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Abstract

Dietary nitrate (NO3™) ingestion can be beneficial for health and exercise performance. Recently,
based on animal and limited human studies, a skeletal muscle NO3™ reservoir has been suggested
to be important in whole body nitric oxide (NO) homeostasis. The purpose of this study

was to determine the time course of changes in human skeletal muscle NO3™ concentration
(INO3™) following the ingestion of dietary NO3™. Sixteen participants were allocated to either an
experimental group (NIT: n = 11) which consumed a bolus of ~1300 mg (12.8 mmol) potassium
nitrate (KNO3), or a placebo group (PLA: n = 5) which consumed a bolus of potassium chloride
(KCI). Biological samples (muscle (vastus lateralis), blood, saliva and urine) were collected
shortly before NIT or PLA ingestion and at intervals over the course of the subsequent 24 h. At
baseline, no differences were observed for muscle [NO3~] and [NO,™] between NIT and PLA
(P> 0.05). In PLA, there were no changes in muscle [NO3™] or [NO,™] over time. In NIT,
muscle [NO3™] was significantly elevated above baseline (54 £ 29 nmol/g) at 0.5 h, reached a
peak at 3 h (181 + 128 nmol/g), and was not different to baseline from 9 h onwards (£ > 0.05).
Muscle [NO,™] did not change significantly over time. Following ingestion of a bolus of dietary
NO3~ skeletal muscle [NO3™] increases rapidly, reaches a peak at ~3 h and subsequently declines
towards baseline values. Following dietary NO3™ ingestion, human m. vastus lateralis [NO3™]
expressed a slightly delayed pharmacokinetic profile compared to plasma [NO37].
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1. Introduction

Pharmacokinetics studies are important for determining the fate of administered substances
or drugs, and can be broken down into several factors: absorption, distribution, metabolism
and excretion [1]. In human physiology, knowledge of the time course of the uptake of an
ingested substance into a target tissue, such as blood or muscle, is imperative in optimising
the therapeutic or ergogenic effect of that substance, while also minimising the occurrence
of potential adverse events.

Nitrate (NO3™) and nitrite (NO,™) are metabolites related to the production of the signalling
molecule, nitric oxide (NO), which is essential in the maintenance of normal physiological

function, including the regulation of blood pressure [2,3]. The ingestion of inorganic NO3~

in NO3™ -rich food and drink sources augments NO bioavailability and may have important
physiological effects [4,5]. Several studies have described dynamic changes in [NO3™] and

[NO,7] in biological tissues such as saliva [6-8], plasma [9,10 for review see Ref. [11], and
urine [12-14] following dietary NO3™ ingestion or supplementation.

Piknova et al. [15,16] reported that g/uteus maximus muscle [NO3™] was higher than that of
blood and other organs in rodents. The existence of higher [NO3™] in vastus lateralis muscle,
compared to plasma, and its elevation following dietary NO3™ ingestion, has recently been
confirmed in humans [17,18]. It is possible that this relatively high muscle [NO3™] has
functional significance [19]. Skeletal muscle possesses the enzymatic machinery required
for the reduction of NO3™ and NO,™ to NO (i. e., xanthine oxidoreductase, aldehyde
oxidase, sulphite oxidase [16]); and it is possible that skeletal muscle serves as a NO3™~
‘reservoir’ that might be drawn upon when access to dietary NO3™ is restricted [5,15].
However, the time course over which muscle [NO3~] changes following acute dietary NO3~
ingestion, and how this relates temporally and quantitatively to changes in [NO3™] in other
biological compartments (saliva, blood and urine), has yet to be fully investigated.

The purpose of the present study was therefore to describe, for the first time, the
pharmacokinetic profile of human skeletal muscle [NO3~] and [NO,™] over 24 h following
bolus dietary NO3™ ingestion. We hypothesised that skeletal muscle [NO3™] and [NO,™]
would follow a similar profile to that described previously for plasma [9,10], with a peak
value reached 1-3 h post NO3™ ingestion and a subsequent fall back to the pre-ingestion
baseline by 24 h.

2. Methods

The local Research Ethics Committee (Sport and Health Sciences, University of

Exeter) approved this study, which was conducted in accordance with the principles

of the Declaration of Helsinki. Participants provided written informed consent prior to
commencement of the study after the experimental procedures and associated benefits and
risks associated with participation had been explained.
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3. Participants

Participants were ostensibly healthy and free of cardiovascular, respiratory, metabolic

or musculoskeletal diseases or disorders. Exclusion criteria included use of dietary
supplements, blood pressure medication, tobacco smoking, vegan or vegetarian diet, and use
of antibacterial mouthwash. Sixteen individuals were enrolled and successfully completed
the study (Table 1).

