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Abstract: Background: Co-administration of vitamin C and inorganic nitrate (NO5) may reduce oxidative stress, boost the conversion of nitrite
(NO3) into NO and elicit positive vascular effects. Aims: We aimed to test the effects of oral inorganic NO; and vitamin C co-supplementation
on vascular function, muscular strength, and on concentrations of urinary NO;, vitamin C, 8-isoprostanes and salivary NO, in healthy young
adults. Methods: Ten young healthy participants were enrolled in a randomised, double-blind (only for the NO; intervention) crossover clinical
trial. Participants consumed in random order: 1) nitrate-rich beetroot juice and vitamin C (N+VC), 2) nitrate-rich beetroot juice alone (N) or
3) nitrate-depleted beetroot juice alone (ND). Resting blood pressure (BP) was measured at the research centre and at home. Non-invasive,
continuous measurements of BP and cardiac function parameters were performed using a Finometer device. Free-living physical activity and
hand-grip strength were assessed. Salivary NO; and NO, and urinary NO;, 8-isoprostanes and vitamin C concentrations were measured.
Results: There were no significant differences for any of the vascular outcomes between the three interventions groups. However, analyses of
within-intervention changes showed a significant lower daily systolic BP in the NOj +vitamin C (N+VC) group only (P=0.04). Urinary NO5
(P=0.002) and salivary NO, (P=0.001) were significantly higher in the N+VC group compared to the N and ND groups. Conclusion: These
preliminary findings suggest that combining dietary NO; with vitamin C could have protective effects on vascular function in young adults and

could represent an effective strategy for the maintenance of healthy cardiovascular trajectories.
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Introduction

Dietary nitrate (NO; ) intake has been linked to favourable
cardiovascular and metabolic effects and lowering effects
on blood pressure (BP) by improving the bioavailability of
nitric oxide (NO) [1, 2]. Dietary NO, supplementation
may also enhance muscular efficiency [3] via an NO-
mediated role in the modulation of mitochondrial coupling
and insulin signalling in skeletal muscle [4]. The antioxi-
dant properties of vitamin C have been shown to contribute
to the maintenance of the systemic NO pool through a
decrease in oxidative stress [5] Vitamin C supplementation
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has been associated with improvements in BP [6] and
endothelial function [7]. Oxidative stress, resulting from
an imbalance between reactive oxygen species (ROS) and
antioxidants, influences various physiological processes
[8]. Excessive ROS can damage cells, trigger inflammation,
and contribute to health issues [9]. To evaluate oxidative
stress inresearch settings, numerous biomarkers have been
employed, one of which is 8-isoprostane. 8-isoprostanes are
prostaglandin-like compounds that are generated as a con-
sequence of lipid peroxidation initiated by ROS [10]. They
have emerged as reliable indicators of oxidative stress
due to their stability and the established association
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between their levels and the degree of oxidative damage. In
the context of this study, we utilized urinary 8-isoprostane
concentrations as a relevant biomarker to assess oxidative
stress.

The hypothesis of the study is that the combination of
inorganic NO, and vitamin C would produce greater
improvements in vascular health (i.e., resting clinic and
home BP, continuous measurement of BP using Finometer)
and hand-grip strength compared to inorganic NO; alone.
Previous research has examined the synergistic relation-
ship between dietary NO, and vitamin C in relation to
improvement of vascular function [11, 12]. Vitamin C may
enhance the efficiency of both enzymatic and non-enzy-
matic NO pathways as potential means of preserving
endothelial function in patients in whom reactive oxygen
species concentrations are high and NO levels are
low [13]. Ashor et al. [14] demonstrated that inorganic
NO; (7 mg/kg) and vitamin C (20 mg/kg) were synergisti-
cally beneficial for vascular health and decreased arterial
stiffness and mean arterial BP in older adults when com-
pared to vitamin C or NO; alone. Supplemental vitamin C
could therefore enhance the beneficial effects of dietary
NO; byaugmenting NO pools and amplifying their vascular
protective properties if it were introduced for a longer time
period. However, there is very preliminary evidence on the
combined effects of vitamin C and dietary NO, from longer
studies. In addition, no studies have investigated so far the
combined effects of NO, and vitamin C supplementation
on muscle strength.

This literature gap offers the opportunity to undertake a
study to: (i) test whether the co-administration of oral doses
of inorganic NO, and vitamin C would be associated with
greater effects on BP and measures of cardiac function com-
pared to single interventions or placebo; (ii) investigate the
effects of oral inorganic NO, and vitamin C, both alone and
combined, on muscular strength; and (iii) assess the impact
of oral inorganic NO; and vitamin C alone or in combina-
tion on urinary and salivary NO, concentrations and uri-
nary concentrations of 8-isoprostanes.

Methods

This was a pilot randomised, double-blind crossover clinical
trial conducted at the University of Nottingham UK
between December 2021 and December 2022. The study
was approved by the School of Life Sciences Ethics Commit-
tee of the University of Nottingham (Ethics approval num-
ber: A141021MS). Participants signed an informed written
consent before being enrolled in the study.

