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Key points

� Nitric oxide (NO), a potent vasodilator and a regulator of many physiological processes, is
produced in mammals both enzymatically and by reduction of nitrite and nitrate ions.

� We have previously reported that, in rodents, skeletal muscle serves as a nitrate reservoir, with
nitrate levels greatly exceeding those in blood or other internal organs, and with nitrate being
reduced to NO during exercise.

� In the current study, we show that nitrate concentration is substantially greater in skeletal
muscle than in blood and is elevated further by dietary nitrate ingestion in human volunteers.
We also show that high-intensity exercise results in a reduction in the skeletal muscle nitrate
store following supplementation, likely as a consequence of its reduction to nitrite and NO.

� We also report the presence of sialin, a nitrate transporter, and xanthine oxidoreductase in
human skeletal muscle, indicating that muscle has the necessary apparatus for nitrate transport,
storage and metabolism.

Abstract Rodent skeletal muscle contains a large store of nitrate that can be augmented by the
consumption of dietary nitrate. This muscle nitrate reservoir has been found to be an important
source of nitrite and nitric oxide (NO) via its reduction by tissue xanthine oxidoreductase.
To explore if this pathway is also active in human skeletal muscle during exercise, and if it is
sensitive to local nitrate availability, we assessed exercise-induced changes in muscle nitrate and
nitrite concentrations in young healthy humans, under baseline conditions and following dietary
nitrate consumption. We found that baseline nitrate and nitrite concentrations were far higher
in muscle than in plasma (�4-fold and �29-fold, respectively), and that the consumption of a
single bolus of dietary nitrate (12.8 mmol) significantly elevated nitrate concentration in both
plasma (�19-fold) and muscle (�5-fold). Consistent with these observations, and with previous
suggestions of active muscle nitrate transport, we present western blot data to show significant
expression of the active nitrate/nitrite transporter sialin in human skeletal muscle. Furthermore,
we report an exercise-induced reduction in human muscle nitrate concentration (by �39%), but
only in the presence of an increased muscle nitrate store. Our results indicate that human skeletal
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muscle nitrate stores are sensitive to dietary nitrate intake and may contribute to NO generation
during exercise. Together, these findings suggest that skeletal muscle plays an important role in
the transport, storage and metabolism of nitrate in humans.

(Received 3 April 2019; accepted after revision 22 July 2019; first published online 27 July 2019)
Corresponding author A. M. Jones: University of Exeter, Heavitree Road, Exeter EX1 2LU, UK.
Email: a.m.jones@exeter.ac.uk

Introduction

Nitric oxide (NO) is a ubiquitous mammalian signalling
molecule intricately involved in processes such as
blood flow regulation, neurotransmission, and muscular
contractions (Gaskell et al. 1880; Cannon et al. 2001;
Sarelius & Pohl, 2010; Copp et al. 2013; Garthwaite,
2019). In mammals, NO is generated by the oxygen
(O2)-dependent conversion of arginine to citrulline by
the NO synthase (NOS) enzyme family (Förstermann
& Münzel, 2006; Förstermann & Sessa, 2012), and
via the reduction of nitrite by deoxy-haem proteins,
mainly deoxyhaemoglobin and deoxymyoglobin (Cosby
et al. 2003; Gladwin et al. 2005; Lundberg et al. 2008;
van Faassen et al. 2009) or molybdopterin-containing
enzymes, xanthine oxidoreductase (XOR) or aldehyde
oxidase (AO) (Li et al. 2008). Nitrite is derived from
the reduction of nitrate by commensal bacteria residing
in the oral cavity (Govoni et al. 2008; Kapil et al.
2013), and, as only recently shown, by mammalian tissue
nitrate reductases (Jansson et al. 2008; Piknova et al.
2016b). Therefore, nitrate, which can be endogenously
produced by the oxidation of NOS-derived NO and nitrite
(Lundberg et al. 2008), generated directly by NOS enzymes
during the ‘futile’ cycle (Stuehr et al. 2004; Haque et al.
2013), or enter the body via the diet (Hord et al. 2009),
should be seen as an important source of NO.

