18 ± 8 16 ± 7 25 ± 10 20 ± 10
1 Values are expressed as means ± SD. Younger (n = 13), Older [choice reaction, rapid visual information processing and mood tests (n = 11) Stroop test (n = 10). * Significant mean
difference between treatment (placebo vs. beetroot), and time (pre- vs. post-supplementation) (p < 0.05). FS, feeling scale; FAS, felt arousal scale; POMS, profile of mood states.
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3.6. Perceptual Responses and Mood

There was no treatment or treatment*age effects between pre- and post-supplementation for
ratings of pleasure-displeasure (FS) (p = 0.93 and 0.73, η2

p < 0.001 and 0.006, respectively; Table 2) and
perceived activation (FAS) (p = 0.12 and 0.78, η2

p = 0.11 and 0.003 respectively; Table 2). There was no
treatment or treatment*age effects for individual categories (p > 0.05) or total POMS score (p = 0.62 and
0.077, η2

p = 0.012 and 0.14, respectively) between pre- and post-supplementation.

4. Discussion

We examined the effects of acute supplementation of NO3
− rich beetroot juice (BR) on

cardiovascular responses, cognition, mood and perceptual responses in younger and older adults.
The main findings of this study demonstrate that consumption of NO3

− rich BR; (1) significantly
elevated plasma NO2

− and NO3
− concentrations and reduced BP for both younger and older adults,

(2) improved reaction time during the Stroop test pre- versus post-supplementation, and (3) elevated
plasma NO2

− to a greater degree and resulted in a greater reduction in DBP in older adults.

4.1. Plasma [NO2
−] and [NO3

−]

This is the first study to directly compare plasma [NO2
−] and [NO3

−] in younger and older
adults following BR supplementation, with consumption of BR significantly elevating both plasma
[NO2

−] and [NO3
−] in both age groups. Previous studies have found similar increases in plasma

[NO2
−] and [NO3

−] following dietary NO3
− supplementation in older [15] and younger adults [26].

Supplementation with BR resulted in a greater increase in plasma [NO2
−] and showed a trend for a

greater increase in plasma [NO3
−] in older compared to younger adults (Figure 2). This finding was

expected as older adults (60–70 years) have been suggested to have an age-related decrease in NO
activity, suggesting that NO3

− supplementation may have a greater impact on the older population,
resulting in larger increases in plasma [NO2

−] and [NO3
−] [4]. Due to the novelty of this finding,

further research is required directly comparing plasma [NO2
−] and [NO3

−] in younger and older
adults following BR supplementation.

4.2. Blood Pressure

Systolic blood pressure was reduced in both age groups following BR supplementation, while
DBP was reduced only in the older adults. Studies have shown that reductions in SBP and DBP of
as little as 2 mmHg can greatly reduce the incidence of CVD in both hypertensive and normotensive
individuals [27]. Consequently, reductions such as those observed in this study are considered clinically
meaningful [28].

The reductions in BP observed in this study were likely due to an increase in NO production [8],
which has been shown to activate the enzyme guanylate cyclase which catalyzes the conversion of
guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) [8,29]. cGMP acts on
smooth muscle causing relaxation, resulting in vasodilation of arteries and veins, thus decreasing
BP [4]. It would be expected that NO3

− supplementation would also reduce DBP via this same
mechanism; however, this only occurred in older adults. Previous studies have indicated that a
reduction in DBP in younger adults following BR consumption is less common compared to a reduction
in SBP [8,30], while studies in older adults more commonly show reductions in DBP following BR
supplementation [4,15]. Although it has been suggested that the BP-lowering effects of BR may be
related to other bioactive compounds or micronutrients found in beetroot juice; studies using a nitrate
depleted placebo (by ion-exchange chromatography), and thus containing all other compounds, have
still shown similar reductions in BP, indicating the nitrate content is the determining factor [8,9].

Interestingly, older adults were found to have a larger reduction in DBP following supplementation
with BR compared to younger adults; however, this was not seen for SBP. The interaction effect on DBP
is a relevant finding as older adults are at a higher risk of endothelial dysfunction and cardiovascular
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disease, of which high blood pressure is a major risk factor, due to age-related reductions in NO
production [2]. This finding also supports the theory that older adults have a lower initial level of
NO and reduced endothelial functioning capacity, thus NO3

− supplementation may have a greater
potential for reducing BP in older versus younger adults [4,16]. In contrast to our findings, one study
comparing the effects of dietary NO3

− supplementation in younger versus older adults found no
significant difference in SBP or DBP between the two age groups [16], however, they did not use a
placebo-controlled, crossover design which could have impacted the results.