Subjects and recruitment: Ten male and female young (18-
35 years) normal weight (BMI between 18 and 25 kg/m?)
subjects were recruited between January and June 2022.
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Subjects were excluded if they were smokers, had a systolic
BP>180 mmHg and/or diastolic BP>110 mmHg at the
screening visit, followed a vegetarian or vegan diet, profes-
sional athletes, experienced any recent substantial weight
gain orloss (>3 kgin the last month), self-reported any exist-
ing or previous medical condition that may affect the study
outcomes and were unable to provide a written consent.
The study was advertised using social media posters, soci-
ety group chats and word of mouth. Interested participants
were provided with an information sheet describing the
study characteristics and, if still interested in the study, a
screening phone call followed to confirm eligibility. Suitable
participants were then invited to attend to the research
facility to confirm the eligibility by measuring body mass
index (BMI) and resting BP. If eligibility was confirmed,
subjects were enrolled into the study and assigned to a ran-
domisation pattern for the cross-over interventions.

Randomization: The randomisation was conducted by an
independent investigator outside the research team. Codes
were disclosed at the end of the trial and in case of occur-
rence of serious adverse events. Inorganic NO, and placebo
solutions had the same organoleptic characteristics and had
identical volume, colour and presentation of the bottles.

Nutritional interventions: Participants were asked to con-
sume a daily dose of 140 ml concentrated beetroot juice
with 70 ml consumed in the morning and 70 ml in the eve-
ning. This quantity of beetroot juice contained approxi-
mately 800 mg of NO; (~400 mg of NO; per bottle),
which is equivalent to eating approximately 200 g of rocket
or spinach. These products are commercially available in
health and food shops in the UK (Beet it, James White Com-
pany, UK). The placebo for the NO, intervention was NO, -
depleted concentrated beetroot juice (~0.3 mg of NO; per
70 ml), which had the similar organoleptic characteristics of
the NO, -rich beetroot juice and contained in the same bot-
tles, which allowed the double-blinding of the NO; inter-
vention. Vitamin C tablets (500 mg/tablet, Vita biotics,
UK) were consumed with each beetroot juice dose, provid-
ing the amount of vitamin C equivalent to eating five large
oranges or drinking 1 L of orange juice. No placebo was pro-
vided for the vitamin C intervention.

Study protocol: The study involved four phases (Figure 1):
(1) Recruitment and telephone screening, recruited partici-
pants were given an information sheet and contacted via
telephone to confirm their eligibility, followed by an invita-
tion for their first visit at the research centre if they were
deemed eligible. (2) Screening/Baseline Visit (day 1), partic-
ipants were asked to sign an informed consent and have
basic anthropometric measurements (weight, height, body
mass index (BMI)) and resting BP taken and if they were
within the inclusion criteria, participants were included.
They were then randomised to a specific order of interven-
tions. Measurements of salivary NO, concentrations were
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Figure 1. Flow chart and study protocol. Flow diagram of the study showing the number of participants from enrolment to inclusion in final
analysis. Description of key phases of the study including randomisation, duration, wash-out and measurements is also provided. BP: blood

pressure.

performed using disposable salivary strips followed by col-
lection of spot-urine and saliva samples. Assessment of
hand-grip strength by a portable dynamometer was then
performed in triplicate for each arm, which was followed
by an assessment of BP and cardiovascular function at rest
and during isometric contraction of the upper arm using
continuous finger-pulse pressure measurements. This con-
cluded the first visit and participants were provided with the
randomly allocated nitrate and vitamin C supplementa-
tions. (3) Supplementation and interventions, supplements
consisted of NO, -rich/depleted beetroot juice and/or vita-
min C which were consumed during the three days of the
intervention. Participants were asked to record their resting
BP at home, wear a wrist-watch accelerometer for the
assessment of free-living physical activity, and fill out ques-
tionnaires for the assessments of dietary intake and physical
activity. At the end of the first supplementation period par-
ticipants arrived at the research centre in fasting conditions
and had salivary NO, measurements performed using sali-
vary strips and urine and saliva samples taken. Resting BP,
hand-grip strength and continuous finger-pulse pressure
measurements were performed in the same order and using
the same protocols. The accelerometers and BP devices
were then collected and files checked and stored for future
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analyses. (4) Wash-out period and interventions, partici-
pants were then asked to return to their typical lifestyle
and dietary habits during the wash-out period (4 days).
Plasma concentrations of inorganic NO, returns to physio-
logical concentrations approximately after 36-48 hours
from the ingestion of an oral dose [15]; similarly, plasma
concentrations of vitamin C are normalized to physiological
levels in about 16 hours [16]. Participants returned to the
research centre to complete the two remaining interven-
tions, dispensed according to the randomisation sequence,
and measurements were repeated in the same order
throughout the study. At the end of the study, participants
filled out a brief feedback questionnaire on the intervention
and measurement protocols. Participants were asked to col-
lect saliva and spot urine samples at the beginning and end
of each intervention.