Recent research suggests that skeletal muscle may play a
central role in the production, storage and metabolism of
nitrate. The concentration of nitrate in skeletal muscle
has been found to be far greater than in blood or
other organs in rodents (Piknova et al. 2015, 2016b) and
humans (Nyakayiru et al. 2017). Based on experiments
with the NOS1 (neuronal NOS) knock-out mouse and
NOS inhibition in rats, a large portion of the basal nitrate
reservoir in rodents was found to be produced by NOS
(Haque et al. 2013; Piknova et al. 2015). However, it is also
clear that the nitrate store is significantly elevated after the
consumption of dietary nitrate, in both rodents (Gilliard
et al. 2018) and in diabetic older humans (Nyakayiru et al.
2017).

Continuous NO generation is essential in resting and
contracting skeletal muscle due to its role in mitochondrial
respiration, glucose uptake, force production and
functional hyperaemia (Stamler & Meissner, 2001;
McConell et al. 2012). Acute oral treatment with nitrate,

as a precursor of NO, restores sympatholysis and
improves post-exercise hyperaemia in patients with Becker
muscular dystrophy (Nelson et al. 2015; for review see
Dombernowsky et al. 2018). It was recently discovered that
rodent skeletal muscle tissue is capable of nitrate-to-nitrite
reduction, in a reaction catalysed predominantly by XOR
(Piknova et al. 2015, 2016b). Moreover, exercise-induced
reductions in rodent skeletal muscle nitrate (and trans-
ient increases in nitrite) indicate that this pathway
may be important for NO supply during exercise, a
situation in which NOS function is likely impaired by the
accompanying fall in pH and O2 availability (Lundberg
et al. 2008; Black et al. 2017). The presence of XOR in
human skeletal muscle (Hellsten-Westing, 1993) implies
that this nitrate–nitrite pathway may be active and
important in humans as well as in rats (Piknova et al.
2016b). If present in human tissues, this pathway may
be implicated in the positive effects of dietary nitrate
consumption on skeletal muscle contractile function
(Bailey et al. 2010; Haider & Folland, 2014; Coggan et al.
2015; Coggan & Peterson, 2018) and exercise performance
(see Jones et al. 2018, for review).

In the present study, we utilize analytical procedures
previously used to measure nitrate and nitrite ions in
rodent skeletal muscle tissue (Piknova et al. 2015) to
explore skeletal muscle nitrate storage and metabolism
in young healthy adult humans. We show that the
concentration of nitrate and nitrite is substantially higher
in human skeletal muscle than in plasma and that
skeletal muscle nitrate stores can be further augmented
by dietary nitrate ingestion. We present western blot
data to show that sialin, a nitrate transporter known to
concentrate nitrate from the blood into salivary glands
(Qin et al. 2012), is expressed in human skeletal muscle.
Furthermore, we confirm the presence of NOS1 and XOR
in human skeletal muscle homogenates and show that
a bout of high-intensity exercise lowers muscle nitrate
concentration, but only when the exercise bout is initiated
after nitrate consumption and therefore in the presence of
high muscle nitrate content. These findings suggest that
an active nitrate transport system is present in human
skeletal muscle, and that muscle nitrate is metabolized
during exercise, at least when muscle nitrate concentration
is elevated. Considerable inter-individual differences in
nitrate storage and the expression of proteins involved in
muscle nitrate metabolism are also reported.

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Methods

Ethical approval

All procedures employed in this study were approved by
the Sport and Health Sciences Ethics Committee of the
University of Exeter and were conducted in accordance
with the standards set out in the Declaration of Helsinki,
except for registration in a database. Prior to their
enrolment into the study, and after the experimental
procedures, associated risks and potential benefits of
participation had been explained to them, participants
gave their written informed consent. Studies at the
National Institutes of Health were approved by the Human
Research Protection Program Office of NIDDK, approval
number 17-NIDDK-00091 (project title ‘Dietary nitrate
in skeletal muscle as intrinsic source of nitric oxide’) and
conducted under Material Transfer Agreement (MTA; DK
17-0169).