4. Experimental design

Participants were allocated into one of two groups in which either a placebo (PLA; n=5
males) or active (NIT; n = 11, 9 males) dietary supplement was ingested. We employed a
parallel group, rather than crossover, experimental design to reduce the number of muscle
biopsies required per participant, recognising that no changes in muscle [NO3™] or [NO,7]
were expected with PLA. After adhering to a prescribed low-NO3™ diet (~20-40 mg NO3~/
day; ~0.004-0.005 mmol/kg) for 24 h, participants attended the laboratory on three separate
occasions within the following 24-h period during which all food and drink was provided.
Fig. 1 illustrates the experimental procedures and the times at which biological tissue
samples were collected. On the day of the experimental visits, participants arrived in a
rested and fasted state at 07:00 a.m. Participants were asked a series of questions related

to adherence to the prescribed diet, body mass measurement was completed and the initial
urine sample was collected. After a 40-min period of rest, a cannula was inserted into

a vein in the antecubital fossa and the initial blood samples were collected. Preparations
for the muscle biopsies were completed and the first muscle tissue sample was collected.
Following this, a low- NO3~ breakfast was provided and, at 09:00 a.m., 140 mL of a drink
containing either 12.8 mmol (~1300 mg) potassium nitrate (KNO3) (NIT) or 12.8 mmol
potassium chloride, providing an equivalent dose of potassium but negligible NO3™ (PLA),
was ingested. All ensuing measurements and sample collections corresponded to the time
of supplement ingestion and occurred at 0.5, 1, 2, 3, 9 and 24 h following ingestion of the
supplement (Fig. 1).

5. Measurements

A total of seven muscle biopsies were collected from the m. vastus lateralis muscle using the
percutaneous Bergstrom needle technique modified for manual vacuum [20]. Immediately
upon collection, the samples were blotted using sterile gauze to remove blood and any
visible adipose tissue. The sample was then placed in liquid nitrogen prior to being stored at
- 80 °C until subsequent analysis.

Venous cannulation (20 g Insyte-WTM cannula; Becton Dickinson, Madrid, Spain) and
venepuncture (BD Safety-Lok Blood Collection Set; Becton Dickson, UK) were used to
collect blood samples from a vein in the antecubital fossa to determine [NO3™] and [NO,7]
in whole blood, red blood cells, and plasma. Blood was drawn into 6 mL vacutainers
pretreated with lithium-heparin (Becton Dickinson, NJ). 800 uL of the whole blood
sample was extracted and inserted into a 1.5 mL Eppendorf containing 200 uL of a

NO,™ preservation solution and thoroughly vortexed prior to freezing in liquid nitrogen.
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Simultaneously two further vacutainers were centrifuged within 30 s of collection at 3300

g for 7 min at 4 °C. Following centrifugation, plasma was aliquoted into Eppendorfs and
placed in liquid nitrogen. 900 pL of red blood cells remaining in the Eppendorf were
subsequently extracted and combined with 100 uL of the NO,™ preservation solution in
separate tubes, vortexed, and placed in liquid nitrogen. The NO,™ preservation solution
consisted of 890.9 mM potassium ferricyanide (KzFe(CN)g), 118.13 mM A-Ethylmaleimide
(NEM), NP-40 (octyl phenoxylpolyethoxylethanol) added in a 1:9 ratio (v/v, NP-40/
solution), and 4.5 mL deionised water (dH20) [15].

Participants collected a sample of urine in a separate container (Kartell™; Milan, Italy) and
this was aliquoted into Eppendorfs and immediately frozen in liquid nitrogen for subsequent
NO3~ and NO,™ analysis.

Saliva sampling occurred at the same time points (Fig. 1) as muscle biopsies and entailed
participants collecting their saliva in a 30 mL tube (Thermo Scientific™ Sterilin™;
Massachusetts, USA) over a 2-min period. The samples were aliquoted into Eppendorfs
and placed in liquid nitrogen before being stored in a — 80 °C freezer.

NO3™ and NO,™ concentration measurements in all biological samples was performed using
ozone-based gas-phase chemiluminescence [21,22]. The initial step for determination of
NO3™ and NO,™ in blood samples was the addition of ice-cold methanol to deproteinize
samples which then underwent centrifugation at 11,000 g for 5 min. Urine and saliva
samples were diluted with deionised water and were centrifuged similarly to plasma
samples. The supernatant was extracted and used in the [NO3™] and [NO,™] quantification
by a Sievers gas-phase chemiluminescence NO analyser (Sievers 280i Nitric Oxide
Analyser, GE Analytical Instruments, Boulder, CO, USA). The analysis of muscle NO3~
and NO5,™ content entailed the preliminary weighing of 15-20 mg muscle which was
subsequently mixed with a NO,™ preservation solution (KsFe(CN)g, A-ethylmaleimide,
water, Nonidet P-40) and homogenized using a bead homogenizer (see Ref. [22]).

6. Statistical analysis

Statistical analyses were performed using the IBM Statistical Package for Social Scientists
(SPSS Version 27, SPSS Inc., Chicago, IL, USA) statistical software. Two-way repeated
measures ANOVAs were used to determine differences in NO3™ and NO,™ concentrations
in plasma, red blood cells, whole blood, saliva, urine and muscle across time (0, 0.5,

1, 2, 3,9 and 24 h post supplement) and between groups (PLA and NIT). Significant

main and interaction effects were analysed further and, where appropriate, least significant
difference (LSD) post hoc tests were applied to identify the point at which significant
differences occurred. Pearson product moment correlation coefficients were used to evaluate
the significance of relationships between changes in plasma and changes in muscle [NO3™]
and [NO3™]. Statistical significance was accepted at 2< 0.05. The results are presented as
mean + standard deviation (SD).
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7. Results

7.1. Baseline muscle, blood, saliva, and urinary [NO3™] and [NO>™]

At baseline, prior to the ingestion of any supplement, no differences were observed for
muscle [NO3~] and [NO,™] between NIT (NO3~, 54 + 29 nmol/g; NO,~, 2.4 + 0.9 nmol/g)
and PLA (NO3~ 56 £ 11 nmol/g; NO,™, 2.5 + 0.6 nmol/g) groups (both 2> 0.05; Fig.