Blood pressure: BP measurements were conducted using
three different protocols. (1) Resting: BP was measured trip-
licate with an automated BP device, using an appropriate
cuff size for each subject (Omron M3, Omron Healthcare,
The Netherlands); (2) Home-BP monitoring: The same BP
portable device (Omron M3) was provided for resting
BP measurements at home. Participants were asked to
take measurements in duplicate (2 measurement in the
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morning and 2 at night) after resting in a seated position for
atleast 5 minutes; (3) Finger-pulse pressure measurements
(Finapres): A portable, non-invasive device (Finapres®
device, TNO Biomedical Instrumentation, Amsterdam,
Netherlands) was used to monitor BP and estimate cardio-
vascular parameters. Measurements were conducted after
participants had rested for at least 15 minutes and were in
a supine position. A small, inflatable cuff was fitted to the
participants’ index finger of the dominant arm and
measurement were conducted in resting conditions
(three-minutes), during isometric muscle contraction of
the dominant form performed by holding a hand-held
dynamometer at a fixed power (5kg) for three minutes using
their dominant arm, followed by another three-minute rest
(recovery phase). All measurements conducted at the
research centre were performed in a quiet and tempera-
ture-controlled room (~22-24°C).

Hand-grip strength: Hand-grip strength was assessed in
both arms immediately after the resting BP measurements
using a portable digital dynamometer (Takei 5401, Takei,
Japan). Measurements were performed in triplicate for each
arm (6 measurements) and the average of the measure-
ments was used in the analysis.

Free-living physical activity: After the baseline visit,
subjects were invited to wear a wrist-worn accelerometer
GENEActiv for 3 days and return it at the end of each
intervention. The GENEActiv (Activinsights Ltd., Cam-
bridgeshire, UK) is a tri-axial, #6 g seismic acceleration
sensor, which is small (36 cmx30 cmx12 cm), lightweight
(16 g), waterproof, and offers a near body temperature sen-
sor to help improve the confirmation of wear and non-wear
time. The raw accelerometer data was then inputted inde-
pendently into the wrist or thigh “Sedentary Sphere” open
access Macros [17]. These Excel Macro’s classified minutes
of physical activity (Sedentary, Light, Moderate, Vigorous)
as well as posture classification (Sitting or Standing) based
off accelerometer movement patterns and positioning.

Salivary Strips: Participants were asked to apply a NO
Test Strip (Berkeley Test®, CA, USA). The single-use strip
was applied on the participant’s dorsal tongue for 30 sec-
onds, with the colour developing and read against a concen-
tration chart to determine NO, concentrations.

Nitrate, nitrite, vitamin C and 8-isoprostanes concentra-
tions: Colorimetric assays based on the Griess reaction
(Cayman Chemical, Cambridge Bioscience, Cambridge,
UK) were used to measure NO, and NO, concentrations
in saliva and urine (nitrate only) samples. A colorometric
assay kit was used to measure vitamin C in urine samples
(Abcam ab65656, Abcam-UK, Cambridge, UK). An ELISA
Kit was used to analyse the amount of 8-isoprostane in the
urine samples as a measure of oxidative stress (Abcam
ab175819, Abcam-UK, Cambridge, UK). The kit was a
competitive immuno-enzymatic assay for quantitatively
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measuring 8-isoprostane in biological samples. Urine sam-
ples were diluted 4-fold prior to analysis. The assay’s sensi-
tivity and precision (CV%) are 1 pg/ml and 1.75 %,
respectively.

Dietary assessment and physical activity: The 9-item short
form of the International Physical Activity Questionnaire
was used to record the duration of 4 intensity levels of phys-
ical activity: (1) vigorous-intensity activity, (2) moderate-
intensity activity, (3) walking, and (4) sitting. A combined
total physical activity score was calculated and expressed
in metabolic equivalent—minutes/week [18]. The Euro-
pean Prospective Investigation into Cancer and Nutrition
Food Frequency Questionnaire was administered at base-
line, and FETA software was used to extract dietary (energy
and nutrient) information [19]. They were both adminis-
tered at the first visit. Participants were adviced to maintain
their habitual dietary habits while they were enrolled in the
study.

Sample size: This was an exploratory, pilot study with the
aim to provide preliminary information on the feasibility of
the interventions and measurement protocols and overall
magnitude and direction of the effects on primary and sec-
ondary outcomes. The sample size of this study was decided
by taking into consideration (1) previous nitrate interven-
tions showing positive effects on BP in healthy adults [20,
21] and (2) predicted effect size estimates recommended
by Whitehead et al. [22] to calculate sample size for pilot,
feasibility trials. The recommendations suggest that a min-
imum pilot trial sample size per arm of 10 participants to
detect a medium effect size (0.3<8<0.7) for the difference
between the interventions [22].

Statistical analysis: Statistical analyses were performed
using Statistical Package for Social Sciences (SPSS) software
(version 28, IBM.Inc, USA). Data are presented as means+
standard error of the mean (SEM) and percentages (%) for
the categorical variables. We assessed the normality of
the relevant variables using Shapiro-Wilk test. For those
variables that were not normally distributed, we applied a
log transformation to address issues of non-normality and
stabilize variance. After careful evaluation, only the distri-
bution of urinary vitamin C concentrations was skewed
and it was log-transformed (Tables E1-E2 of the Electronic
Supplementary Material [ESM] 1). The primary analyses
focused on the investigation of between-intervention differ-
ences, which were conducted using repeated-measure
ANOVA was used to evaluate differences in responses to
the interventions. Time (baseline and end values, T) was
entered as a within-subject factor and intervention ()
groups as a between-subject factor and the interaction
between the two terms was derived (TxI). Absolute
changes (A) from baseline for the outcomes were also calcu-
lated. As secondary, exploratory analyses, we also investi-
gated within-group changes in outcomes in line with the
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pilot design of the study. Paired t-test was used to compare
baseline and 3-day measurement in each intervention.
Spearman’s correlation was used to evaluate the association
between salivary NO, and NO, concentrations measured
by Griess assay and salivary test strips. A p value less 0.05
was considered as significant.