Participants

Thirteen healthy, recreationally active participants
volunteered for this study (8 males, mean ± SD: age
29 ± 12 years, body mass 78.5 ± 11.1 kg, height
1.71 ± 0.23 m, peak pulmonary O2 uptake (V̇O2peak ),
48.3 ± 8.0 mL kg−1 min−1; and 5 females: age 22 ± 5 years,
body mass 71.5 ± 7.8 kg, height 1.70 ± 0.03 m,
V̇O2peak 41.7 ± 3.7 mL kg−1 min−1). No participant
was known to be taking any medication or consuming
any dietary supplements, and did not have a history of
respiratory, cardiovascular, metabolic or musculoskeletal
disease. None of the participants were tobacco smokers.

Pre-experimental tests

Participants made two visits to the laboratory for
pre-experimental exercise testing and familiarization. All

exercise tests in this study were performed on an electro-
nically braked cycle ergometer (Lode Excalibur Sport,
Groningen, The Netherlands). During Visit 1, participants
performed a ramp incremental exercise test to task
failure for the determination of V̇O2peak and gas exchange
threshold (GET). After completing 3 min of ‘unloaded’
baseline cycling at 20 W, the work rate was increased
linearly by 30 W min−1 until the participant reached
volitional exhaustion. The test was terminated when the
self-selected pedal rate fell by 10 r.p.m. for more than 5 s,
despite strong verbal encouragement. The handlebar and
saddle height configuration were recorded and replicated
for all subsequent tests. Breath-by-breath pulmonary
gas-exchange data were collected and averaged into 10 s
bins. V̇O2peak was determined as the highest 30 s mean
value attained before the test was terminated. The GET was
established as described previously (Vanhatalo et al. 2010).
The work rate that would require 70% of the difference
between the work rate at GET and V̇O2peak, plus the work
rate at GET (i.e. high-intensity exercise) was subsequently
calculated. During Visit 2, participants were familiarized
to a high-intensity constant work rate step exercise test
(see below for details). All participants were instructed to
refrain from strenuous physical activity in the 24 h before
these and all other laboratory visits.

Experimental design

Following completion of the pre-experimental visits,
participants attended the laboratory on two separate
occasions to complete the full experimental protocol
(Fig. 1). On the day before each of these visits, participants
consumed a standardized low-nitrate diet (containing
<25 mg nitrate day−1 and <2 mg nitrite day−1).
Participants arrived at the laboratory at 07.45 h, following
an overnight fast. Upon arrival, participants were asked
to rest in a supine position before a cannula (Insyte-W;
Becton-Dickinson, Franklin Lakes, NJ, USA) was inserted

Supplement

(NIT or PLA)

Breakfast

0 120
Time (min)

Baseline Post-Supplement Post-Exercise

Blood

Muscle

High-Intensity

Exercise

(70%Δ)

Figure 1. Schematic overview of the experimental protocol
Participants completed this protocol on two occasions, with nitrate-rich beetroot juice (NIT) or nitrate-depleted
beetroot juice (placebo, PLA) supplementation in a randomized manner with repeated measures. Blood and muscle
samples were collected at baseline, 120 min post-supplement ingestion, and immediately after a high-intensity
bout of exercise (post-exercise).

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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into an antecubital vein. In preparation for skeletal muscle
biopsy sampling, two incisions (�0.6 cm) were then made
through the skin and fascia over the medial part of the
vastus lateralis muscle under local anaesthesia (2 mL;
20 mg L−1 lidocaine (lignocaine) without adrenaline)
and covered with sterile gauze. A blood sample was then
taken, followed immediately by the collection of a muscle
tissue sample (‘baseline’). Participants then ingested either
140 mL of concentrated nitrate-rich beetroot juice (NIT;
containing 12.8 mmol (794 mg) nitrate) or 140 mL
of concentrated nitrate-depleted beetroot juice (placebo,
PLA; containing 0.04 mmol (<3 mg) nitrate) in addition
to a standardized low nitrate breakfast (72 g porridge oats
with 180 mL semi-skimmed milk).