2). Similarly, no between-group differences were observed in [NO3™] and [NO, ] for saliva
(Fig. 3), plasma or whole blood (Fig. 4), or urine (Fig. 5), (all 7> 0.05). Red blood cell
[NO3™] was greater (P< 0.05) for the PLA (14 £ 6 nmol/g) compared to the NIT (7 £ 4
nmol/g) group, but no differences (£ > 0.05) were observed in red blood cell [NO,7] (NIT,
0.08 + 0.05 nmol/g; PLA, 0.08 £ 0.03 nmol/g), (Fig. 4).

When considered across both NIT and PLA groups (n = 16), no differences (P> 0.05) were
observed between baseline skeletal muscle [NO3™] (55 + 25 nmol/g) and plasma [NO3™]
(63 + 38 nmol/g), but muscle [NO,™] (2.5 £ 0.8 nmol/g) was ~12-fold greater than plasma
[NO>7] (0.2 £ 0.1 nmol/g) (P< 0.05). Plasma [NO37] (63 = 38 nmol/g; n = 16) was
~2.5-fold greater than whole blood [NO37] (25 = 15 nmol/g, £< 0.01), and ~7-fold greater
than red blood cell [NO3™] (9 £ 6 nmol/g, A< 0.001). In contrast, plasma [NO,7] (0.2 £ 0.1
nmol/g) was not different from whole blood [NO,7], (0.3 £ 0.2 nmol/g, £=0.06), but both
were greater than red blood cell [NO,7] (0.1 £ 0.04 nmol/g, both £< 0.001).

7.2. Effect of dietary NO3™ ingestion on muscle, blood, saliva, and urinary [NO3™] and

[NO2T]

No changes in muscle, blood, saliva or urinary [NO3~] or [NO5~] were observed across
time in the PLA group (all A> 0.05; Figs. 2-5). In contrast, following NO3™ ingestion,
[NO3™] and/or [NO,™] changed with time in all tissues assessed. Muscle [NO3™] and [NO>™]
values during the 24 h measurement period are presented in Fig. 2. Muscle [NO3™] was
significantly greater than baseline at 0.5 h (119 £ 49 nmol/g), increased ~3-fold (181 + 128
nmol/g) to its peak at 3 h, and was not different to baseline from 9 h (£>0.05) onwards. No
significant changes in muscle [NO,~] were observed (all £> 0.05).

Plasma [NO3~] and [NO,™] across the 24 h period are presented in Fig. 4. Plasma [NO3™]
was significantly greater than baseline at 0.5 h (351 + 126 nmol/g), increased ~8-fold (514 +
122 nmol/g) to its peak at 2 h, remained elevated at 9 h (230 £ 42 nmol/g, P< 0.05), and was
not different from baseline at 24 h (88 + 16 nmol/g, 2> 0.05). Plasma [NO,~] was greater
than baseline at 1 h (0.3 £ 0.1 nmol/g, £< 0.05), attained its peak at 3 h (0.6 £ 0.3 nmol/g),
and was not different from baseline at 24 h (0.2 £ 0.1 nmol/g, £> 0.05). Saliva [NO3~] was
significantly increased above baseline from 0.5 h to 9 h (all A< 0.05; Fig. 3). Both whole
blood [NO3™] and [NO,7], red blood cell [NO3™] and saliva [NO,~] were elevated above
baseline across the 24 h period (all < 0.05; Figs. 3 and 4). No significant increases were
observed in red blood cell [NO5 7], although there was a tendency towards an increase above
baseline at 0.5 h (P=0.09) and 2 h (P=0.05). Urinary [NO3~] was increased above baseline
from 1 hto 9 h (all £<0.05), and urinary [NO,™] tended to be higher at 1 h (P=0.08), was
greater than baseline at 3 h and 9 h (both A< 0.05), and was not different from baseline at 24
h (P> 0.05; Fig. 5).
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The ratios between plasma and muscle [NO3™] and [NO,™] across time are presented in
Fig. 6. At baseline, the plasma/muscle [NO3™] ratio was close to unity, indicating no clear
muscle-to-blood or blood-to-muscle gradient, whereas the plasma/muscle [NO,™] ratio was
~0.1, indicating that [NO,™] is substantially higher in muscle than blood. No changes

were observed in the plasma/muscle [NO3™] ratio in PLA (P> 0.05). In NIT, following
supplementation, the plasma/muscle [NO3™] ratio was significantly greater than baseline
(1.3£0.7) at 0.5 h (3.3 £ 1.3), attaining its peak at 2 h (4.6 £ 2.4), and returning to baseline
at 24 h (P> 0.05). No changes were identified in the plasma/muscle [NO,] ratio in PLA (P
> 0.05). In NIT, the plasma/muscle [NO,™] ratio was significantly elevated at 2 h (0.2 £ 0.1
a.u.), reached its peak at 3 h (0.3 + 0.2 a.u.) and remained elevated at 24 h (0.1 + 0.1 a.u.),
compared to baseline (all < 0.05).