Results

Participants: Of the 13 subjects who were enrolled in the
study, 5 females and 5 males were eligible, and completed
all the interventions and study visits (Figure E1 of the
ESM 1). The mean age of the subjects was 24.8+1.6 years;
their mean BMIwas 22.6+0.7 kg/m? Their baseline charac-
teristics are presented in Table 1.

Resting blood pressure: There were no differences in rest-
ing systolic or diastolic BP values between the three groups
at the end of the intervention (P=0.55) (Table 2). Also, there
were no differences in BP for the within-group comparisons.

Home-BP monitoring: No differences between systolic
and diastolic BP values were noted when the groups were
compared post intervention (Table 3). However, upon ana-
lysing the changes within each group, a non-significant
decrease in systolic BP was observed in the N group

Table 1. Baseline characteristics

Variables Total (n=10)

M/F 6/4
Age (years) 24.8+1.5
Weight (kg) 67.0+12.5
Height (cm) 170+.10
BMI (kg/m?) 22.6+0.7
Energy (MJ/day) 13.66+2.01
CHO (g/day) 405+68
Fat (g/day) 123+16
Protein (g/day) 123+20
Vitamin C (mg/day) 181+29
Systolic BP (mmHg) 116.8+5.2
Diastolic BP (mmHg) 67.8+1.7
HR (beats/min) 72.8+4.3

IPAQ (METs/week) 4691.45+815.0

Notes. The values of the continuous variables were presented as mean and
standard deviation. BMI: body mass index; CHO: carbohydrate; BP: blood
pressure; HR: heart rate; HGS: hand-grip strength; IPAQ: international
physical activity questionnaire; METs, metabolic equivalent of tasks.

(-4.85+4.6 mmHg, P=0.30) whereas a significant reduction
in home systolic BP was detected in the N+VC group (-6.62
+2.8 mmHg, P=0.04) (Table 3).

Table 2. Changes in resting blood pressure, heart rate, and hand-grip strength following 3-day supplementation with nitrate-rich beetroot juice
alone (N), nitrate-depleted beetroot juice (ND) and nitrate-rich beetroot juice plus vitamin C (N+VC)

Time point N N+VC P

Resting systolic BP (mmHg)
Baseline 119.0£4.3 118.5+4.2 117.9+56.3 T=0.56
Endpoint 120.1+£4.1 118.0+4.4 114.9+5.0 1=0.88
A 1.1+2.4 —0.5+2.0 —3.0+2.7 Tx1=0.49
p* 0.68 0.80 0.29

Resting diastolic BP (mmHg)
Baseline 120.1£2.0 67.1+.8 68.7+2.6 T=0.93
Endpoint 68.8+4.8 65.7+3.0 66.1+£3.0 1=0.28
A 4.4%3.5 —1.3+2.7 —2.6+2.7 Tx1=0.28
p* 0.24 0.62 0.48

Resting HR (bpm)
Baseline 70.0£3.1 72.6+£3.4 74.3£3.9 T=0.81
Endpoint 72.1+£3.8 71.4x4.7 74.9+2.9 1=0.72
A 2.1+4.4 —1.2+3.2 0.6+2.5 TxG=0.79
p* 0.65 0.70 0.81

HGS (kg)
Baseline 35.76+5.0 35.4+4.8 35.2+4.5 T=0.06
Endpoint 34.5+£4.6 33.4£5.0 35.1+84.7 1=0.98
A —-0.8+1.0 —1.9+0.06 —0.04+0.7 Tx1=0.27
p* 0.45 0.01* 0.95

Notes. BP: blood pressure; HR: heart rate; HGS: hand-grip strength. A: mean difference between baseline and endpoint within intervention group; values are
reported as mean+SEM. Paired t-tests were used to compare baseline and 3-day measurement within each intervention (P* value). Repeated-measure
ANOVA was used to evaluate differences in responses to the interventions (P value). Time (baseline and end values, T) was entered as a within-subject factor,
intervention (I) groups as a between-subject factor and the interaction between the two terms was derived (TxI).
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Table 3. Changes in home resting blood pressure and heart rate following a 3-day supplementation with nitrate-rich beetroot juice alone (N),
nitrate-depleted beetroot juice (ND) and nitrate-rich beetroot juice plus vitamin C (N+VC)