Following 2 h of supine rest, blood and muscle
samples were obtained (‘post-supplement’). Participants
then completed a high-intensity ‘step’ exercise test.
Step-tests began with 3 min of ‘unloaded’ pedalling
at 20 W, followed by a sudden increase to the target
work rate. Each bout was continued until task failure
as a measure of exercise tolerance. At the point of task
failure, blood and muscle samples were again collected
(‘post-exercise’). Breath-by-breath pulmonary gas
exchange data were collected continuously throughout all
step tests. The exercise protocol was initiated 5–10 min
after the post-supplement blood and muscle samples
were collected.

Sample collection

Blood samples. All three venous blood samples (i.e. base-
line, post-supplement and post-exercise) collected on
each visit were drawn into lithium–heparin vacutainers
(7.5 mL, Becton-Dickinson) and centrifuged at 3500 g
for 6.5 min at 4°C within 30 s of collection. Plasma was
immediately extracted into 1.5 mL Eppendorf tubes and
stored at−80°C until later determination of plasma nitrate
and nitrite concentrations.

Muscle samples. All three muscle samples on each visit
(i.e. baseline, post-supplement and post-exercise) were
taken using a Bergström needle modified for manual
vacuum (Bergström, 1975). All biopsy samples were
placed on sterile gauze, blotted to remove blood and freed
from any visible adipose tissue, and then frozen in liquid
nitrogen and stored at−80°C until later analysis for muscle
nitrate and nitrite determination.

Measurements

Nitrate and nitrite. Nitrate and nitrite concentrations
in plasma and muscle were quantified using a standard
gas-phase chemiluminescence technique (Pinder et al.
2008; Piknova & Schechter, 2011). For determination of

plasma nitrate and nitrite, samples were first deproteinized
using cold methanol precipitation. Specifically, thawed
samples were mixed with ice-cold methanol (dilution
1:3 sample: methanol) and then centrifuged at 11,000 g
for 5 min at 4°C. Supernatants were collected and
immediately used to determine nitrate and nitrite content
by chemiluminescence (see further details below). Muscle
samples were initially weighed (20–150 mg wet weight),
mixed with nitrite preserving solution (K3Fe(CN)6,
N-ethylmaleimide, water, Nonidet P-40), as described in
Piknova & Schechter (2011), and homogenized using a
GentleMacs homogenizer (Miltenyi Biotec Inc., Auburn,
CA, USA). Proteins were then precipitated using cold
methanol (as described above) before the supernatant was
extracted and immediately used for the determination of
nitrate and nitrite content by chemiluminescence. The
nitrite and nitrate content of the plasma and muscle
supernatant was determined by a Sievers gas-phase
chemiluminescence NO analyser (Sievers 280i Nitric
Oxide Analyser, GE Analytical Instruments, Boulder, CO,
USA) as described in Piknova & Schechter (2011) and
Piknova et al. (2016a). Nitrate and nitrite data are pre-
sented as nanomoles per gram wet weight of tissue.