There was no significant correlation between plasma and muscle [NO3™] at baseline (r
=0.13; P> 0.05). However, the percentage change in plasma [NO3™] was significantly
correlated with the percentage change in muscle [NO3™] at 0.5, 1, 2, and 9 h following NO3™~
ingestion (r = 0.52-0.70; < 0.05). Similarly, there was no significant correlation between
plasma and muscle [NO,™] at baseline (r = 0.48; £> 0.05) but the percentage change in
plasma [NO,™] was significantly correlated with the percentage change in muscle [NO,™] at
1, 2, 3 and 9 h following NO3™ ingestion (r = 0.58-0.78; P> 0.05).

The changes in muscle, plasma, saliva, and urinary [NO3~] and [NO,~] across time relative
to their respective baseline are presented in Fig. 7. At 1 h post NO3™ ingestion, the change

in [NO3™] was significantly greater for plasma (+815 + 426%) compared to muscle (+225

+ 153%, P> 0.001) and urine (+400 * 386%, ~> 0.001), but was not different from saliva
(+686 £ 455%, P> 0.05). At 3 h, urinary [NO3™] had increased further from baseline (+618
+ 469%) and was not different from plasma (+799 + 397%), saliva (+492 + 327%) or muscle
(+328 £ 414%) (all P> 0.05). At 9 h, plasma [NO3~] remained elevated above baseline
(+341 £ 185%) (P> 0.05) and was significantly higher than muscle (+68 + 96%), but was
not different from saliva (+214 + 245%) and urine (+624 + 598%) (both ~> 0.05). At

24 h, there was no difference in the relative change from baseline in any of the variables
except for between plasma and muscle (P> 0.05). The change in saliva [NO,™] was greater
than for all other samples across all measurement time points (2> 0.05). Both plasma and
muscle [NO,~] were greater than baseline 1-3 h following NO3™ ingestion, and there were
no differences between these tissues at any time (all > 0.05). Urinary [NO,™] was greater
than baseline at 3 and 9 h post supplementation (P < 0.05), and the magnitude of change was
greater than observed for both muscle and plasma.

8. Discussion

The effects of dietary NO3™ supplementation on physiological responses (e.g., blood
pressure and exercise performance) are complex and highly variable between individuals
[11,23]. The efficacy of NO3~ supplementation is often evaluated in relation to the
magnitude of elevation in plasma [NO3™] and [NO5™]. However, NO3™ metabolism

is a dynamic process involving the transport of NO3™ and NO,™ between biological
compartments, and a more complete understanding of the biological fate of the ingested
NOj3™, and its functional consequences, requires concurrent consideration of NO3™ and
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NO,~ pharmacokinetics in numerous tissues (e.g., saliva, blood, skeletal muscle, urine). It
has been reported that rodent muscle has a relatively high [NO3™] [15,16], and that this
NOg3™ reservoir is highly sensitive to the NO3™ content of the diet [24]. However, further
studies in rodents showed non-uniform distribution of NO3™ over different skeletal muscle
groups [25,26], which complicates the originally formulated simple hypothesis that declared
skeletal muscle to be a whole body NO3™ reservoir [15]. The primary purpose of the present
investigation was to characterize, for the first time, the pharmacokinetic profile of human
vastus lateralis muscle [NO3™] and [NO, 7] following bolus ingestion of dietary NO3™.
Consistent with our hypothesis, we found that skeletal muscle [NO3™] was significantly
increased above baseline at 0.5 h, reached its peak at ~3 h, remained elevated for ~9 h and
then returned to baseline 24 h after NO3™ ingestion. In contrast, muscle [NO,~] was not
significantly elevated following NO3™ ingestion.

8.1. Time course of nitrate elevation in biological tissues

With the exception of urine, the pharmacokinetic profiles of NO3™ elevation in the
biological tissues we sampled were broadly similar, with a rapid elevation leading to peak
concentration at 1-3 h, followed by a slower decline thereafter, and a return to baseline at
24 h following NO3™ ingestion. These profiles, which are illustrated as a percentage change
from baseline in Fig. 7, indicate that the time-to-peak concentration occurs in saliva at ~1 h,
in plasma at ~2 h, in muscle at ~3 h, and in urine between 3 and 9 h.

Our results for saliva, plasma and urine are consistent with previous reports
[10,11,13,14,27,28]. However, a novel finding of the present study is the rapid uptake of
NOj3™ into skeletal muscle, which was evident at 0.5 h following the ingestion of an acute
bolus of KNO3. This highlights the speed with which NO3™ is absorbed from the intestine
into the bloodstream, transported to other tissues, and sequestered from the circulation into
storage sites including muscle [19]. This process may be facilitated via the actions of sialin,
a protein involved in the active transport of NO3™ [29], which has been demonstrated to be
present in skeletal muscle [18,30]. The change in muscle [NO3~] was correlated with the
change in plasma [NO3~], consistent with the existence of blood to muscle NO3™ exchange
following NO3™ ingestion.