Day N ND N+VC Comparison P
Systolic blood pressure (mmHg)
DO 1238.7+#5.3 112.6£12.4 122.5+4.6 T=0.69
D1 121.7+4.6 117.9+3.3 122.0+4.8 1=0.55
D2 122.1+4.2 118.7+4.4 117.7+4.2 Tx1=0.29
D3 118.9+2.9 119.9+4.2 115.8+4.5
Apz-po —4.8+4.6 7.3£9.5 —6.6+2.8
p* 0.32 0.46 0.04*
Diastolic blood pressure (mmHg)
DO 67.90+1.99 72.60+3.44 68.70+2.10 T=0.45
D1 69.05+2.10 69.76+1.90 67.94+1.79 1=0.43
D2 70.22+1.65 67.61+1.58 65.80+.92 Tx1=0.31
D3 69.90+1.81 68.95+2.19 67.06+1.45
Aos-po 2.02.4 ~3.643.6 —1.642.2
p* 0.43 0.34 0.48
Heart rate (beats/min)
DO 65.8+3.9 72.1£3.7 72.0£3.6 T=0.79
D1 69.3+4.0 70.9+£3.3 75.0£3.9 1=0.80
D2 71.0+£3.6 69.0£3.4 70.9+4.0 Tx1=0.24
D3 69.2+4.4 69.3+5.4 71.5+£3.8
Aos-0o —0.55+3.0 —2.75+2.9 3.35%1.76
p* 0.90 0.37 0.86

Notes. D: day. A: Difference, the mean difference between baseline and endpoint within intervention group; values are reported as means+SEM. Paired t-
tests were used to compare baseline and 3-day measurement in each intervention, (P* value <0.05). Repeated-measure ANOVA was used to evaluate
differences in responses to the interventions. Time (baseline and end values, T) was entered as a within-subject factor and intervention (I) groups as a

between-subject factor and the interaction between the two terms was derived (Txl).

Finger-pulse pressure measurements (Finapres): No differ-
encesin systolic and diastolic BP values were identified dur-
ing resting, exercise and recovery phases in all intervention
arms using the Finometer (Table 4). Also, there were no dif-
ferences in BP for the within-group comparisons. The
change in resting and exercise total peripheral resistance
(TPR) saw no significant results. Recovery TPR remained
constant within all interventions (Table 4).

Hand-grip strength and free-living physical activity: No sig-
nificant changes were observed in the hand-grip strength
within or between groups post interventions (TxI,
P=0.24) (Table 2). Across the interventions, no changes in
the amount of time spent within the different measur-
able activity thresholds were identified (Table E3 in the
ESM 1).

Salivary Strips: There was a significant increase in mean
changes in salivary NO, concentrations between the inter-
vention groups: N (A=190.0+40.8 pmol/L, P=0.004),
N+VC (387.5£99.6 pmol/L, P=0.001) (Table 5). Compar-
isons between the intervention groups showed that salivary
NO ™, concentrations were significantly higher at the end-
point than at baseline (T xI, P=0.014). The Spearman’s cor-
relation analysis revealed a strong correlation between
salivary NO;" and salivary NO, (p=0.63, p<0.001), and a
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moderate correlation between salivary strip NO, and sali-
vary NO; (p=0.36, p<0.004).

Nitrate, nitrite, vitamin C and 8-isoprostanes concentra-
tions: Significant differences were observed in the mean
changes in salivary NO, and NO, concentrations,
respectively, within both NO, intervention groups: N
(NO;, A=10.746.4 pmol/L, P=<0.001; NO;, A=17+12
umol/L, P=0.002), N+VC (NO;, A=8.7+10.4 pmol/L,
P=0.026; NO;, A=1.2+1.0 umol/L, P=0.005) (Table 5).
For all the intervention groups, endpoint saliva NO, con-
centrations were increased compared to baseline (TxI,
P=0.007) (Table 5). Also, endpoint saliva NO, concentra-
tions were elevated compared to baseline (TxI,
P=0.009). Changes in urinary NO, concentrations were
higher in the N+VC (A=4.2+3.0 pmol/L, P=0.002) and N
intervention (A=5.1+4.8 umol/L, P=0.009) cohorts more
than ND group (Table 5). Within intervention group,
comparisons demonstrated that urine vitamin C concentra-
tions increased significantly over time following 3 days of N
+VC administration (A=821.6+416.7 mg/dL, p<0.001)
(Table 5). There was also a significant difference in urine
vitamin C change between the interventions (TxI,
P<0.001). No significant differences in urinary 8-isopros-
tanes were observed.
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Table 4. Changes is cardiovascular parameters measured by Finapres at rest and during isometric muscle contraction following a 3-day
supplementation with nitrate-rich beetroot juice alone (N), nitrate-depleted beetroot juice (ND) and nitrate-rich beetroot juice plus vitamin C

(N+VC)

Time point N ND N+VC Comparison P

Resting systolic BP (mmHg)
Baseline 138.40+£33.18 138.4+10.4 126.7+9.8 T=0.52
Endpoint 136.60+25.21 136.6+£7.9 125.7+#5.9 1=0.62
A —1.8+33.1 8.4+14.7 0.0£21.5 Tx1=0.61
p* 0.86 0.10 1.00

Resting diastolic BP (mmHg)
Baseline 71.50+20.79 71.5£6.5 59.5+5.1 T=0.17
Endpoint 68.80+15.41 68.8+£4.8 58.9+3.9 1=0.75
A —2.7+19.4 5.9+13.0 —0.6+11.4 Tx1=0.42
p 0.67 0.18 0.87