4.3. Cognitive Performance

Current findings suggest only certain aspects of cognitive performance (Stroop but not CRT, RVIP)
were improved following BR supplementation. This is consistent with the findings of others [22],
which showed significant improvements in Stroop test mean reaction time post BR (12.8 mmol of NO3

−)
consumption compared to PL (0.08 mmol of NO3

−), but no changes in other cognitive performance
tests. Supplementation with NO3

− rich BR has been shown to significantly increase cerebral perfusion,
specifically to the prefrontal cortex [13], therefore, improvements in reaction time in the Stoop test
(a task that specifically targets the prefrontal cortex) could be expected. This may be due to increases in
cerebral oxygenation allowing for a decrease in the O2 cost of mental processing [31]. The variation in
results from the different cognitive tests may be due to differences in the cognitive demands of the tests,
with the Stroop test placing greater strain on an individual’s mental processing capacity compared
to simple reaction and number recall tests. Thus, BR supplementation may only improve cognitive
performance when a large degree of cognitive difficulty is imposed [22]. It is also important to note
that placebo supplementation improved the correct response percentage for the CRT, however, due to
the extremely high percentages of correct responses and small standard deviations, it is possible this
result lacks biological significance and indicates the need for further investigation.

While it has been proposed that supplementation with NO3
− rich BR could have greater benefits

on cognitive function in older adults due to its ability to compensate for age-related decreases in NO
production and CBF [13], our findings did not support this. The lack of difference between age groups
may have been due to the small sample size used and slightly younger mean age (56 years) of the
older adults, as results from the CRT showed a trend for greater reduction in reaction time for older
adults following BR supplementation (p = 0.076). Another major limitation in this area was the lack of
a direct measure of CBF, thus it was not possible to determine whether or not BR supplementation
increased blood flow to the brain and whether any increase was greater in the older adults.

4.4. Mood and Perception

Supplementation with NO3
− rich BR did not improve any mood or perceptual measures (Table 2),

supporting the findings of others [31]. Mood is affected by changes in blood flow to the brain and
increases in neuro-excitation [32], thus, supplementation with dietary NO3

− has been suggested as a
mood enhancer due to its effects on cerebral vasodilation and stimulation of NO production [6,14].
Studies have also shown that age-related depression and alterations in mood are related to a reduction
in CBF, and changes in neurotransmitter concentrations [32]. As BR supplementation increases CBF
and stimulates increased NO production, it is possible that older adults may experience greater
improvements in mood following consumption [4,13]. The lack of change in mood in this study could
be due to insufficient sample size. In addition, it has been shown that age-related depression tends to
occur in the mid-to-late 60s, [32] hence the lack of significance in mood and perception values between
age groups seen here may have been due to the mean age of the older group being only 56 y.

4.5. Future Directions

The current findings indicate the potential for NO3
− rich BR as an intervention for reducing BP

in normotensive younger and older adults, with further research needed to assess its viability in a
medical setting; for example, being used in conjunction with antihypertensive medication or to help
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delay the need for pharmaceutical treatment in populations with hypertension. The findings also
highlight the need for further research, with specific attention to direct comparisons of measures in
younger and older adults, larger sample size for cognitive and mood measures, and more sensitive
and specific measures for potential cognitive and mood benefits from supplementation with NO3

−

rich BR (e.g., near-infrared spectroscopy (NIRS) of the brain to monitor oxygenation and CBF [15]).
Additionally, as this study showed a benefit on BP following NO3

− rich BR supplementation in the
healthy population this may suggest greater benefits in hypertensive groups, which should be an
area for future research. Moreover, further research is needed to examine the effects of long-term
consumption (chronic) of NO3

− rich BR supplementation on health benefits. To date, most longer-term
studies, involve daily consumption for periods of between 6 to 14 days [9,12] so future studies should
focus on investigating longer supplementation periods of at least 28 days duration.

5. Conclusions

Acute supplementation with NO3
− rich BR increased plasma [NO2

−] and [NO3
−] and reduced

SBP in both age groups. The increase in plasma NO2
− was greater in older adults, and DBP was

reduced in older compared to younger adults. There was no difference in HR. Reaction time was
improved in the Stroop test following BR supplementation; however, no difference was seen between
age groups or for any other cognitive tests. Supplementation with BR did not improve perceptual
or mood measures pre- versus post-supplementation. Collectively, these results indicate that acute
supplementation with BR can reduce BP and improve aspects of cognitive performance; thus having
potential health benefits for both younger and older adults.