Two previous studies have measured [NO3™] in human skeletal muscle following dietary
NOj3™ ingestion but with more limited temporal resolution. Nyakayiru et al. [17] reported
that vastus lateralis muscle [NO3™] was significantly elevated in type Il diabetes mellitus
patents at 2, 4, and 7 h, following the ingestion of ~12 mmol NaNO3™. Similarly, Wylie

et al. [18], reported that vastus lateralis muscle [NO3™] was significantly increased at 2 h
post ingestion of beetroot juice containing 12.8 mmol NO3™. In the present study, muscle
[NO3™] approximated 40-50 nmol/g at baseline and was elevated to a peak of ~180 nmol/g
following NO3™ ingestion (Fig. 2). These values are similar to those reported by Nyakayiru
et al. [17] but considerably lower than those reported by Wylie et al. [18]. It is notable that in
all three studies, the influence of dietary NO3™ ingestion on muscle [NO3™] is qualitatively
similar (i.e., a 4-5 fold increase in [NO3™]) despite the considerable differences in absolute
concentrations reported between laboratories, which may be related in part to factors such
as diet, age and physical activity levels. The measurement of [NO3™] in muscle is both
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relatively new and technically challenging, and experimental techniques continue to evolve
[26].

To our knowledge, this is the first study in any species to determine the time course

of [NO3™] changes in plasma, red blood cells and whole blood following dietary NO3~
ingestion. Interestingly, the time-to-peak [NO37] in red blood cells and whole blood
occurred at 3 h, which was slightly later than in plasma and may suggest a slight lag in

the entry of NO3™ into the red cell from the plasma. However, it should be noted that
although the absolute increase and time-to-peak [NO3™] differed in plasma, red blood cells
and whole blood, the values were not significantly different between 1 and 3 h following
NOj3™ ingestion (Fig. 4).

The time course of changes in urine [NO3™] differed from the pattern observed in the other
compartments, reflecting delayed dynamics for the excretion of NO3™. The results indicate
that urine [NO3~] was significantly increased 1 h post NO3™ ingestion and remained elevated
for 9 h before returning to baseline at 24 h. These results are consistent with previous
literature [12-14,28]. It has been reported that up to 75% of ingested NO3™ is ultimately
expelled in the urine [31]. The sustained elevation of urinary [NO3~] indicates that the

body is still expelling significant quantities of NO3™ 9 h following NO3™ ingestion and is
consistent with the earlier decrease in [NO3~] in blood and muscle.

8.2. Time course of nitrite elevation in biological tissues

NO,™ is an important ion in NO metabolism, being both the product of NO oxidation and
the precursor to NO formation depending on the prevailing physiological milieu [32,33].
Following dietary NO3™ ingestion, salivary [NO,™] was significantly increased at 0.5 h,
reached peak values between 1 and 3 h, and remained elevated above baseline for 24 h.
Salivary [NO3™] and [NO,™] changes displayed similar temporal dynamics. In contrast, the
change in plasma [NO,7], including time-to-peak concentration, was delayed compared to
changes in plasma [NO37], in accordance with previous reports [9-11,14]. This sequence
of events is consistent with the existence of an enterosalivary pathway by which ingested
NOj3™ that enters the bloodstream is concentrated in the salivary glands and reduced to
NO,~ via the action of anaerobic bacteria in the oral cavity [34]. This NO5™ is subsequently
swallowed, contributing to an increased circulating blood [NO,™], and may in turn be
reduced to NO under certain physiological conditions such as tissue hypoxia [35,36].
Urinary [NO,™] evidenced a different time course to that of other biological compartments,
being significantly increased at 3 h and 9 h before returning to baseline at 24 h following
NO3™ ingestion.

There was no significant increase in skeletal muscle [NO,™] at any time point following
NO3™ ingestion, although appreciable measurement and inter-individual variability may have
obscured the existence of a true difference, at least at 3 h (see Fig. 2B). Similarly, Wylie et
al. [18] found that muscle [NO,™] was elevated 3-fold by NO3™ ingestion but this increase
was also non-significant. Nyakayiru et al. [17], due to their extraction protocol, were unable
to detect NO,™ in their muscle samples. Overall, it appears that dietary NO3™ ingestion does
not consistently or appreciably increase muscle [NO5™] in humans. This is in contrast to
rodents in which dietary NO3~ supplementation significantly elevated both muscle [NO3™]
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and [NO,7] [24]. Muscle NO3™ and NO5™ is likely only reduced to NO “on demand’

and thus differences in the degree of activity between species may be important (i.e., the
participants in our study were mainly confined to bed rest whereas the rats in earlier studies
were able to move freely around their cages). It is also possible that there is a species-related
difference in the activity of xanthine oxidoreductase (the main native mammalian nitrate
reductase, and also nitrite reductase) in rodents and humans. It is worth noting that there are
challenges to the sensitive measurement of small concentrations of NO,™ in the relatively
small muscle biopsy samples that can be harvested in human volunteers compared to

the whole muscles which are excised and analysed in rodent studies [26]. However, the
possibility of genuine inter-species difference in muscle [NO,~] should be also considered
and further explored [19].