Resting HR (beats/min)
Baseline 66.80+7.56 66.8+2.3 68.6+3.1 T=0.98
Endpoint 70.70+13.54 70.7£4.2 70.6+4.0 1=0.09
A 10.4£28.9 2.6+9.1 2.0+6.7 Tx1=0.89
p* 0.27 0.39 0.37

Resting SV (ml)
Baseline 80.90+18.75 80.9+£5.9 86.9+4.8 T=0.78
Endpoint 85.90£18.95 85.9+5.9 88.2+5.6 1=0.84
A 5.0£15.9 —4.8+12.5 1.3+12.3 Tx1=0.28
p* 0.43 0.25 0.74

Resting CO (ml/min)
Baseline 5.65+1.27 5.6+0.4 5.8+0.2 T=0.74
Endpoint 5.90+.78 5.9+0.2 6.2+0.4 G=0.50
A 0.2£1.1 —0.1+0.8 0.3£1.3 TxG=0.51
p* 0.51 0.49 0.46

Resting TPR (mm Hg-min/L)
Baseline 1.11£0.72 1.1+0.2 0.8+0.06 T=0.28
Endpoint 1.34+0.54 1.3+0.1 1.7+0.5 1=0.77
A —0.1+0.60 0.1£0.2 —0.0£0.2 Tx1=0.36
p* 0.43 0.15 0.92

HG systolic BP (mmHg)
Baseline 120.70+18.2 120.7£5.7 115.7+£9.6 T=0.49
Endpoint 118.50+25.5 118.5£8.0 106.5+5.1 1=0.89
A —2.2+24.8 10.0£13.2 —9.2+17.2 Tx1=0.09
p* 0.78 0.04* 0.12

HG diastolic BP (mmHg)
Baseline 75.30£14.4 75.3£4.5 66.8+4.0 T=0.15
Endpoint 74.70+14.0 74.7x4.4 63.9+2.2 1=0.67
A —0.6+£14.2 6.6+14.4 —2.9+11.0 Tx1=0.26
p* 0.89 0.18 0.42

HG HR (beats/min)
Baseline 67.50+8.3 67.5£2.6 69.6+3.8 T=0.98
Endpoint 73.70+13.7 73.7£4.3 70.1£3.5 1=0.09
A 6.2£10.6 2.2£10.3 0.5+6.3 Tx1=0.38
p* 0.09 0.52 0.80
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Table 4. (Continued)

Time point N ND N+VC Comparison P

HG SV (ml)
Baseline 70.30+20.9 70.3+6.6 75.3+7.7 T=0.34
Endpoint 63.70£19.7 63.7+6.2 71.3+5.9 =0.52
A —6.6+21.2 3.0x17.4 —4.0+24.6 Tx1=0.58
p* 0.35 0.59 0.62

HG CO (ml/min)
Baseline 4.88+1.6 4.8+0.5 4.9+0.5 T=0.46
Endpoint 4.58+1.2 4.520.4 5.0£0.4 1=0.96
A —0.3+1.5 0.3+1.4 0.02+1.8 Tx1=0.69
p* 0.56 0.49 0.96

HG TPR (mm Hg-min/L)
Baseline 1.46+1.04 1.4£0.3 1.1£0.1 T=0.39
Endpoint 1.34+.54 1.3+0.1 1.7+0.5 1=0.30
A -0.1%.9 16.9+£53.2 0.5+1.9 Tx1=0.38
p* 0.69 0.33 0.36

Recovery systolic BP (mmHg)
Baseline 130.60+23.29 130.6+£7.3 120.3£7.9 T=0.32
Endpoint 131.40+28.26 131.4+8.9 114.5+£5.0 1=1.0
A 0.8+25.4 5.0+£10.7 —5.8+18.9 Tx1=0.46
p* 0.92 0.17 0.35

Recovery diastolic BP (mmHg)
Baseline 69.80+14.19 69.8+4.4 60.1+4.1 T=0.06
Endpoint 70.30£15.07 70.3+4.7 65.1+3.0 1=0.98
A 0.5+10.6 3.4£10.9 —4.0£12.0 Tx1=0.34
p* 0.88 0.35 0.32

Recovery HR (beats/min)
Baseline 67.70+8.53 67.7+2.7 66.5+£3.1 T=0.93
Endpoint 71.00+12.61 71.0+£3.9 71.0+2.9 1=0.05
A 3.3+10.2 3.6+8.9 2.5+3.8 Tx1=0.95
p* 0.33 0.238 0.07

Recovery SV (ml)
Baseline 84.40+14.37 84.4+4.5 84.4+5.3 T=0.71
Endpoint 80.40+17.34 80.4%5.4 80.4+4.8 =0.19
A —4.0+12.1 —1.5+17.7 —5.2+13.3 Tx1=0.84
p* 0.32 0.69 0.24

Recovery CO (ml/min)
Baseline 5.73+0.99 5.7+0.3 5.7+0.2 T=0.67
Endpoint 5.49+67 5.4+0.2 5.4+0.3 =0.75
A —0.2+0.8 0.1£1.02 —0.0+1.0 Tx1=0.74
p* 0.39 0.76 0.90