Author Contributions: L.S., A.A., K.R.-M. and R.P. designed the research study; L.S. conducted the research
trials; L.S. performed the database search and paper selection for the review; A.A., K.R.-M., K.H.T., M.W. and W.J.
produced, analyzed and stored the beetroot juice; L.S., K.S. and K.R.-M. performed blood analysis; L.S. performed
data and statistical analysis; L.S. wrote the paper. All authors contributed to the discussion, edited and revised the
manuscript, and accepted the final manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank all the participants who took the time to be a part of this
study. The authors would also like to thank Tania Mannotra, for preparation and provision of the beetroot and
placebo drinks, PC Tong and Kyle Southward for blood sample analysis, and Wendy O’Brien for help with
data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations, Department of Economic and Social Affairs, Population Division. World Population Ageing;
United Nations: New York, NY, USA, 2015.

2. Clements, W.T.; Lee, S.R.; Bloomer, R.J. Nitrate ingestion: A review of the health and physical performance
effects. Nutrients 2014, 6, 5224–5264. [CrossRef] [PubMed]

3. Velmurugan, S.; Gan, J.M.; Rathod, K.S.; Khambata, R.S.; Ghosh, S.M.; Hartley, A.; Van Eijl, S.; Sagi-Kiss, V.;
Chowdhury, T.A.; Curtis, M.; et al. Dietary nitrate improves vascular function in patients with
hypercholesterolemia: A randomized, double-blind, placebo-controlled study. Am. J. Clin. Nutr. 2016, 103,
25–38. [CrossRef] [PubMed]

4. Kelly, J.; Fulford, J.; Vanhatalo, A.; Blackwell, J.R.; French, O.; Bailey, S.J.; Gilchrist, M.; Winyard, P.G.;
Jones, A.M. Effects of short-term dietary nitrate supplementation on blood pressure, O2 uptake kinetics,
and muscle and cognitive function in older adults. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304,
R73–R83. [CrossRef] [PubMed]

5. Bailey, S.J.; Vanhatalo, A.; Winyard, P.G.; Jones, A.M. The nitrate-nitrite-nitric oxide pathway: Its role in
human exercise physiology. Eur. J. Sport Sci. 2012, 12, 309–320. [CrossRef]

6. Thompson, K.G.; Turner, L.; Prichard, J.; Dodd, F.; Kennedy, D.O.; Haskell, C.; Blackwell, J.R.; Jones, A.M.
Influence of dietary nitrate supplementation on physiological and cognitive responses to incremental cycle
exercise. Respir. Physiol. Neurobiol. 2014, 193, 11–20. [CrossRef]

http://dx.doi.org/10.3390/nu6115224
http://www.ncbi.nlm.nih.gov/pubmed/25412154
http://dx.doi.org/10.3945/ajcn.115.116244
http://www.ncbi.nlm.nih.gov/pubmed/26607938
http://dx.doi.org/10.1152/ajpregu.00406.2012
http://www.ncbi.nlm.nih.gov/pubmed/23174856
http://dx.doi.org/10.1080/17461391.2011.635705
http://dx.doi.org/10.1016/j.resp.2013.12.015


Nutrients 2019, 11, 1683 12 of 13

7. Breese, B.C.; McNarry, M.A.; Marwood, S.; Blackwell, J.R.; Bailey, S.J.; Jones, A.M. Beetroot juice
supplementation speeds O2 uptake kinetics and improves exercise tolerance during severe-intensity exercise
initiated from an elevated metabolic rate. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R1441–R1450.
[CrossRef]

8. Lansley, K.E.; Winyard, P.G.; Bailey, S.J.; Vanhatalo, A.; Wilkerson, D.P.; Blackwell, J.R.; Jones, A.M. Acute
Dietary Nitrate Supplementation Improves Cycling Time Trial Performance. Med. Sci. Sports Exerc. 2011, 43,
1125–1131. [CrossRef]

9. Lansley, K.E.; Winyard, P.G.; Fulford, J.; Vanhatalo, A.; Bailey, S.J.; Blackwell, J.R.; DiMenna, F.J.; Gilchrist, M.;
Benjamin, N.; Jones, A.M. Dietary nitrate supplementation reduces the O2 cost of walking and running:
A placebo-controlled study. J. Appl. Physiol. 2011, 110, 591–600. [CrossRef]

10. Larsen, F.; Weitzberg, E.; Lundberg, J.; Ekblom, B. Effects of dietary nitrate on oxygen cost during exercise.
Acta Physiol. 2007, 191, 59–66. [CrossRef]

11. Kapil, V.; Khambata, R.S.; Robertson, A.; Caulfield, M.J.; Ahluwalia, A. Dietary nitrate provides sustained
blood pressure lowering in hypertensive patients a randomized, phase 2, double-blind, placebo-controlled
study. Hypertens 2015, 65, 320–327. [CrossRef]

