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Nitrate ingestion blunts the increase in blood pressure during cool air
exposure. A double-blind, placebo-controlled, randomized, crossover trial

Running head: Nitrate ingestion, blood pressure and cool air exposure
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ABSTRACT

Cold exposure increases blood pressure (BP) and salivary flow rate (SFR).
Increased cold-induced SFR would be hypothesised to enhance oral nitrate delivery
for reduction to nitrite by oral anaerobes and to subsequently elevate plasma [nitrite]
and nitric oxide bioavailability. We tested the hypothesis that dietary nitrate
supplementation would increase plasma [nitrite] and lower BP to a greater extent in
cool compared to normothermic conditions. Twelve males attended the laboratory on
four occasions. Baseline measurements were completed at 28°C. Subsequently,
participants ingested 140 mL of concentrated nitrate-rich (BR; ~13 mmol nitrate)
or nitrate-depleted (PL) beetroot juice. Measurements were repeated over 3 h at
either 28°C (Norm) or 20°C (Cool). Mean skin temperature was lowered compared to
baseline in PL-Cool and BR-Cool. SFR was greater in BR-Norm, PL-Cool and BR-
Cool than PL-Norm. Plasma [nitrite] at 3 h was higher in BR-Cool (592 + 239 nM) vs.
BR-Norm (410 + 195 nM). Systolic BP (SBP) at 3 h was not different between PL-
Norm (117 £ 6 mmHg) and BR-Norm (113 + 9 mmHg). SBP increased above
baseline at 1, 2 and 3 h in PL-Cool but not BR-Cool. These results suggest that BR
consumption is more effective at increasing plasma [nitrite] in cool compared to
normothermic conditions and blunts the rise in BP following acute cool air exposure,
which might have implications for attenuating the increased cardiovascular strain in
the cold.

NEW & NOTEWORTHY: Compared to normothermic conditions, acute nitrate
ingestion increased plasma [nitrite], a substrate for oxygen-independent nitric oxide
generation, to a greater extent during cool air exposure. Systolic blood pressure was
increased during cool air exposure in the placebo condition with this cool-induced
blood pressure increase attenuated after acute nitrate ingestion. These findings
improve our understating of environmental factors that influence nitrate metabolism

and its efficacy to lower blood pressure.

KEY WORDS: Beetroot, cardiovascular strain; inorganic nitrate; nitric oxide;

thermoregulation
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INTRODUCTION

Hypertension is the leading cause of cardiovascular disease (CVD) and premature
mortality worldwide, placing a considerable economic and healthcare burden
on society (1). In response to cold stress, the sympathetic nervous system is
activated and initiates peripheral vasoconstriction to minimise heat dissipation and
maintain thermal balance (2, 3). Up to 40% of the local vasoconstrictive response to
the cold has been attributed to lower nitric oxide production through the suppression
of tonic nitric oxide/nitric oxide synthase (NOS) activity (4, 5). This cold-induced
cutaneous vasoconstriction elevates cardiovascular strain through increased
systemic vascular resistance and cardiac pre- and afterload, which may exacerbate
hypertension and predisposition to cardiovascular events (6). Accordingly, there is
marked seasonal variability in CVD mortality in high and low latitude countries (7, 8)

with an excess winter mortality rate of 17% having been observed within the UK (9).

One intervention that has been reported to lower blood pressure (BP) is dietary
inorganic nitrate supplementation (10-15). The positive effects of nitrate ingestion on
BP are likely mediated by its sequential reduction to nitrite and then nitric oxide via
the so-called nitrate-nitrite-nitric oxide pathway (16). Briefly, following oral ingestion,
nitrate is rapidly absorbed in the upper gastrointestinal tract and enters the systemic
circulation (17). Approximately 25% of this exogenous nitrate is taken up by the
salivary glands, via the transporter, sialin (18), and secreted in saliva (19).
Subsequently, bacterial anaerobes in the mouth reduce nitrate to nitrite (20, 21).
Salivary nitrite is then swallowed and further reduced to nitric oxide and other
reactive nitrogen intermediates in the acidic environment of the stomach (22). A
small proportion of nitrite re-enters the systemic circulation and can be reduced to
nitric oxide via numerous nitrite reductases (16). This pathway, and the resultant
nitric oxide production, is highly dependent on nitrate transport into the
enterosalivary circulation and the host oral microbiome for nitrate reduction (21, 23—
25).

Numerous acute studies have reported an inverse relationship between salivary flow
rate (SFR) and ambient temperature (26—-28). Since SFR influences the metabolism
of nitrate by promoting nitrate secretion into the oral cavity and exposure to the oral

nitrate reductases, elevated SFR may increase oral nitrate reduction to nitrite,
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subsequently bolstering salivary and plasma [nitrite] from a given nitrate dose.
Moreover, intraoral temperature is suggested to have a close inverse relationship
with pH, with recent work suggesting that the optimal composition of oral nitrate-
reducing bacteria predominantly consists of alkaliogenic species (29) and that
salivary and plasma nitrite are increased to a greater extent after nitrate
supplementation when oral pH is elevated (30). The reduction in systolic BP (SBP)
after nitrate supplementation is inversely related to plasma nitrite (11, 31) with
greater reductions observed when SBP is elevated (10, 11). Elevated SBP in cool
conditions may be linked to increased sympathetic nervous system activity (2, 3) and
lower NOS activity (4, 5). Dietary nitrate supplementation can inhibit sympathetically-
mediated vasoconstriction (32) and nitrite administration can attenuate the
vasoconstriction that accompanies NOS inhibition (33), which could abate increased
SBP in cool conditions. Therefore, increased SFR and salivary pH during cool
exposure may enhance salivary and plasma [nitrite] and the lowering in BP after
nitrate supplementation in cool, compared to normothermic conditions. However, it
has also been suggested that oral nitrate reduction might be attenuated at lower
temperatures due to a Qq effect (34), and as such, further research is required to
investigate how environmental temperature influences oral nitrate metabolism,

circulating plasma [nitrite] and BP after nitrate supplementation.