8.3. Plasma to muscle ratios for nitrate and nitrite

The plasma/muscle [NO3™] ratio at baseline was approximately 1, indicating a similar
concentration in these two tissues. This contrasts with the two previous studies in humans,
both of which reported a higher baseline [NO3™] in vastus lateralis muscle compared

to plasma [17,18], and also with several investigations in rat gluteus maximus [15, 16].
Following dietary NO3™ ingestion, the plasma/muscle [NO3™] ratio widened, indicating a
relatively greater increase in plasma compared to muscle [NO37], results which are also
consistent with previous studies regardless of the muscle used [17,18,24]. Our results

for the plasma/muscle [NO, ] ratio are, however, consistent with Wylie et al. [18], with
both studies showing higher muscle compared to plasma [NO,~] both at baseline and
following NO3™ ingestion, despite a greater relative change in plasma [NO,7]. It is possible
that this difference has functional significance: skeletal muscle possesses the enzymatic
machinery required for nitrite reduction to NO (i.e., xanthine oxidoreductase, aldehyde
oxidase, sulphite oxidase [16]), and the presence of high NO,™ availability may therefore be
functionally more important than high NO3™.

It has been speculated that skeletal muscle serves as a NO3™ store or reservoir which can

be drawn on to support NO metabolism in other regions of the body, perhaps especially in
situations when dietary NO3™ intake is limited or the need for NO is suddenly increased
[5,15,19]. This hypothesis was formulated on the basis of reports that skeletal muscle
[NO37] is appreciable higher than plasma [NO37] such that there is a muscle-to-blood
gradient for NO3™ [15,18] and that muscle [NO3™] not only increases following dietary
NO3™~ supplementation but also falls when dietary NO3™ is restricted [24,25]. The results
of the present study challenge the original formulation of this proposal by showing that
human vastus lateralis muscle [NO3™] was not higher than plasma [NO3™] either at baseline
or following dietary NO3~ supplementation. Moreover, there was no evidence in the present
study that NO3~ is stored for any longer in human muscle than in blood, with both tissues
returning to baseline [NO3™] values at 24 h following dietary NO3™ ingestion.

It is important to note that recent studies indicate substantial differences in [NO3™]
between different skeletal muscles in the rat with the gluteus maximus having the highest
concentration [19]. In the present study with human volunteers, we only obtained a muscle
biopsy from the vastus lateralis and it is not known whether differences in [NO3™] exist
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between different muscles in humans. This apparent paradox between earlier animal studies
and human studies highlights the hazards of inter-species comparisons when formulating
hypotheses. However, it is not inconceivable that the preferred storage forms for NO

differ between species, owing perhaps to differences in the capacity for NO3™ and/or

NO,™ reduction, and/or that, compared to rodents, humans rely relatively more on nitrite,
S-nitrosothiols or some other mediator for NO production. In this respect, in humans, a
muscle-to-blood NO,™ gradient might potentially serve a similar role to the muscle-to-blood
NOj3™ gradient previously identified in rodents [16]. The hypothesis that human skeletal
muscle serves as a whole-body NO3™ reservoir requires further study.

8.4. Experimental considerations and implications

This study was designed to ascertain the time course, including the time-to-peak
concentration, of skeletal muscle [NO3~] and [NO,™] following the acute ingestion of 12.8
mmol NO3™ and to relate it to the time course of [NO3™] and [NO,™] in other biological
compartments (saliva, blood (including plasma, red cells and whole blood), and urine). One
strength of this study was that the diet and physical activity of the participants was carefully
controlled. For the 24 h preceding the experiment and during the experiment, participants
were provided with a low NO3™ (~30 mg) diet, which was designed using a custom-made
database (Nick McMahon, personal communication). This enabled better isolation of the
specific physiological response to the acute ingestion of NO3™ during the experiment as
well as attenuating variability between participants at baseline. Participants remained in bed
(either in a supine or seated position) for the majority of the initial 9 h sample collection
period, with restrictions placed on the amount of movement individuals were allowed to
complete. This meant that it was possible to remove the potential unknown consequence

of movement on the pharmacokinetic response to NO3™ ingestion. It should be considered,
however, that these restrictions on diet and physical activity may not reflect the typical ‘real
world’ situation, in particular with regard to NO3™ to NO,™ conversion.

In the present study, participants received an acute bolus of KNO3 when previously we
have administered NO3™ via beetroot juice [18]. It is possible that tissue NO3™~ uptake might
differ between these different sources with the other bioactive components in beetroot juice
facilitating a greater retention of NO3™ and greater conversion of NO3™ to NO,™ [11,37].

One limitation to the present study was the number of muscle biopsies donated by

the participants, which we restricted to seven. While this provided good granularity in
describing the time course of muscle NO3™ loading and retention, especially in the first 3

h following NO3™ ingestion, the lack of measurements made between 3 h and 9 h means
that we cannot exclude the possibility that peak muscle [NO3~] and [NO,~] was reached at
a later time than 3 h. The requirement to limit the number of muscle biopsies also meant
that we were unable to explore the dose-response relationship between the quantity of NO3™
ingested and the pharmacokinetics of tissue concentration changes. The focus of our study
was on muscle [NO3™] and [NO,™] pharmacokinetic profiles following acute bolus ingestion
of NO3™, and the influence of chronic NO3™ supplementation (i.e. daily NO3™ ingestion) on
muscle NO3™ and NO,~ retention, and plasma/muscle [NO3™] and [NO,™] ratios, remains to
be determined.
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We harvested muscle tissue via needle biopsy from the m. vastus lateralis because this

is a relatively safe and convenient procedure in humans. However, it is possible that, as