12. Gilchrist, M.; Winyard, P.G.; Fulford, J.; Anning, C.; Shore, A.C.; Benjamin, N. Dietary nitrate supplementation
improves reaction time in type 2 diabetes: Development and application of a novel nitrate-depleted beetroot
juice placebo. Nitric Oxide 2014, 40, 67–74. [CrossRef] [PubMed]

13. Presley, T.D.; Morgan, A.R.; Bechtold, E.; Clodfelter, W.; Dove, R.W.; Jennings, J.M.; Kraft, R.A.; King, S.B.;
Laurienti, P.J.; Rejeski, W.J.; et al. Acute effect of a high nitrate diet on brain perfusion in older adults.
Nitric Oxide 2011, 24, 34–42. [CrossRef] [PubMed]

14. Stanaway, L.; Rutherfurd-Markwick, K.; Page, R.; Ali, A. Performance and Health Benefits of Dietary Nitrate
Supplementation in Older Adults: A Systematic Review. Nutrients 2017, 9, 1171. [CrossRef] [PubMed]

15. Kenjale, A.A.; Ham, K.L.; Stabler, T.; Robbins, J.L.; Johnson, J.L.; VanBruggen, M.; Privette, G.; Yim, E.;
Kraus, W.E.; Allen, J.D. Dietary nitrate supplementation enhances exercise performance in peripheral arterial
disease. J. Appl. Physiol. 2011, 110, 1582–1591. [CrossRef] [PubMed]

16. Hughes, W.E.; Ueda, K.; Treichler, D.P.; Casey, D.P. Effects of acute dietary nitrate supplementation on aortic
blood pressure and aortic augmentation index in young and older adults. Nitric Oxide 2016, 59, 21–27.
[CrossRef] [PubMed]

17. Cheng, C.F.; Tsang, C.W. Simultaneous determination of nitrite, nitrate and ascorbic acid in canned vegetable
juices by reverse-phase ion-interaction HPLC. Food Addit. Contam. 1998, 15, 753–758. [CrossRef]

18. Wylie, L.J.; Kelly, J.; Bailey, S.J.; Blackwell, J.R.; Skiba, P.F.; Winyard, P.G.; Jeukendrup, A.E.; Vanhatalo, A.;
Jones, A.M. Beetroot juice and exercise: Pharmacodynamic and dose-response relationships. J. Appl. Physiol.
2013, 115, 325–336. [CrossRef]

19. Kleinbongard, P.; Dejam, A.; Lauer, T.; Rassaf, T.; Schindler, A.; Picker, O.; Scheeren, T.; Gödecke, A.;
Schrader, J.; Schulz, R.; et al. Plasma nitrite reflects constitutive nitric oxide synthase activity in mammals.
Free Radic. Biol. Med. 2003, 35, 790–796. [CrossRef]

20. Li, H.; Meininger, C.; Wu, G. Rapid determination of nitrite by reversed-phase high-performance liquid
chromatography with fluorescence detection. J. Chromatogr. B Biomed. Sci. Appl. 2000, 746, 199–207.
[CrossRef]

21. Peirce, J. PsychoPy—Psychophysics software in Python. J. Neurosci. Methods 2007, 162, 8–13. [CrossRef]
22. Thompson, C.; Wylie, L.J.; Fulford, J.; Kelly, J.; Black, M.I.; McDonagh, S.T.; Jeukendrup, A.E.; Vanhatalo, A.;

Jones, A.M. Dietary nitrate improves sprint performance and cognitive function during prolonged intermittent
exercise. Eur. J. Appl. Physiol. 2015, 115, 1825–1834. [CrossRef] [PubMed]

23. Hardy, C.J.; Rejeski, W.J. Not what, but how one feels: The measurement of affect during exercise. J. Sport
Exerc. Psychol. 1989, 11, 304–317. [CrossRef]

24. Svebak, S.; Murgatroyd, S. Metamotivational dominance: A multimethod validation of reversal theory
constructs. J. Personal. Soc. Psychol. 1985, 48, 107–116. [CrossRef]

25. McNair, D.M.; Lorr, M.; Droppleman, L.F. Profile of Mood States Manual; Educational and Industrial Testing
Service: San Diego, CA, USA, 1971.