Whilst dietary nitrate supplementation has potential to blunt arterial vasoconstriction
and the subsequent rise in BP during cool exposure, augmented vasodilation may
also exacerbate peripheral heat loss and declines in skin and core temperature in
cool conditions. Such physiological responses would be detrimental to thermal
balance and heighten cold sensation, potentially culminating in adverse health
outcomes. It has been reported that nitrate supplementation can delay shivering
onset during 45 minutes of whole-body cooling without altering cutaneous vascular
conductance (CVC) (35), and does not alter CVC or skin temperature during 2-30
min of local cooling (36—38). Moreover, the impact of nitrate ingestion prior to longer
duration whole-body cool air exposure is of relevance because whilst extreme, acute
cold insults are reflective of survival situations, prolonged exposure to cool
temperatures is indicative of the micro-climates experienced by the elderly, heart
failure patients and hypertensive individuals at home in winter. Consequently, it is

important to improve understanding of whether any BP lowering afforded by nitrate
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supplementation in cool conditions is offset by impairments in thermal regulation to
inform recommendations for nitrate supplementation in cool environmental

conditions.

The purpose of the current study was to investigate the influence of lowering
environmental temperature for 3 h on nitrate metabolism and BP following acute
dietary nitrate supplementation. It was hypothesised that nitrate-rich beetroot juice
supplementation would increase salivary and plasma [nitrite] and lower BP to a

greater extent in cool compared to normothermic conditions.

MATERIALS AND METHODS

Participants

Twelve healthy males (mean + SD: age: 25 + 3 years, stature: 1.78 £ 0.04 m, body
mass: 78 + 9 kg) volunteered to participate in this study. Females were precluded
from participating because the influence of sex hormone fluctuations across the
menstrual cycle on nitric oxide metabolism were unknown at the time of recruitment
and experimental data collection. None of the participants were tobacco smokers or
vapers. No participants were taking any medication known to interfere with stomach
acid production (e.g., proton pump inhibitors) or had any pre-existing medical
conditions such as hypertension or diabetes. All experimental procedures were
approved by Loughborough University Research Ethics Approvals Human
Participants Sub Committee. Prior to testing, participants were fully briefed before
providing written, informed consent. In the 48 h prior to each subsequent visit,
participants were asked to follow and replicate a number of instructions. Specifically,
all trials were completed in a fed state, and participants recorded their dietary intake
24 h prior to the first experimental visit and were asked to replicate this before all
subsequent visits. Participants were asked to refrain from consuming nitrate-rich
foods, and to avoid caffeine and alcohol ingestion 12 h and 24 h before each test,
respectively. Since SFR is reduced in a state of hypohydration (39), participants
were provided with 40 mL-kg” body mass™' of water to consume over the 24 h
period preceding each visit to ensure they arrived euhydrated (40). Participants were
required to abstain from using mouthwash 48 h prior to each visit since antibacterial

mouthwash markedly blunts oral reduction of nitrate to nitrite (21). All participants
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were instructed to adhere to their normal exercise routine for the duration of the
study but were required to avoid strenuous exercise in the 24 h before each visit.
Participants were instructed to wear the same clothing (shorts and t-shirt) for each
visit to minimise the extraneous impact of clothing on heat transfer and all tests were
performed at the same time of day (start time between 12:00-14:00) to minimize
inter-visit circadian variations. Experimental data collection was performed over a
12-month period but all visits were conducted within the same season within-

participant.

Experimental design

Using a repeated measures design, participants reported to the laboratory on five
occasions. During the first visit, participants were familiarised with all the procedures
described below. During each of the four subsequent experimental visits, baseline
measures of SFR, oral temperature, subjective whole body thermal sensation, skin
temperature, BP and microvascular function (CVC) were assessed, and saliva and
plasma samples were obtained in an environmental chamber (Weiss-Gallenkamp,
Loughborough, UK). Ambient temperature, wet bulb globe temperature (WBGT),
relative humidity and wind speed were recorded during each visit (Kestrel 4400;
Nielsen-Kellerman Co., Philadelphia, USA). At baseline the chamber was set at 28°C
(ambient temperature: 28.2 + 0.8°C, WBGT: 27.7 = 1.6°C, humidity: 45.7 £ 4.6%,
wind speed: 0.7 £ 0.1 m/s). Subsequently, participants ingested 2 x 70 mL of
concentrated nitrate-rich (BR; ~13 mmol nitrate) or a nitrate-depleted placebo (PL;
~0.04 mmol nitrate) beetroot juice (Beet It, James White Drinks Ltd., Ipswich, UK).
Over the next 3 h, participants remained in the environmental chamber with the
temperature fixed at either 28°C (normothermia - ambient temperature: 28.4 + 0.4°C,
WBGT: 28.2 + 0.4°C, humidity: 45.6 £ 2.9%, wind speed: 0.7 £ 0.1 m/s) or 20°C
(cool - ambient temperature: 20.2 + 0.1°C, WBGT: 20.9 + 1.0°C, humidity: 44.9 %
0.5%, wind speed: 0.7 = 0.0 m/s). 28°C was selected as an ambient temperature
within the zone of thermoneutrality. 20°C was chosen as a mild cool stimulus and
intended to mimic the microclimate vulnerable individuals may be exposed to at
home in winter. Pilot work within our laboratory showed that participants could
tolerate this temperature for a sustained duration, and it was accompanied by
elevations in BP. Salivary, temperature, BP and microvascular function

measurements were repeated each hour, with blood samples taken 3 h post
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supplement ingestion. The four experimental visits, BR and PL ingestion in
normothermic (BR-Norm and PL-Norm) and cool (BR-Cool and PL-Cool) conditions
were administered in a placebo-controlled, randomized and counterbalanced
crossover design. PL and BR supplement administration was double-blinded

(supplement bags labelled 1 and 2 by an independent investigator).

Measurements

Saliva collection

Participants rinsed their oral cavity with tap water to remove any food debris prior to
sample collection. Following 2 min rest, unstimulated saliva samples were then
collected via passive drool and spit into pre-weighed sterile containers every 20 s for
2 min. After a 2 min break this process was repeated, and samples were weighed for
determination of SFR, calculated by averaging SFR values over both collection
periods. Sub-sample 1 mL aliquots were then frozen at -80°C for later analysis of
salivary [nitrate] and [nitrite]. Salivary pH was measured in duplicate using a
microFET electrode (Sentron, Leek, The Netherlands), accepted as a 5 s stable
reading on the meter. A 3-point calibration of the pH probe was undertaken prior to
analysis using buffers with known pH (4.01, 7.00, 10.01). Given the temperature
dependency of SFR (27, 28, 41), and that salivary [nitrate] and [nitrite] are influenced
by SFR (42), salivary [nitrate] and [nitrite] data were also normalised to SFR and
reported as salivary nitrate and nitrite flux per min. Analytical variation (CVa) for SFR
=12.9 % (range: 0.2-46.8 %). Biological variation (CVg) at baseline = 16.5 % (3.8-
34.3 %). Critical difference (CD: smallest difference required to signify true biological
change) for SFR at baseline = 37.1 %.