Sialin, XOR, AO and NOS1 expression. Western blotting
was used to determine the presence of NOS1, XOR,
AO and sialin protein in the skeletal muscle tissue
of each participant. In short, small tissue samples
(5–20 mg wt weight) were first homogenized in radio-
immunoprecipitation (RIPA) buffer (Sigma-Aldrich, St.
Louis, MO, USA; Cat. no. R0278) containing protease
inhibitor cocktail (Calbiochem, La Jolla, CA, USA;
539134) using a GentleMacs tissue dissociator and protein
concentration was then determined by bicinchoninic
acid (BCA) assay. Denatured samples (50 μg) were run
on SDS-PAGE and then transferred to nitrocellulose
membrane. The membrane was incubated with primary
antibodies (anti-sialin: AlphaDiagnostics, San Antonio,
TX, USA; SIAL11-A; anti-XOR: Abcam, Cambridge,
UK; ab133268; anti-AO: SantaCruz Biotechnology,
Santa Cruz, CA, USA; SC-365291; anti-NOS1: BD
Transduction Laboratories, San Diago, CA, USA; 610309;
anti-GAPDH: Cell Signalling Technology Inc., Danvers,
MA, USA; 97166) overnight at 4°C. Goat-anti-mouse or
goat-anti-rabbit antibodies conjugated with horseradish
peroxidase (Jackson ImmunoResearch, West Grove, PA,
USA) were used as secondary antibodies and followed
by enhanced chemiluminescence (ECL) detection
(SuperSignal West Femto maximum sensitivity substrate,
Thermo Fisher Scientific, Rockford, IL, USA). Band
density was quantified using NIH ImageJ software.

Pulmonary oxygen uptake (V̇O2 ). Pulmonary V̇O2 was
measured breath-by-breath using an online gas analyser

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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(Oxycon Pro; Jaeger GmbH, Hoechberg, Germany), as
described previously (Wylie et al. 2013). Data were
averaged over 10-s periods. End-exercise V̇O2 was defined
as the mean value measured over the final 30 s of exercise.

Statistics

A full dataset (n = 13) was not available for all variables
due to the failure to obtain a sample (i.e. blood or
muscle) at a certain time point. To maximize the available
data for each key comparison, independent paired-sample
Student’s t tests were employed. Specifically, differences
between plasma and muscle concentrations of nitrate
and nitrite at baseline, and differences between baseline
and post-supplement nitrate and nitrite concentrations
in plasma and muscle within the PLA and NIT
arms of this study were assessed using independent
Student’s t tests. Independent Student’s t tests were
also used to assess differences between post-supplement
and post-exercise nitrate and nitrite concentrations in
plasma and muscle within the PLA and NIT arms. The
number of samples (n) for each comparison is pre-
sented. Relationships between variables were assessed via
Pearson’s product-moment correlation coefficient. Data
are presented as means ± standard deviations (SD) unless
otherwise stated. Statistical significance was accepted
when P < 0.05.

Results

Baseline plasma and muscle nitrate and nitrite
concentrations

Baseline concentrations of nitrate and nitrite in plasma
and skeletal muscle are presented in Fig. 2. Nitrate
(226 ± 213 nmol g−1) and nitrite (5.7 ± 7.4 nmol g−1)
concentrations in skeletal muscle were much higher
than in plasma (nitrate: 54 ± 27 nmol g−1; nitrite:
0.2 ± 0.2 nmol g−1; both P < 0.01). Muscle nitrite
concentration was positively correlated with muscle
nitrate concentration (r = 0.77; P < 0.01), but plasma
nitrite concentration was not correlated with plasma
nitrate concentration (r = −0.02; P > 0.05).

Influence of dietary nitrate ingestion on plasma and
muscle nitrate and nitrite concentrations

The influence of ingesting a single dietary nitrate dose,
12.8 mmol (794 mg), or a placebo (containing negligible
nitrate) bolus on plasma and muscle nitrate and nitrite
concentrations is shown in Fig. 3. Two hours after dietary
nitrate consumption, the concentration of nitrate in
plasma increased �19-fold to 1082 ± 731 nmol g−1

(n = 11; Fig. 3A), and the concentration of nitrate in

muscle increased �5-fold to 1139 ± 894 nmol g−1 (n = 13;
Fig. 3B), compared to baseline (P < 0.01).