Recovery TPR (mm Hg-min/L)
Baseline 1.01+0.44 1.0£0.1 1.0£0.05 T=0.15
Endpoint 1.01£0.29 1.0+0.09 1.0+0.06 1=0.93
A —0.03+0.3 0.01+0.2 —0.0+0.2 Tx1=0.93
p* 0.97 0.79 0.72

Notes. N: nitrate alone; ND: nitrate depleted; N+VC: nitrate with vitamin C; BP: blood pressure; HR: heart rate; HGS, hand grips strength; A: difference, the
mean difference between baseline and endpoint within intervention group; MAP: mean arterial pressure; SV: stroke volume; CO: cardiac output; TPR: total
peripheral resistance. Values are reported as means+SEM. Paired t-tests were used to compare baseline and 3-day measurement in each intervention, (P*
value <0.05). Repeated-measure ANOVA was used to evaluate differences in responses to the interventions. Time (baseline and end values, T) was entered
as a within-subject factor and intervention (I) groups as a between-subject factor and the interaction between the two terms was derived (TxI).
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Table 5. Changes in nitrate, nitrite, vitamin C, and 8-isoprostanes concentrations following a 3-day of supplementation with nitrate-rich beetroot
juice alone (N), nitrate-depleted beetroot juice (ND) and nitrate-rich beetroot juice plus vitamin C (N+VC)

Time point N ND N+VC Comparison P

Saliva NO; (umol/L)
Baseline 0.32+0.05* 0.34+0.05 0.45+0.10* T=0.08
Endpoint 2.08+0.43* 0.83+0.29 1.6+£0.36* 1=<0.001
A 1.7+1.2 0.46+0.9 1.2£1.0 Tx1=0.04
p* 0.002* 0.14 0.005*

Saliva NO5 (umol/L)
Baseline 1.33+0.36* 1.50+0.24 3.6+£1.6* T=0.002
Endpoint 12.04+2.0* 3.57+£1.45 12.3£2.3* 1=<0.001
A 10.7+6.4 2.0+4.7 8.7+10.4 Tx1=0.04
p* <0.001* 0.203 0.02*

Urine NO3 (pmol/L)
Baseline 0.23+2.06* 0.36+0.07 0.59+0.19* T=0.008
Endpoint 5.3+1.5* 0.32+0.07 4.8+1.0*% 1=<0.001
A 5.1+4.8 —0.03+0.27 4.2+3.0 Tx1=0.004
p* 0.009* 0.715 0.002*

Urine Vitamin C# (mg/dL)
Baseline 137.1£53.9 196.7+98.7 108+42.2* T=<0.001
Endpoint 79.0£13.8 206.3+63.2 929.8+132.0* 1=<0.001
A —58.1+£143.9 9.6+403.7 821.6+416.7 Tx1=<0.001
p* 0.28 0.94 <0.001*

8-isoprostanes (pg/ml)
Baseline 876.63+£182.0 856.4+168.9 887.8+195.3 T=0.42
Endpoint 814.24+£194.0 900.4+284.9 601.5+112.0 1=0.83
A —62.3+159 19.4+306.4 —286.3£146.7 Tx1=0.55
p* 0.70 0.88 —-70

Saliva NO; by strip (umol/L)
Baseline 29.0+9.0* 38.0+12.0 85.0+20.6* T=<0.001
Endpoint 416.5+103.6* 137.5+40.3 275.0£47.9% 1=0.05
A 387.5+ 99.6 99.5+37.9 190.0+£40.8 Tx1=0.01
p* 0.004* 0.028* 0.004*

Notes: N: nitrate alone; ND: nitrate depleted; N+VC: nitrate with vitamin C; NO; : nitrite; NOj : nitrate. Values are reported as means+SEM. paired t-tests
were used to compare baseline and 3-day measurement in each intervention, (P* value <0.05). Repeated-measure ANOVA was used to evaluate differences
in responses to the interventions. Time (baseline and end values, T) was entered as a within-subject factor and intervention () groups as a between-subject
factor and the interaction between the two terms was derived (TxI). #Urinary vitamin C concentrations were log-transformed for the conduction of the

repeated measure ANOVA. However, raw values are showed in the table for an easier interpretation of the results.

Discussion

The results of this pilot study indicate that the potential
synergy between NO, and vitamin C had no effect on partic-
ipants’ resting BP. Interestingly, this synergy had a signifi-
cant effect on lowering the daily systolic BP within the
combined NO; and vitamin C intervention. The protocol
results failed to achieve any significant results in relation to
muscular strength. Within the N+VC group, there was a sig-
nificant increase in urine vitamin C concentrations, salivary
NO, concentration but nochanges in urinary 8-isoprostanes.

An important finding of this study was that there was a
beneficial interaction between inorganic NO, and vitamin
C supplementation on daily systolic BP, i.e. the combination
of agents resulted in a —6.6 mmHg reduction (P=0.04) but

Int J Vitam Nutr Res (2024), 94 (5-6), 342-353

this was only seed in the within-group analyses. There was
also a trend towards a gradual decrease in diastolic BP
(—1.63+2.2 mmHg, P=0.24). Plausible mechanisms for this
interaction could reflect: (i) enhanced conversion of NO, to
NO in the presence of supplemental vitamin C and the
extra NO resulting in a lower BP; and (i) a decrease in
oxidative stress given a non-significant reduction in urinary
8-isoprostane concentrations noted in the N+VC group.
8-isoprostanes are prostaglandin-like compounds and are
commonly used as biomarkers of oxidative stress.
Increased levels have been associated with a greater risk
of cardiovascular and neurodegenerative diseases in ani-
mal and human experiments [23, 24].