Oral temperature

Oral temperature was measured using a digital thermometer (iProven, Barendrecht,
Netherlands). The thermometer was placed into the oral cavity, with readings taken
with the mouth closed. Two measures were taken at each time point, with the mean

value reported.

Thermal sensation and skin temperature
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Participants were asked to rate their subjective whole body thermal sensation using
a 20-point visual scale (43). Verbal descriptors were as follows: -10: Cold impossible
to bear, -8: Very cold, shivering hard, -6: Cold, light shivering, -4: Most areas of the
body feel cold, -2: Some areas of the body feel cold, 0: Neutral, 2: Some areas of the
body feel warm, 4: Most areas of the body feel hot, 6: Very hot, uncomfortable, 8:
Extremely hot, close to limit, 10: Heat impossible to bear. Thereafter, skin
temperature was measured at fifteen locations (44) using a dual force infrared
monitor (Micro-Epsilon, Ortenburg, Germany). T-shirts were removed immediately
prior to the recording of trunk skin temperatures. Each site was measured twice at
each measurement point to obtain a mean value, and skin temperature was
subsequently calculated from the unweighted mean of the fifteen body sites as per
previous protocol (45). The measurement of forearm skin temperature from the dual

force infrared monitor has also been isolated for analysis.

Blood pressure and microvascular function

Participants were required to rest supine for 10 min. Thereafter, BP of the brachial
artery on the left arm was measured using an automated sphygmomanometer
(Omron Healthcare, Kyoto, Japan). Five measurements were taken at 2 min intervals
and the mean of the five readings was used for analysis. CVa for SBP = 3.2 % (0.8-
9.1 %). CVp at baseline = 3.6 % (1.1-8.0 %). CD at baseline = 8.9 %. CV4 for DBP =
4.7 % (1.0-12.6 %). CVp at baseline = 5.4 % (2.8-9.3 %). CD at baseline = 13.1 %.
Laser Doppler flowmetry (Moor Instruments, Devon, UK) was then used to assess
resting cutaneous blood flow (perfusion units; PU) in a sub population (n=5).
Cutaneous vascular conductance (CVC) was calculated by dividing laser Doppler
flux by the closest temporal measurement of brachial mean arterial pressure ([1/3
SBP] + [2/3 DBP]). Flux motility standard (Moor Instruments, Devon, UK) was used
to calibrate the optical probe prior to each visit. Participants were required to rest
supine with a cushion under their left forearm to reduce movement artefacts. The
probe was placed on the ventral side of the left forearm, more than 5 cm above the
wrist avoiding visible veins and tattoos. Care was taken to measure CVC at the
same location for repeated measurements, but the precise location of the laser
probe and thus exact local vasculature are likely not identical. The protocol consisted

of resting perfusion measures for 5 min, with the average across the 5 min duration
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used for analysis. Flux signals (in APU) were recorded directly using MoorSOFT

data capture software for subsequent off-line analysis.

Blood collection

Following 10 min supine rest (46), blood samples were drawn from an antecubital
vein into 6 mL lithium-heparin tubes (Sarstedt, Leicester, UK) via venepuncture.
Samples were collected at baseline and 3 h post supplement ingestion. Samples
were centrifuged at 3000 xg and 4°C for 10 min, within 2 min of collection. Plasma
was subsequently aliquoted into Eppendorf's and immediately frozen at -80°C for

later analysis of [nitrate] and [nitrite].

[Nitrate] and [Nitrite] determination

All glassware, utensils and surfaces were rinsed thoroughly with deionised water to
remove residual nitrate and nitrite prior to analysis. Plasma samples were
deproteinised using zinc sulphate (ZnSO,4)/sodium hydroxide (NaOH) precipitation
prior to [nitrate] determination. Firstly, 500 yL of 0.18 N NaOH was added to 100 pL
of sample followed by 5 min incubation at room temperature. Subsequently, samples
were treated with 300 puL of aqueous ZnSO4 (5% w/v) and vortexed for 30 s before
undergoing an additional 10 min incubation period at room temperature. Samples
were then centrifuged at 21,000 xg for 5 min and the supernatant was removed for
subsequent analysis. The [nitrate] of the deproteinised plasma sample was
determined by its reduction to nitric oxide in the presence of 0.8% (w/v) vanadium
chloride (VCls) in 1 M HCI via 50 pL injections into the septum of the air-tight purge
vessel. The spectral emission of electronically excited nitrogen dioxide, derived from
the reaction of nitric oxide with ozone, was detected by a thermoelectrically cooled,
red-sensitive photomultiplier tube housed in a gas-phase chemiluminescence nitric
oxide analyser (Sievers NOA 280i, Analytix Ltd, Durham, UK). All samples were
analysed in duplicate. The [nitrate] was determined by plotting signal (mV) area
against a calibration plot of sodium nitrate standards. The [nitrite] of undiluted (non-
deproteinised) plasma was determined by its reduction to nitric oxide in the presence
of glacial acetic acid and aqueous sodium iodide (4% w/v) and calibrated using
sodium nitrite standards. 100 pL injections of plasma were used for [nitrite]
determination. After thawing at room temperature, saliva samples were centrifuged

for 10 min at 21000 xg rpm and the supernatant was then removed and diluted at
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least 100-fold with deionised water for subsequent analysis. [Nitrate] and [nitrite]
were determined from 50 L injections, using the same reagents described above for

the respective plasma analyses.

Statistical analysis

Statistical analysis was performed using SPSS version 27. One-way repeated-
measures ANOVAs were used to check for baseline differences across conditions
(BR-Norm, PL-Norm, BR-Cool and PL-Cool) and to assess mean values across 1-3
h. Data containing two factors [condition x time (baseline, 1 h, 2 h and 3 h) and
mean values across 1-3 h for supplement (BR and PL) x temperature (Norm and
Cool)] were analysed using two-way repeated-measures ANOVAs. Significant
ANOVA effects were followed up with post hoc paired-samples t tests for
comparisons to baseline, with the familywise error rate controlled using Holm-
Bonferroni adjustment. To calculate effect sizes, partial eta squared (npz) was used
for omnibus tests and Cohen’s d, (t / \ n) for post hoc paired-samples t tests. All data
are displayed as mean £ SD unless otherwise stated. Statistical significance was
accepted at P < 0.05.