After dietary nitrate ingestion, the concentration of
nitrite in plasma increased �3-fold to 0.7 ± 0.6 nmol g−1,
compared to baseline (P < 0.01; n = 11; Fig. 3C).
Nitrite concentration in muscle also increased �3-fold
to 14.2 ± 21.4 nmol g−1, although this difference was not
statistically significant (P = 0.13; n = 13; Fig. 3D). As
expected, the consumption of a placebo supplement did
not alter plasma nitrate (n = 13) and nitrite (n = 13), or
muscle nitrate (n = 11) and nitrite (n = 11) concentrations
(all P > 0.05; Fig. 3).

Influence of high-intensity exercise on plasma and
muscle nitrate and nitrite concentrations

Two hours after the ingestion of a placebo or dietary nitrate
supplement, participants exercised at a high-intensity
work rate until they reached task failure. One participant
did not reach the criteria for a maximal effort on one of
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All available baseline data from both PLA and NIT arms were used
(n = 24). ∗∗Difference of nitrate or nitrite in muscle from plasma
values (P < 0.01).
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the experimental trials and so these data were not included
in the analyses related to the exercise bout. The time to
task failure was similar in the placebo and dietary nitrate
conditions (PLA: 396 ± 102 s vs. NIT: 389 ± 110 s; n = 12;
P > 0.05) and the V̇O2 reached at the end of the exercise
bout was also similar in the placebo (3.43 ± 0.63 L min−1)
and nitrate (3.43 ± 0.63 L min−1; n = 12; P > 0.05)
conditions.

Figure 4 shows the nitrate and nitrite concentrations
in plasma and muscle immediately before (i.e.
post-supplement) and immediately after the exercise bout
(i.e. post-exercise) in the placebo and dietary nitrate
conditions. Because the consumption of the placebo
supplement had no impact on plasma and muscle nitrate
and nitrite, the exercise bout in the placebo condition was
initiated in the presence of baseline plasma and muscle
nitrate and nitrite concentrations. Under these conditions,
the high-intensity exercise bout did not significantly
influence plasma nitrate (n = 13) and nitrite (n = 13), or
muscle nitrate (n = 10) and nitrite (n = 10) concentrations
(all P > 0.05; Fig. 4).

In contrast, the exercise bout in the dietary
nitrate condition (NIT) was initiated with elevated
concentrations of nitrate and nitrite in plasma and
muscle (Fig. 4). Under these conditions, muscle nitrate

concentration was reduced by �39% (n = 11; P < 0.05;
Fig. 4B), and plasma nitrite concentration was reduced by
�34% (n = 10; P < 0.01; Fig. 4C) over the course of the
exercise bout. Neither the change in muscle nitrate nor the
change in plasma nitrite following exercise was correlated
with the change in time to task failure from PLA to NIT
(both P > 0.05). Plasma nitrate (n = 10) and muscle
nitrite (n = 11) concentrations were not influenced by the
exercise bout (both P > 0.05; Fig. 4A and D).

Skeletal muscle sialin, NOS1, AO and XOR expression

The presence of XOR, NOS1, AO and sialin in skeletal
muscle tissue was assessed using Western blots. As can be
seen in Fig. 5, NOS1, XOR, AO and sialin were expressed in
the skeletal muscle tissue of all participants. However, the
expression of XOR and sialin, and to a lesser extent, NOS1
and AO, appears to vary substantially between individuals.

Discussion

In the present study, we adapted sample processing
and analytical procedures used previously to measure
nitrate and nitrite ions in rodent skeletal muscle (Piknova
et al. 2015) to examine the influence of dietary nitrate
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Figure 3. The concentration of nitrate and nitrite in plasma (A and C, respectively) and muscle (B and
D, respectively), measured pre-supplement (Pre) and 2 h after (Post) ingestion of dietary nitrate (NIT)
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consumption and acute exercise on human skeletal muscle
nitrate storage and metabolism. We show that nitrate and
nitrite are present in human skeletal muscle at far higher
concentrations than are observed in plasma, and that the
concentration of nitrite and particularly nitrate increase