In the present investigation, there was no evidence that
co-supplementation with inorganic NO, and vitamin C
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altered resting BP (systolic, P=0.55; diastolic, P=0.47).
This result was considered unexpected in view of previ-
ous studies and meta-analyses, which demonstrated a
decrease in BP with NO," [14, 25, 26, 27] and vitamin C
supplementations [6]. Ashor et al. [14] observed that the
BPs of participants were reduced following inorganic NO,
supplementation in an inverse relationship to their baseline
BP. It is, therefore, possible that the effect of NO; supple-
mentation on lowering BP was diminished in the current
study’s participants due to their relatively low, normoten-
sive BP prior to supplementation. Additionally, nearly
half of the studies included in the meta-analysis pub-
lishedby Juraschek et al. [6] supplemented vitamin C with
other micronutrients or pharmacological agents; in this
study, subjects received inorganic NO; supplementation
alone.

The results from this protocol, which was aimed towards
the identification of any benefits in muscular performance
across the differing supplementation interventions, did
not achieve any levels of significance. The theory behind
muscular activation through inorganic NO; supplementa-
tion is that inorganic NO, has the ability to promote path-
ways leading to the production of NO. NO is a signalling
molecule that induces smooth muscle relaxation and takes
part in processes that could enhance muscle contraction
[28], although it has been proven in a systematic review that
NO; supplementation seems to improve muscle efficiency
[29]. Only a slight change was noticed within interventions,
regardless of the intervention type (N, A=—0.80 kg; ND,
A=—1.9 kg; N+VC, A=—0.04 kg). In a recent systematic
review [29], 2 out of 12 studies used hand-grip strength to
assess muscular strength [30, 31]. In both studies, the par-
ticipants were different from the current study’s subjects.
Gustavo Oliveira et al. studied athletes; Sim et al. investi-
gated an elderly cohort. It therefore appears that the bene-
ficial effects of dietary NO, supplementation on forearm
muscle strength have been observed in physically active
subjects [32] and in older adults [33].

In this study, salivary NO, was assessed using a salivary
strip kit and a significant increase in salivary NO, concen-
tration with the N+VC intervention was observed. This is
in keeping with previous studies suggesting that vitamin C
acts as a potent reducing agent to support NO, reduction
from the exogenous NO pathway [34, 35]. Urinary concen-
trations of vitamin C increased significantly after the N+VC
intervention.

While our study cohort comprised individuals without
clinically diagnosed hypertension, the potential implica-
tions of even minor BP reductions in this population are
noteworthy. These include the prevention of future hyper-
tension, and the recognition of lifestyle interventions as
valuable tools for promoting cardiovascular health at an
early stage of adulthood.

© 2023 Hogrefe

Key limitations of this study include its small sample size
and the short duration of the interventions. Additionally,
home BP was self-measured, which could affect the accu-
racy of the results. While efforts were made to provide par-
ticipants with clear instructions and guidance, the absence
of direct supervision during home BP monitoring sessions
could have resulted in variations in measurement tech-
niques. Furthermore, the study exclusively focused on
young adults of normal weight. Consequently, the general-
izability of the findings to other populations may be limited.
Another limitation pertains to the potential variability in the
vitamin C concentration of the beverages used during the
intervention. Although we assessed the vitamin C content
of the concentrated lemon juice (BR]) brand as reported
in the article, it should be noted that actual vitamin C con-
tent may exhibit variations between different batches or
sources, which could introduce variability into the study
results. Additionally, we did not employ a placebo for the
vitamin C tablets administered to the participants. The
absence of a placebo to blind participants regarding the vita-
min C tablets may have introduced the possibility of partic-
ipant bias. Future studies may consider incorporating a
placebo to address this potential source of bias.

Conclusions

In this randomized controlled trial, resting systolic and dias-
tolic BP values did not significantly differ among the three
study groups post interventions. The within-group analyses
showed that the 3-day co-supplementation of dietary NO;
and vitamin C significantly decreased home daily systolic
BP. The protocol used in this study did not produce any sig-
nificant change in muscular strength. The combination of
vitamin C with dietary NO, could be a promising strategy
to improve vascular health. Further investigation using a
more robust study design is necessary to confirm these pre-
liminary results.

Electronic supplementary material

The electronic supplementary material (ESM) is available
with the online version of the article at https://doi.org/
10.1024/0300-9831/a000799

ESM 1. Normality test for baseline and endpoint variables
of resting SBP, DBP, HR, HGS, saliva NO , NO and
urine NO , Vitamin C (Table E1); Normality test for base-
line Finapres variables (Table E2); Accelerometer mea-
surements of free living physical activity following 3-day
supplementation with N, ND, and N+VC Interventions
(Table E3); Flow chart showing recruitment, allocation
to treatment and compliance to study (Figure E1).
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