RESULTS

Thermal sensation and skin temperature

All temperature indices were consistent across conditions at baseline (all P > 0.05;
Table 1). For thermal sensation, mean skin temperature and forearm skin
temperature there were main effects for time (all P < 0.01, np2 range: 0.89-0.99),
condition (all P < 0.01, n,” range: 0.90-0.98) and condition x time interaction effects
(all P < 0.01, ny? range: 0.84-0.98). There were no main effects for supplement (all P
> 0.05, np2 range: 0.02-0.12) or supplement x temperature interaction effects (all P >
0.05, np2 range: 0.00-0.02) for any temperature variable averaged between 1-3 h,

respectively (Table 1).

Thermal sensation was unchanged over time in PL-Norm and BR-Norm (all P >
0.05). Mean skin temperature was stable over time in PL-Norm (P > 0.05) but
declined relative to baseline at 1 (P = 0.04), 2 (P = 0.03) and 3 h (P < 0.05) in BR-

Norm. Forearm skin temperature was unchanged from baseline to 3 h in PL-Norm (P

10
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> 0.05) but was reduced at 3 h compared to baseline in BR-Norm (P < 0.01). In PL-
Cool and BR-Cool, thermal sensation, mean skin temperature and forearm skin
temperature were lower at 1, 2 and 3 h versus baseline (all P < 0.01, Table 1), but no
differences were observed between PL-Norm and BR-Norm or between PL-Cool and
BR-Cool at any time point (all P > 0.05; Table 1).

Salivary flow rate and pH

There were no inter-condition differences in SFR or salivary pH at baseline (P >
0.05). There was a main effect for condition for mean SFR between 1-3 h (P < 0.01,
np2 = 0.43). Compared to PL-Norm (592 + 196 pl-min™"), mean SFR was higher in
BR-Norm (697 + 246 pl-min'1; P =0.02, d; = 0.54), PL-Cool (723 t 256 pl-min'1; P =
0.02, d, = 0.67) and BR-Cool (758 + 261 ul-min™"; P = 0.01, d, = 0.85). Mean SFR
was not different between BR-Cool vs BR-Norm (d; = 0.59), or PL-Cool and BR-Cool
(d; = 0.35, both P > 0.05). There was a main effect for supplement (P = 0.02, n,* =
0.41) and temperature (P = 0.01, np2 = 0.47) but no supplement x temperature
interaction effect (P > 0.05, npZ = 0.29) for SFR averaged between 1-3 h. There was
no main effect for condition for mean salivary pH between 1-3 h in PL-Norm (7.05 +
0.14), BR-Norm (7.16 + 0.19), PL-Cool (7.10 £ 0.16) and BR-Cool (7.16 + 0.21; P >
0.05, ny? = 0.20). There was no main effect for supplement (P > 0.05, n,? = 0.26),
temperature (P > 0.05, np2 = 0.09) or supplement x temperature interaction effect (P

> 0.05, n,” = 0.10) for mean salivary pH between 1-3 h.

Oral temperature

There were no inter-condition differences in oral temperature at baseline (P > 0.05).
There was a main effect for time (P < 0.01, n,?: 0.77), condition (P < 0.01, n,%: 0.72)
and condition x time interaction effect (P < 0.01, n,: 0.65). There was no main effect
for supplement (P > 0.05, an: 0.04) or supplement x temperature interaction effect
(P > 0.05, np2: 0.00) for oral temperature averaged between 1-3 h. Oral temperature
was unchanged over time in PL-Norm and BR-Norm (P > 0.05). Compared to
baseline (36.1 + 0.5°C, 36.1 £ 0.4°C), oral temperature was reduced at 1 h (35.1 £
0.9°C, 35.3 £ 0.8°C), 2 h (34.5 + 1.0°C, 34.5 £ 1.1°C) and 3 h (34.4 £ 0.8°C, 34.3
1.0°C) in PL-Cool and BR-Cool, respectively.

11
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Salivary [Nitrate] and [Nitrite]

There were no inter-condition baseline differences in salivary [nitrate] or [nitrite], with
or without normalisation to SFR (all P > 0.05). There were main effects for time (both
P <0.01, ny> = 0.80, n,” = 0.72), condition (both P < 0.01, n,* = 0.87, n,* = 0.76) and
condition x time interaction effects (both P < 0.01, np2 =0.74, np2 = 0.67) for salivary
[nitrate] and salivary [nitrate] normalised to SFR, respectively. Salivary [nitrate] was
unchanged from baseline to 3 h in PL-Norm (P > 0.05). Absolute salivary [nitrate]
was decreased relative to baseline at 1 h, and both absolute and normalised salivary
[nitrate] were lower at 2 and 3 h in PL-Cool (all P < 0.02). There were no differences
between PL-Norm and PL-Cool at 1, 2 or 3 h (all P > 0.05). Normalising salivary
[nitrate] relative to SFR did not alter any of the observed effects in the PL conditions
compared to absolute salivary [nitrate] (Table 2). There was a main effect for
condition for salivary [nitrate] between 1-3 h (P < 0.01). Absolute and normalised
salivary [nitrate] were higher at all time points relative to baseline in BR-Norm and
BR-Cool (all P < 0.01), with no differences between these conditions at 1 h or 2 h (P
> 0.05), but absolute salivary [nitrate] was higher in BR-Norm (9459 + 4313 uM) vs
BR-Cool (7577 + 3970 uM) at 3 h (P = 0.04, d, = 0.85, Figure 1). Normalising
salivary [nitrate] to SFR removed the difference between BR-Norm and BR-Cool at 3
h (P > 0.05).