after the consumption of dietary nitrate. We confirm the
presence of sialin, a known active nitrate/nitrite ion trans-
porter (Qin et al. 2012), in human muscle homogenates,
consistent with the existence of an operational active
transport system in human skeletal muscle. Further, we
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notably in sialin and XOR.
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report that the concentration of nitrate in skeletal muscle
tissue is reduced following acute exercise, suggesting that
nitrate may contribute to local NO generation. However,
in contrast with our previous finding in rats (Piknova et al.
2016b), this occurs only when the muscle nitrate store
is elevated above baseline, i.e. following dietary nitrate
consumption.

Baseline plasma and skeletal muscle nitrate and
nitrite concentrations

We showed that the baseline concentration of nitrate was
4-fold higher in skeletal muscle than in plasma (Fig. 2).
This is consistent with previous observations in rodents
(Piknova et al. 2015, 2016b; Gilliard et al. 2018) and older
diabetic humans (Nyakayiru et al. 2017). We confirmed
robust NOS1 expression in human skeletal muscle tissue
(Fig. 5), consistent with previous findings in rodents
(Piknova et al. 2015). It is likely that oxymyoglobin-driven
oxidation of excess NO produced by this enzyme (and
to a lesser extent, endothelial NOS (NOS3); J.W. Park,
unpublished observations; Möller & Sylvén, 1981; Sylvén
et al. 1984), and the direct production of nitrate from
NOS via its ‘futile’ cycle (Stuehr et al. 2004; Li &
Poulos, 2005; Tejero et al. 2009) contribute to this human
muscle nitrate reservoir. However, the increase in muscle
nitrate observed after dietary nitrate consumption pre-
sented here (Fig. 3), and the presence of the active
nitrate transporter, sialin (Fig. 5), suggests that active
uptake of nitrate from the bloodstream is likely also
important.

Interestingly, we found that in humans nitrite is present
in muscle at far higher concentrations than is observed
in plasma (Fig. 2B). To the best of our knowledge, this
study is the first to measure nitrite in human skeletal
muscle tissue. The concentration of nitrite measured in
human skeletal muscle (5.7 nmol g tissue−1) is consistent
with that observed in the skeletal muscle of rats (5 nmol
g tissue−1; Gilliard et al. 2018). Both on-site oxidation
of excess NOS-derived NO and active uptake of nitrite
from the bloodstream likely contribute to this nitrite pool.
However, the presence of XOR in human skeletal muscle
(Fig. 5), the reduction in muscle nitrate during acute
exercise (see below), and the positive correlation between
basal muscle nitrate and nitrite concentrations suggest
that intramuscular nitrate reduction also contributes to
this nitrite pool. Irrespective of the source, the pre-
sence of several nitrite–NO pathways in skeletal muscle
involving, for example, deoxymyoglobin (Shiva et al.
2007), mitochondrial enzymes (Kozlov et al. 1999) and
XOR (Piknova et al. 2015), suggests that this nitrite
pool may be an important source of NO generation in
human skeletal muscle, particularly in hypoxic and acidic
conditions.

While serving to support local NO bioavailability
in skeletal muscle (see below), the presence of a
muscle-to-blood nitrate gradient and a nitrate transporter
(sialin) implies that human skeletal muscle may also be
capable of distributing this ion into the bloodstream via
passive diffusion, where it can then be reduced to nitrite
in the oral cavity (Govoni et al. 2008) or in other organs
with nitrate reductase activity, such as the liver (Jansson
et al. 2008). This suggests that skeletal muscle has the
potential to play a role in the regulation of whole-body
NO bioavailability. Additional work is required to test this
hypothesis.