for rodents [19], there are differences in [NO3™] and [NO,™] between human muscles,
possibly as a consequence of differences in the predominant muscle fiber type. At rest, blood
flow is higher to rat skeletal muscles that are comprised predominantly of type I fibers
(slow-twitch; e.g., soleus) compared to type 11 fibers (fast-twitch; e.g. biceps femoris) [38]
and differences in blood flow and NO3™~ delivery might be expected to impact muscle NO3~
uptake. Differences in the properties of type | and type Il muscle, including with regard

to O, delivery and the propensity for oxidative metabolism and fatigue development, have
also been suggested to be relevant to the efficacy of NO3™ supplementation for enhancing
exercise performance [39,40]. The human vastus lateralisis a mixed muscle containing
~42% type | fibers [41] but there are substantial differences in muscle fiber typology

and metabolic properties across other human muscles that might potentially impact NO3™~
storage. At the present time, it is not possible to discern whether differences between the
results of the present study in humans and previous studies in rodents reflect genuine inter-
species differences or methodological factors including the characteristics of the muscles
sampled.

It is presently unknown whether the potential ergogenic effects of dietary NO3™
supplementation are more strongly related to increased muscle or blood [NO3™] and
[NO,7]. However, the results of this study indicate that peak [NO3™] and [NO,™] in both
compartments are reached at ~3 h following NO3™ ingestion. This suggests high nitrate flow
between blood and muscle compartments and enables estimation of the time at which peak
muscle [NO3™] is reached following NO3™ ingestion. Assuming that ergogenic effects are
more likely to arise when NO bioavailability is at its highest, the present results support

the current recommendation to ingest NO3™ approximately 3 h prior to the performance of
exercise [5].

In summary, the present study provides the first comprehensive description of changes in
skeletal muscle [NO3~] and [NO,~] following acute dietary NO3~ ingestion. We show that
muscle [NO3™] rises rapidly (within 0.5 h) and reaches a peak at ~3 h before declining to
the initial baseline within 24 h. The dynamics of muscle NO3™ loading are slightly slower
than saliva and blood, and faster than urine. While muscle [NO3~] was significantly elevated
following NO3™ ingestion, the rise in muscle [NO,™] was not statistically significant, in part
due to appreciable measurement variability. Unlike some previous studies, we did not find
that muscle [NO3~] was higher than blood [NO3™] at baseline or at any other time point
following NO3™ ingestion, challenging the previously formulated hypothesis that human
skeletal muscle serves as a NO3™ reservoir, at least in the case of m. vastus lateralis.
However, [NO,™] was appreciably higher in muscle than blood, raising the possibility that,
in humans, a muscle NO,™ ‘store” and/or a muscle-to-blood NO,™ gradient may have
functional significance.
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Fig. 1.

Schematic of experimental procedures and timings of measurement and sample collection.
The “J” refer to the time-points at which each measurement was taken and the closed circle
‘@’ illustrates the ingestion of a single bolus of either a potassium nitrate (NIT: 12.8 mmol,

~1300 mg KNQO3) or placebo (PLA) supplement.
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Fig. 2.

Mean + SD skeletal muscle nitrate concentration ([NO37]; Panel A) and nitrite
concentration (NO,™; Panel B) prior to and following the ingestion of either a potassium
nitrate (NIT: 12.8 mmol, ~1300 mg KNO3) or placebo (PLA) supplement over a 24-h
period. No significant (P>0.05) differences were observed in the PLA group over time.
Significant differences (P < 0.05) between groups are shown with “*’. In the NIT group,

‘a’ = significant difference when compared to baseline (0 h), ‘b’ = significant difference
when compared to 0.5 h, ‘c’ = significant difference when compared to 1 h, ‘d’ = significant
difference when compared to 2 h, ‘e’ = significant differences when compared to 3 h, and
‘f* = significant difference when compared to 9 h following NO3™ ingestion. Open triangles
(&) represent the NIT group and closed triangles (A) represent the PLA group. See text

for further information. To exemplify the inter-individual variability in response, the inset
figures show the individual participant responses between 0 and 3 h.

Nitric Oxide. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kadach et al.

Page 17

>

50000

40000

30000

20000

10000

Saliva [NO3'] (nmol/g)

4500

3750

3000

2250

1500

Saliva [NO,'| (nmol/g)

750

Ui o |
0123 9 24
Time (h)

Fig. 3.

Mgan + SD salivary nitrate concentration ([NO37]; Panel A) and nitrite concentration
(INO,7]; Pand B) prior to and following the ingestion of either a potassium nitrate (NIT:
12.8 mmol, ~1300 mg KNO3) or placebo (PLA) supplement over a 24-h period. No
significant (P>0.05) differences were observed in the PLA group over time. Significant
differences (P < 0.05) between groups are shown with “*’. In the NIT group; ‘a’ =
significant difference when compared to baseline (0 h), ‘b’ = significant difference when
compared to 0.5 h, ‘c’ = significant difference when compared to 1 h, ‘d’ = significant
difference when compared to 2 h, ‘e’ = significant difference when compared to 3 h, and
‘f* = significant difference when compared to 9 h following NO3™ ingestion. Open triangles
(&) represent the NIT group and closed triangles (A) represent the PLA group. See text for
further information.

Nitric Oxide. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kadach et al.