There were main effects for time (both P < 0.01, n,* = 0.48, n,” = 0.59), condition
(both P < 0.01, n,? = 0.57, n,” = 0.67) and condition x time interaction effects (both P
< 0.01, np2 =042, np2 = 0.51) for salivary [nitrite] and salivary [nitrite] normalised to
SFR. There was a main effect for condition for mean salivary [nitrite] between 1-3 h
(P <0.01, ny,* = 0.57, n,” = 0.67). Salivary [nitrite] was unchanged from baseline over
3 hin PL-Norm and PL-Cool (P > 0.05). Salivary [nitrite] was similar in PL-Norm and
PL-Cool at 1, 2 and 3 h (all P > 0.05). Salivary [nitrite] was elevated above baseline
between 1-3 h in BR-Norm and BR-Cool (all P < 0.02), with salivary [nitrite] higher in
BR-Cool vs BR-Norm at 1 h (P = 0.04), but no differences were observed between
these conditions at 2 or 3 h (P > 0.05, Figure 1). Normalising salivary [nitrite] relative
to SFR meant salivary [nitrite] was higher at 1 h vs baseline in PL-Cool (P = 0.03) but
did not alter any of the other observed effects compared to absolute salivary [nitrite]
(Table 2).
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Plasma [Nitrate] and [Nitrite]

Plasma [nitrate] and [nitrite] were not different between conditions at baseline (P >
0.05). There was a main effect for time (P < 0.01, n,” = 0.97), condition (P < 0.01, n,*
= 0.95) and a condition x time interaction effect (P < 0.01, np2 = 0.95) for plasma
[nitrate]. Plasma [nitrate] was similar in PL-Norm (25 + 10 uM) and PL-Cool (28 + 13
pMM) at 3 h (P > 0.05). Plasma [nitrate] increased above baseline at 3 h in BR-Norm
and BR-Cool (both P < 0.01), with plasma [nitrate] higher in BR-Norm (619 + 73 uM)
vs BR-Cool (524 + 144 pM) (P = 0.04; d, = 0.79, Figure 2).

There was a main effect for time (P < 0.01, n,* = 0.79), condition (P < 0.01, n,* =
0.77) and a condition x time interaction effect (P < 0.01, np2 = 0.77) for plasma
[nitrite]. Plasma [nitrite] was similar in PL-Norm (77 + 46 nM) and PL-Cool (85 * 54
nM) at 3 h (P > 0.05) but elevated above baseline at 3 h in BR-Norm and BR-Cool
(both P < 0.01), with plasma [nitrite] higher in BR-Cool (592 + 239 nM) vs BR-Norm
(410 £ 195 nM) (P = 0.01; d, = 0.95, Figure 2).

Blood pressure

There were no differences in SBP between conditions at baseline (P > 0.05). There
was a main effect for time (P = 0.01, n,” = 0.30), condition (P = 0.04, n,” = 0.24) and
a condition x time interaction effect (P = 0.01, np2 = 0.22). SBP was unchanged over
time in PL-Norm and BR-Norm (P > 0.05). SBP was elevated above baseline at 1 h
(P <0.05d,=0.67),2h (P =0.04,d,=0.88)and 3 h (P = 0.03, d, = 1.05) in PL-
Cool whereas SBP was unchanged at 1 h (d, = 0.09), 2 h (d, = 0.24) and 3 h (d; =
0.66, all P > 0.05) in BR-Cool (Figure 3). SBP at 3 h was not significantly different
between BR-Norm (113 £ 9 mmHg) and PL-Norm (117 + 6 mmHg, d, = 0.69) or
between PL-Cool (122 £ 12 mmHg) and BR-Cool (122 + 11 mmHg; d, = 0.08, both P
> 0.05).

Diastolic BP (DBP) and MAP were not different between conditions at baseline (P >
0.05). There was a main effect for time (P < 0.01, n,” = 0.81), condition (P < 0.01, n,?
= 0.77) and a condition x time interaction effect (P < 0.01, np2 = 0.58) for DBP and
main effect for time (P < 0.01, n,® = 0.78), condition (P < 0.01, n,> = 0.70) and
condition x time interaction effect (P < 0.01, np2 = 0.49) for MAP. DBP was

unchanged over time in PL-Norm (P > 0.05) but increased at 3 h vs baseline in BR-
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Norm (P = 0.04). There were no differences at 3 h between PL-Norm (56 £ 6 mmHg)
and BR-Norm (57 £+ 6 mmHg; P > 0.05, d, = 0.49, respectively). MAP was
unchanged over time in PL-Norm and BR-Norm (P > 0.05), with no differences at 3 h
between PL-Norm (76 £ 5 mmHg) and BR-Norm (76 + 7 mmHg; P > 0.05, d, = 0.09,
respectively). In PL-Cool and BR-Cool, DBP and MAP were increased above
baseline at 1, 2 and 3 h (all P < 0.01), with no differences between conditions at 3 h
(70 £ 11 mmHg, 86 £+ 7 mmHg vs 70 £ 9 mmHg, 88 + 8 mmHg; all P > 0.05, dz =
0.00, d; = 0.23, respectively).

Microvascular function

There were no inter-condition baseline differences in skin perfusion or resting
forearm CVC (P > 0.05). There was no main effect for time (np2 = 0.38) or condition
(n,? = 0.23, both P > 0.05), but there was a condition x time interaction effect (P =
0.01, np2 = 0.43) for skin perfusion. Skin perfusion was unchanged from baseline to 3
h in PL-Norm, BR-Norm and PL-Cool (all P > 0.05) but reduced relative to baseline
at1h(P=0.01),2h (P=0.02)and 3 h (P =0.03) in BR-Cool (Table 3). There was a
main effect of temperature for skin perfusion averaged between 1-3 h (P = 0.03, np2
= 0.75), but post hoc analysis revealed no differences between Norm and Cool
conditions. There was no main effect for supplement (P > 0.05, np2 = 0.18) or

supplement x temperature interaction effect (P > 0.05, np2 = 0.00).

There was no main effect for time (P > 0.05, n,> = 0.41) or condition (P > 0.05, n,? =
0.39), but there was a condition x time interaction effect (P < 0.01, np2 = 0.47) for
CVC. CVC was unchanged from baseline to 3 h in PL-Norm, BR-Norm and PL-Cool
(all P > 0.05) but reduced relative to baseline at 1 h (P =0.02), 2 h (P =0.03)and 3 h
(P =0.04) in BR-Cool. There were no differences between PL-Cool and BR-Cool at 1
h (d, = 1.03) or 2 h (d, = 0.32), but CVC was lower in PL-Cool vs BR-Cool at 3 h (d,
= 2.75, P = 0.01, Table 3). There was a main effect of temperature (P = 0.01, np2 =
0.83) but no main effect for supplement (P > 0.05, np2 = 0.21) or supplement x
temperature interaction effect (P > 0.05, np2 = 0.00) for CVC averaged between 1-3
h. Mean CVC was not different between PL-Cool vs PL-Norm (d, = 1.20) or BR-Cool
compared to BR-Norm (d, = 1.43, both P > 0.05, Table 3).

DISCUSSION
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The principal novel findings from this study were that salivary and plasma [nitrite]
increased to a greater extent in BR-Cool compared to BR-Norm, and that SBP
increased with time in PL-Cool, with this effect attenuated in BR-Cool. These
observations are consistent with our experimental hypotheses and suggest that
aspects of dietary nitrate metabolism are enhanced in cool compared to
thermoneutral environments. Moreover, SBP was not reduced following BR in
normothermic conditions such that BR was only effective at reducing SBP in the cool
environment. Dietary nitrate supplement may, therefore, provide a simple, low-cost

intervention to lower the cardiovascular strain that accompanies cool exposure.