26. Larsen, F.J.; Schiffer, T.A.; Borniquel, S.; Sahlin, K.; Ekblom, B.; Lundberg, J.O.; Weitzberg, E. Dietary inorganic
nitrate improves mitochondrial efficiency in humans. Cell Metab. 2011, 13, 149–159. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpregu.00295.2013
http://dx.doi.org/10.1249/MSS.0b013e31821597b4
http://dx.doi.org/10.1152/japplphysiol.01070.2010
http://dx.doi.org/10.1111/j.1748-1716.2007.01713.x
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.04675
http://dx.doi.org/10.1016/j.niox.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24858657
http://dx.doi.org/10.1016/j.niox.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/20951824
http://dx.doi.org/10.3390/nu9111171
http://www.ncbi.nlm.nih.gov/pubmed/29077028
http://dx.doi.org/10.1152/japplphysiol.00071.2011
http://www.ncbi.nlm.nih.gov/pubmed/21454745
http://dx.doi.org/10.1016/j.niox.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27373229
http://dx.doi.org/10.1080/02652039809374706
http://dx.doi.org/10.1152/japplphysiol.00372.2013
http://dx.doi.org/10.1016/S0891-5849(03)00406-4
http://dx.doi.org/10.1016/S0378-4347(00)00328-5
http://dx.doi.org/10.1016/j.jneumeth.2006.11.017
http://dx.doi.org/10.1007/s00421-015-3166-0
http://www.ncbi.nlm.nih.gov/pubmed/25846114
http://dx.doi.org/10.1123/jsep.11.3.304
http://dx.doi.org/10.1037/0022-3514.48.1.107
http://dx.doi.org/10.1016/j.cmet.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21284982


Nutrients 2019, 11, 1683 13 of 13

27. Hess, N.C.; Carlson, D.J.; Inder, J.D.; Jesulola, E.; Mcfarlane, J.R.; Smart, N.A. Clinically meaningful blood
pressure reductions with low intensity isometric handgrip exercise. A randomized trial. Physiol. Res. 2014,
65, 461–468.

28. Wong, G.W.; Wright, J.M. Blood Pressure Lowering Efficacy of Nonselective Beta-Blockers for Primary
Hypertension. Cochrane Database Syst. Rev. 2014, 2, CD007452. [CrossRef] [PubMed]

29. Bailey, S.J.; Fulford, J.; Vanhatalo, A.; Winyard, P.G.; Blackwell, J.R.; DiMenna, F.J.; Wilkerson, D.P.;
Benjamin, N.; Jones, A.M. Dietary nitrate supplementation enhances muscle contractile efficiency during
knee extensor exercise in humans. J. Appl. Physiol. 2010, 109, 135–148. [CrossRef]

30. Bailey, S.J.; Winyard, P.; Vanhatalo, A.; Blackwell, J.R.; DiMenna, F.J.; Wilkerson, D.P.; Tarr, J.; Benjamin, N.;
Jones, A.M. Dietary nitrate supplementation reduces the O2 cost of low-intensity exercise and enhances
tolerance to high-intensity exercise in humans. J. Appl. Physiol. 2009, 107, 1144–1155. [CrossRef]

31. Wightman, E.L.; Haskell-Ramsay, C.F.; Thompson, K.G.; Blackwell, J.R.; Winyard, P.G.; Forster, J.; Jones, A.M.;
Kennedy, D.O. Dietary nitrate modulates cerebral blood flow parameters and cognitive performance in
humans: A double-blind, placebo-controlled, crossover investigation. Physiol. Behav. 2015, 149, 149–158.
[CrossRef]

32. Ishizaki, J.; Yamamoto, H.; Takahashi, T.; Takeda, M.; Yano, M.; Mimura, M. Changes in regional cerebral
blood flow following antidepressant treatment in late-life depression. Int. J. Geriatr. Psychiatry 2008, 23,
805–811. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/14651858.CD007452.pub2
http://www.ncbi.nlm.nih.gov/pubmed/24585007
http://dx.doi.org/10.1152/japplphysiol.00046.2010
http://dx.doi.org/10.1152/japplphysiol.00722.2009
http://dx.doi.org/10.1016/j.physbeh.2015.05.035
http://dx.doi.org/10.1002/gps.1980
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Size 
	Participants 
	Intervention 
	Study Design and Procedures 
	Blood Measurements 
	Cognitive Measurements 
	Choice Reaction Test (CRT) 
	Rapid Visual Information Processing (RVIP) 
	Stroop Test 

	Mood and Perceptual Measurements 
	Statistical Analysis 

	Results 
	Participants 
	Plasma Nitrite and Nitrate 
	Blood Pressure 
	Heart Rate 
	Cognitive Performance 
	Perceptual Responses and Mood 

	Discussion 
	Plasma [NO2-] and [NO3-] 
	Blood Pressure 
	Cognitive Performance 
	Mood and Perception 
	Future Directions 

	Conclusions 
	References