>

Whole Blood [NO;'| (nmol/g) Plasma [NO;'| (nmol/g)

Red Blood Cells [NO3'| (nmol/g)

1200

e

(=3

=l
1

&

=3

S
1

600

-

=3

<
1

53

=3

<
1

Time (h)

=]

—

h

=
]

—

=3

>
1

n
<
1

=

Time (h)

Time (h)

Fig. 4.

o]

Whole Blood| NO,'| (nmol/g) Plasma [NO,’] (nmol/g)

Red Blood Cells [NO,] (nmol/g)

Page 18

2.0
*
1.5 a
* b ki b
C a
- a [
1.0 d b d
c d e
e
054 a )
Tr-t-t 1 $
0.0 717171 T 1
0123 9 24
Time (h)
2.0
o a
1.5 b
a® d
1.0 b d e
c € £
0.5 Lu/d\l,\_’
11 1 1
0.0-T1TT T 1
0123 9 24
Time (h)
0.20
0.15+
0.10- M y
sos {11 TT l
0.00=7 71T T 1
0123 9 24
Time (h)

Mean + SD plasma nitrate concentration ([NO3~]; Panel A) and nitrite concentration (NO,™;
Panel B), whole blood [NO3™] (Panel C) and [NO,™] (Panel D), and red blood cell [NO37]
(Panel E) and [NO,™] (Panel F) prior to and following the ingestion of either a potassium

nitrate (NIT: 12.8 mmol, ~1300 mg KNO3) or placebo (PLA) supplement over a 24-h

period. No significant (P>0.05) differences were observed in the PLA group over time.
Significant differences (P < 0.05) between groups are shown with **’. In the NIT group,

‘a’ = significant differences when compared to baseline (0 h), ‘b’ = significant difference
when compared to 0.5 h, ‘c’ = significant difference when compared to 1 h, ‘d’ = significant
difference when compared to 2 h, ‘e’ = significant difference when compared to 3 h, and

“f* = significant difference when compared to 9 h following NO3™ ingestion. Open triangles
(&) represent the NIT group and closed triangles (A) represent the PLA group. See text for

further information.
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Fig. 5.
Mean + SD urinary nitrate concentration ([NO3~]; Panel A) and nitrite concentration (NO,™;

Panel B) prior to and following the ingestion of either a potassium nitrate (NIT: 12.8
mmol, ~1300 mg KNO3) or placebo (PLA) supplement over a 24-h period. No significant
(P>0.05) differences were observed in the PLA group over time. Significant differences (P
< 0.05) between groups are shown with “*’. In the NIT group, ‘a’ = significant differences
when compared to baseline (0 h), ‘b’ = significant difference when compared to 1 h, ‘c’

= significant difference when compared to 3 h, ‘d’ = significant difference when compared
to 9 h following NO3™ ingestion. Open triangles (A) represent the NIT group and closed
triangles (A) represent the PLA group. See text for further information.

Nitric Oxide. Author manuscript; available in PMC 2022 April 01.



1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

1duosnuen Joyiny

Kadach et al.

Page 20

A
10—
,g * * * *
«
Z s | lIa | —
o"’ b
E_ 6 a a a a o
- d
9
72} €
= 4+
g f
«<
g 2+
S
A
0.0 0.5 1.0 2.0 3.0 9.0 24.0
Time (h)
B
.9 0.8 % a
= 1 b
[~ C a
=~ 0.67 d b
=
z : ¢
= 0.4+ b
4 €
= c F
=
< -
z 0.2
=
: "Hir
0.0- T 1 T T T T
0.0 0.5 1.0 2.0 3.0 9.0 24.0
Time (h)
Fig. 6.

Mean + SD plasma/muscle nitrate concentration ([NO3™]) ratio (Panel A) and plasma/
muscle nitrite concentration ([NO,™]) ratio (Panel B) prior to and for the 24-h following
the ingestion of either a potassium nitrate (NIT: 12.8 mmol, ~1300 mg KNO3) or placebo
(PLA) supplement. Significant differences (P < 0.05) between the NIT and PLA group

are illustrated with “*’. For NIT, ‘a’ = significant difference when compared to 0 h, ‘b’ =
significant difference when compared to 0.5 h, ‘c’ = significant difference when compared
to 1 h, ‘d” = significant difference when compared to 2 h, ‘e’ = significant difference when
compared to 3 h, and ‘f’ = significant difference when compared to 9 h following NO3~
ingestion. Open symbols represents the NIT group and closed symbols represent the PLA

group.
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Time (h)

The relative change compared to baseline (%A) in nitrate concentration ([NO3™]; Panel A)
and nitrite concentration (NO,™; Panel B) in different biological compartments for 24-h
following the acute ingestion of a bolus of potassium nitrate (NIT: 12.8 mmol, ~1300 mg
KNOs3) or placebo (PLA). For clarity of visualisation, only group mean responses are shown.
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Characteristics of participants and groups that completed the study.

Table 1

Group Sex Age(y) Height(m) Body Mass(kg)
Active (NIT)  Male (n=9) 24+4  179+007 81.3x17
Female (n=2) 22+3 167+0.04 57.6+6.2
Total (n=11) 23+4 177+0.08 765+17.3
Placebo (PLA)  Male (n = 5) 25+6 1.78+0.06 73.1%6.8
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