Salivary flow rate

In line with previous studies (26-28, 47-49), SFR was increased at a lower
environmental temperature in the current study. SFR was also elevated following
nitrate-rich beetroot juice ingestion in normothermia. Although it has been previously
suggested that nitrate-rich beetroot juice ingestion may increase SFR (50), mediated
by increased nitric oxide-cyclic guanosine monophosphate signalling in salivary

acinar cells (51), empirical evidence to support this is unclear (42, 52).

Dietary nitrate metabolism

While salivary [nitrite] and plasma [nitrate] and [nitrite] were not different between
PL-Cool and PL-Norm, salivary [nitrate] was lowered in PL-Cool compared to PL-
Norm. Lower salivary [nitrate] in PL-Cool compared to PL-Norm is consistent with
previous observations of lower salivary [nitrate] when SFR is increased (42). After
normalising to SFR, salivary [nitrate] was similar in PL-Cool and PL-Norm,
suggesting that the cool-induced lowering in salivary [nitrate] was a function of

greater SFR in cool compared to normothermic conditions.

Consistent with previous research (30, 53-55), salivary and plasma [nitrate] and
[nitrite] were increased following nitrate-rich beetroot juice consumption in the current
study. Plasma [nitrate] was higher 3 h post BR ingestion in BR-Norm compared to
BR-Cool, whereas plasma [nitrite] was greater in BR-Cool than BR-Norm at this time
point. The lower plasma [nitrate] in BR-Cool compared to BR-Norm could be linked
to increased salivary nitrate uptake. Indeed, greater increases in plasma [nitrate]

after BR ingestion have been reported when salivary nitrate uptake is impeded (23,
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56). Increased salivary [nitrite] has been reported when SFR is elevated (57). SFR
was elevated in the cool environment which may have increased salivary nitrate
excretion and therefore, exposure to oral nitrate reducing bacteria after BR ingestion.
Consistent with this postulate, salivary [nitrite] and salivary [nitrite] normalised to

SFR were greater after BR ingestion in BR-Cool compared to BR-Norm.

Previous research has shown that oral nitrate reduction to nitrite is greater at a
higher pH (30). However, salivary pH was not augmented following cool exposure in
the current study. This may suggest that the positive effects of cool temperature
exposure on oral nitrate metabolism are linked to cool-induced elevations in SFR,
but not changes in salivary pH. In addition to elevated salivary nitrite synthesis,
plasma [nitrite] was greater in BR-Cool compared to BR-Norm such that some of the
elevated salivary [nitrite] translated into higher circulating systemic [nitrite] in BR-
Cool. Therefore, cool exposure appears to facilitate dietary nitrate metabolism
resulting in greater increases in salivary and plasma [nitrite] post BR ingestion when

compared to normothermic conditions.

Blood pressure

In spite of an increase in plasma [nitrite] and enhanced potential for nitric oxide
synthesis (16), SBP was not significantly lowered in BR-Norm compared to PL-Norm
in the current study. This observation contrasts with some, but not all, previous work
(10, 13, 58), but the magnitude of SBP lowering (- 4 mmHg) 3 h post BR ingestion in
BR-Norm compared to PL-Norm is consistent with previous studies reporting a
significant lowering in SBP post BR ingestion in normothermic conditions (10, 13). It
is possible, therefore, that the current study was statistically underpowered to detect
this effect.

It is well documented that acute exposure to cool environments elevates brachial BP.
Previous research studies utilising more severe cold insults than administered in the
current study have observed increases in SBP between 19-26 mmHg following 2 h
exposure to 10°C (59) and 15 min at -15°C (60). Consistent with former studies, BP
was elevated with cool air temperature exposure in the present study. In contrast to
PL-Cool, where SBP increased above baseline (assessed at 28°C) after 1 h (+ 4

mmHg), 2 h (+ 7 mmHg) and 3 h (+ 9 mmHg) of rest in an environmental chamber at
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20°C, SBP did not significantly increase above baseline up to 3 h in BR-Cool.
Therefore, the greater increase in plasma [nitrite] and potential for nitric oxide
synthesis in BR-Cool compared to BR-Norm may account for a significant offsetting
of cool-induced increases in arterial BP and no effect of BR ingestion on SBP in
normothermic conditions in the current study. These observations are supported by
previous research suggesting that the BP reduction after nitrate supplementation is
inversely related to plasma [nitrite] (11, 31) and proportionally greater when SBP is
elevated (10, 11). Regarding the mechanisms for the blunted SBP increase in BR-
Cool compared to PL-Cool, increased SBP during cool exposure has been
attributed, at least in part, to increased sympathetic outflow (2). Increasing plasma
[nitrite] can lower resting muscle sympathetic nerve activity in normotensive
individuals (32) and attenuate the vasoconstriction that accompanies NOS inhibition
(33). However, there is evidence to suggest that nitrate supplementation might not
offset femoral artery sympathetically mediated vasoconstriction, induced by a cold-
pressor test, in healthy adults (61) and it is possible that increasing plasma [nitrite]
can lower BP independent of nitric oxide via an alternative redox mechanism (62).
There is also evidence that the blood pressure lowering effects might be better linked
to circulating [S-nitrosothiols] than [nitrite] (63, 64). Given that the delivery of salivary
nitrite to the stomach is an important precursor for formation of S-nitrosothiols (65), it
is possible that BP was lowered to a greater extent in the cool condition compared to
the thermoneutral condition in the current study based on between-condition
differences in salivary [nitrite] and the subsequent potential for altered circulating [S-
nitrosothiols]. Therefore, further research is required to resolve the mechanisms for

the blunted increase in BP during cool exposure after BR ingestion.

Thermoregulatory responses

To maintain temperature homeostasis during short-term cold exposure, the
sympathetic nervous system evokes vasoconstriction and shivering thermogenesis
which, respectively, decrease heat loss and increase metabolic heat production (2).
In contrast, inorganic nitrate ingestion can elicit vasodilation which, if exhibited in the
cutaneous microvasculature, could increase peripheral blood flow and convective
and radiative heat loss, thereby compromising thermoregulation in colder
environments outside the thermoneutral zone. Despite blunting the cool-induced

increase in SBP, nitrate supplementation did not appear to alter CVC in the current

17



571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589

590
591
592
593
594
595
596
597
598
599
600
601
602
603

study. This observation is consistent with previous studies reporting no effect of
nitrate supplementation on cutaneous perfusion during 2-45 min cold exposure (35—
38, 66), but extends these previous studies by suggesting that this may also be the
case following more prolonged exposure to cool ambient temperatures. Therefore, it
appears nitrate supplementation is more effective at promoting vasodilation in
arteries and/or non-cutaneous microvasculature compared to the cutaneous
microvasculature during whole body cooling, consistent with a recent observation
that reflex cold-induced cutaneous vasoconstriction is nitric oxide independent (67).
In addition, and also consistent with previous studies (35-38), forearm and mean
skin temperature were not altered by nitrate supplementation in the cool
environment. Thermal sensation was also not different between the PL-Cool and BR-
Cool conditions in the current study. The data in the present study suggest that
nitrate supplementation can offset cool-induced increases in arterial BP, thereby
potentially lowering cardiac pre- and after-load. However, whilst there were no
differences in skin temperature or thermal sensation following PL or BR ingestion in
the cool condition, and in the absence of any measurements of core temperature, it
is not possible to conclude that there was no clear compromise to key peripheral

determinants of thermoregulation following nitrate supplementation.

Perspectives and significance

Our findings may have potential implications for offsetting the cardiovascular strain
that accompanies cool air exposure. The cool temperature condition in the current
study was designed to simulate the environment experienced in homes of high and
low latitude countries in winter, and mimicked the rise in BP that is observed during
the colder months. Previous research has shown that BP is ~5-9 mmHg higher
during the winter (68, 69). Blood pressure elevations increase cardiac load and may
partly explain the well-established seasonal variations in mortality and incidence of
adverse health outcomes, including vascular thrombosis, arterial plaque ruptures
and arrhythmias (70). Notably, a clinical study examining seasonal variations in
mortality observed that acute myocardial infarction and stroke mortality rates peak in
January (relative risk ratios: 1.09 and 1.11, respectively) and are lowest in
September (relative risk ratios: 0.90 and 0.91, respectively) (71). Seasonal CVD

mortality may be exacerbated by a lower circulating plasma [nitrite] in the winter; in
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part due to reduced UVA exposure which reduces skin NO production compared to
the summer (72). Although nitrate supplementation was more effective at increasing
plasma [nitrite] in the cooler condition and attenuated cool-induced increases in SBP
in young normotensive adults in the current study, more research is needed to
investigate whether nitrate supplementation in at-risk populations can favourably
modulate cool-induced hypertension and thereby Ilower the incidence of
cardiovascular events and mortality in the winter. This is especially important in the
current unprecedented cost of living and energy crisis, which is particularly

problematic for vulnerable groups in the winter.

Whilst skin temperature, forearm CVC and thermal sensation were not altered after
nitrate supplementation in the cool environment in the current study, it has previously
been reported that nitrate supplementation delays shivering onset time and lowers
the core temperature at which shivering commences in cold environments, possibly
via the resetting of central thermoeffector thresholds (35). Therefore, further
research is required to address the effects of nitrate supplementation on
thermoregulatory responses to different degrees of cold exposure and in different
populations. This is important to improve understanding of whether BP and vascular
health benefits afforded by nitrate supplementation in cool conditions are offset by
impairments in thermal regulation to provide a greater appreciation of the potential
risk:reward ratio of nitrate supplementation in cool environments. It should be
acknowledged that a limitation of the current study is that forearm skin perfusion and
CVC were only assessed in a sub-population (n=5) due to equipment availability and
that further research is required to assess the effects of nitrate supplementation on
different aspects of cardiovascular and thermal function in cool environments.
Moreover, the non-forearm skin CVC responses are unknown which is important
since the hands and feet are imperative for thermoregulation. Lastly, BP is regulated
by numerous complex mechanisms including neural, hormonal, and local factors,

which were not assessed in the current study.

In conclusion, increased SBP during cool air exposure was attenuated after BR
supplementation, but BR supplementation did not significantly lower SBP in
normothermic conditions. BR was therefore only effective at lowering SBP in cool the

condition and this was accompanied by improved dietary nitrate metabolism.

19



638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671

Specifically, SFR was enhanced leading to greater nitrate excretion into the oral
cavity and elevated salivary and plasma [nitrite] after acute BR supplementation in
cool compared to normothermic conditions. These findings may have implications for

attenuating the cardiovascular strain that accompanies acute cool air exposure.
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FIGURE LEGENDS

Figure 1. Salivary nitrate concentration ([NOs’], upper panel) and salivary nitrite
concentration ([NO2], lower panel) at baseline (0 h), 1 h, 2 h and 3 h following
ingestion of nitrate-rich beetroot juice in normothermic (BR-Norm) and cool (BR-
Cool) conditions. The statistical method used was a two-way repeated-measures
ANOVAs with post hoc paired-samples t tests with Holm-Bonferroni adjustment and
are presented as group mean + SD with solid lines representing individual

participants. *denotes difference between BR-Norm and BR-Cool (P < 0.05).

Figure 2. Plasma nitrate concentration ([NO3], upper panel) and plasma nitrite
concentration ([NO2, lower panel) at baseline (0 h) and 3 h following ingestion of
nitrate-rich beetroot juice in normothermic (BR-Norm) and cool (BR-Cool) conditions.
The statistical method used was a two-way repeated-measures ANOVAs with post
hoc paired-samples t tests with Holm-Bonferroni adjustment and are presented as
group mean * SD with solid lines representing individual participants. *denotes
difference between BR-Norm and BR-Cool (P < 0.05).

Figure 3. The change in brachial systolic blood pressure (SBP) from baseline (0 h),

1 h, 2 h and 3 h post ingestion of nitrate-depleted or nitrate-rich beetroot juice in
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normothermic (PL-Norm, BR-Norm) and cool (PL-Cool, BR-Cool) conditions. The
statistical method used was a two-way repeated-measures ANOVA with post hoc
paired-samples t tests with Holm-Bonferroni adjustment. Data are presented as
group mean + SEM. *denotes higher than baseline in PL-Cool (P < 0.05), n=11.
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Table 1. Whole body thermal sensation ratings, mean skin temperature and forearm

skin temperature at baseline, 1, 2 and 3 h and presented as the mean between 1-3 h

following ingestion of nitrate-depleted or nitrate-rich beetroot juice in normothermic

and cool conditions.

PL-Norm BR-Norm PL-Cool BR-Cool
Thermal sensation
Baseline 1+£1 1 1+£1 1+£1
1h 1+ 0+ -4 + 2% -4 + 2%
2h 0z 0£1 -5+2* -5+1*
3h 0+ 0+ -6+ 2*# -5+ 1*#
Mean skin
temperature (°C)
Baseline 32.8+0.6 33.1+04 33.0+04 33.0+04
1h 32.8+04 32.9+04" 28.4 £ 0.5* 28.6 £ 0.5*
2h 32.7+0.3 32.8+04* 28.1 £ 0.5* 28.2 £+ 0.4*
3h 328+0.3 32.8 £ 04" 28.0+x04# 28.0x04*#
Mean 1-3 h 32.8+0.3 32.8+04 28.2 + 0.4# 28.3 £ 0.5#
Forearm skin
temperature (°C)
Baseline 326 +0.7 329+0.3 325+0.7 327105
1h 324+04 327+0.5 27.0+£0.9* 27.2+0.7*
2h 324+0.5 32.6+0.6 26.2 £+ 1.4* 26.9 £ 0.6*
3h 324 +0.5 324 +04* 26.7+0.7"# 26.6 +0.5'#
Mean 1-3 h 324+04 325+0.5 26.6 £ 0.8# 26.9 £ 0.5#

Nitrate-depleted or nitrate-rich beetroot juice ingestion in normothermic (PL-Norm

and BR-Norm) and cool (PL-Cool and BR-Cool) conditions. Data are presented as

group mean = SD. *denotes lower than baseline (P < 0.05). #denotes lower than PL-
Norm and BR-Norm (P < 0.05).



Table 2. Salivary [nitrate] and salivary [nitrite] normalised to salivary flow rate at

baseline and 1, 2 and 3 h and presented as the mean between 1-3 h following

ingestion of nitrate-depleted or nitrate-rich beetroot juice in normothermic and cool

conditions.
PL-Norm BR-Norm PL-Cool BR-Cool

Salivary
[NO;]
(nmol'min™)
Baseline 238 + 194 241 £ 171 251 £ 142 471 £ 616
1h 166 £ 118 5805 + 2829*# 235+ 177 6457 + 3645*#
2h 181 £ 150 6278 + 3817*# 157 £ 100* 6236 + 4136*#
3h 193 £ 176 6116 + 3082*# 169 £ 122* 5442 + 3905*#
Mean 1-3 h 181 £ 138 6132 + 3162# 186 £ 125 6067 + 3832#
Salivary
[NO:]
(nmol'min™)
Baseline 167 £ 150 153 £ 65 221 +192 168 + 122
1h 124 + 121 1134 + 916*# 154 + 139* 1746 + 1170*#~
2h 124 + 96 1073 + 663*# 188 + 331 1762 + 1624*#
3h 135+ 111 1049 + 803*# 166 £ 290 1573 £ 1039*#
Mean 1-3 h 127 £ 105 1103 + 758# 170 £ 254 1699 + 1228#

Salivary nitrate concentration ([NOs1), salivary nitrite concentration ([NO;]), nitrate-

depleted or nitrate-rich beetroot juice in normothermic (PL-Norm and BR-Norm) and

cool (PL-Cool and BR-Cool) conditions. Data are presented as group mean + SD.
*denotes different to baseline (P < 0.05). ~denotes higher than BR-Norm (P < 0.05).
#denotes higher than PL-Norm and PL-Cool (P < 0.05).



Table 3. Skin perfusion and forearm cutaneous vascular conductance at baseline

and 1, 2 and 3 h and presented as the mean between 1-3 h following ingestion of

nitrate-depleted or nitrate-rich beetroot juice in normothermic and cool conditions.

PL-Norm BR-Norm PL-Cool BR-Cool
Skin perfusion (flux)
Baseline 17.26 £8.45  24.26 +9.93 22.64 +9.60 30.24 + 10.36
1h 18.72+9.19  26.72+7.81 11.84 £ 6.34 15.68 + 2.44*
2h 24.30+16.26 27.20 + 14.02 1218 £7.35 15.28 + 2.83*
3h 22.32+9.68 27.14+13.08 10.24 + 2.86 16.44 + 2.92*
Mean 1-3 h 20.54+8.26 25.35+11.84 11.41 £ 4.47 15.46 £ 1.91
Skin perfusion %
change from baseline
1h 14.8 £ 40.6 22.2+558 -34.8 471 -43.6 +19.8
2h 39.2+453 11.7 £ 37.1 -26.2+70.6 -47.0+11.5
3h 41.6 £ 53.0 10.0+25.6 -42.5 + 38.2 -41.0 £ 231
CVC (fluxmmHg™)
Baseline 0.23+0.12 0.31+£0.11 0.30 £ 0.11 0.40+0.12
1h 0.25+0.15 0.35+0.10 0.15+0.08 0.20 £ 0.04*
2h 0.32 £ 0.21 0.34+£0.14 0.15+0.10 0.18 £ 0.03*
3h 0.28+0.13 0.34 +£0.14 0.12 £ 0.04~ 0.19 £ 0.04*
Mean 1-3 h 0.29£0.15 0.34 £ 0.11 0.14 £ 0.05 0.19 £ 0.01
CVC % change from
baseline
1h 17.2+43.8 21.4 + 56.6 -39.3+42.2 -45.8 +19.9
2h 40.3 £ 45.1 10.5+37.8 -36.5 +61.7 -52.7£12.4
3h 41.0 £ 60.7 6.4 £23.9 -50.6 + 33.4 -48.6 +£21.0

Nitrate-depleted or nitrate-rich beetroot juice in normothermic (PL-Norm and BR-
Norm) and cool (PL-Cool and BR-Cool) conditions. CVC defined as flux divided by

mean arterial pressure. Mean arterial pressure was calculated as ([1/3 systolic blood

pressure] / [2/3 diastolic blood pressure]). Data are presented as group mean £ SD.

n=5 for skin perfusion and cutaneous vascular conductance. *denotes lower than
baseline (P < 0.05). ~denotes lower than BR-Cool (P < 0.05).



Nitrate ingestion, blood pressure and cool air exposure. A double-blind, placebo-controlled, randomized, crossover trial
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Nitrate-rich beetroot juice is more effective at increasing plasma [NO,] in cool
compared to normothermic conditions and blunts the rise in systolic blood pressure
following acute cool air exposure. This might have implications for attenuating the
increased cardiovascular strain in the cold.
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