Influence of nitrate ingestion on muscle nitrate and
nitrite concentrations

To assess the impact of dietary nitrate ingestion on
human muscle nitrate and nitrite stores, we measured the
concentrations of these ions in samples collected 2 h after
the consumption of a single bolus of nitrate-rich beetroot
juice. Nitrate consumption significantly increased plasma
nitrate (Fig. 3A) and muscle nitrate concentrations
(Fig. 3B). The observed increase of plasma and muscle
nitrate is in line with previous findings from our group
(Bailey et al. 2010; Wylie et al. 2013) and others (e.g.
Nyakayiru et al. 2017). Together, these findings confirm
that the skeletal muscle of young and older adults
effectively sequesters nitrate from the bloodstream.

Both the muscle-to-blood nitrate gradient under basal
conditions (Fig. 2), and the rise in muscle nitrate after
dietary nitrate consumption (Fig. 3B), suggests that
human skeletal muscle possesses active nitrate transport
machinery. Sialin is an active nitrate transporter, and is
known to be responsible for concentrating nitrate from
blood into salivary glands in humans (Qin et al. 2012),
an important first step for the conversion of nitrate to
nitrite in the oral cavity (Lundberg et al. 2008). Qin et al.
(2012) reported the presence of low levels (relative to
salivary gland, liver and brain) of sialin in the skeletal
muscle of miniature pigs. We report here that sialin is also
present in human skeletal muscle tissue (Fig. 5), which
suggests that it may be involved in skeletal muscle nitrate
uptake. To the best of our knowledge, this is the first
report that sialin is present in human skeletal muscle, and,
as such, it will require more detailed characterization in
the future. It is also important to note that other trans-
port systems capable of nitrate transport, such as chloride
anion transporter 1 (CLC1), an isoform present exclusively
in the skeletal muscle (Zifarelli & Pusch, 2009), may also
be involved in active skeletal muscle nitrate uptake. The
expression of sialin and to a lesser extent also other proteins
of interest (i.e. NOS1, XOR and AO) is highly variable
between individuals (Fig. 5), which likely contributes to
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the higher variability of nitrate and nitrite in human tissue
compared to rats.

Two hours after the consumption of dietary nitrate,
we observed a 3-fold increase in muscle nitrite
concentration. While this difference did not reach
statistical significance, due to large variability between
individuals, the concentration of muscle nitrite increased
in all but two of the participants assessed (Fig. 3D).
As reported previously (e.g. Wylie et al. 2013) and as
shown in Fig. 3C, a significant increase in plasma nitrite
occurs after the consumption of dietary nitrate, an effect
that is mostly dependent on nitrate-to-nitrite reduction
by commensal bacteria in the oral cavity (Govoni et al.
2008). Uptake of this nitrite by skeletal muscle results
in an increase in muscle nitrite after dietary nitrate
consumption (Fig. 3D). This supports the assumption
that improvements in skeletal muscle contractile force or
fatigue resistance following dietary nitrate consumption
(Bailey et al. 2010; Fulford et al. 2013; Haider & Folland,
2014; Coggan et al. 2015; Coggan & Peterson, 2018) are
mediated, at least in part, by increased muscle nitrite
concentration and NO bioavailability.

A further important finding from the present study is
the substantial inter-individual difference in both base-
line muscle nitrate concentration (range: 30–1036 nmol
g tissue−1) and in the increase in muscle nitrate
concentration after consumption of dietary nitrate (range:
247–2723 nmol g tissue−1). Baseline muscle nitrate
concentration likely reflects the balance between nitrate
transport into the muscle from the bloodstream, end-
ogenous nitrate synthesis within the muscle (i.e. oxidation
of NOS-derived NO and nitrate production by NOS1)
and nitrate reduction by XOR, AO or other mammalian
nitrate reductases. It is therefore possible that at least part
of the large inter-individual variability in baseline muscle
nitrate concentration is related to the variable expression
of NOS1, XOR, AO and sialin in muscle. Moreover,
assuming that sialin is involved in muscle nitrate uptake,
the large inter-individual differences in the expression of
this protein (Fig. 5) may also be mediating the variable
increase in muscle nitrate concentration observed after
nitrate consumption (Fig. 3B). However, it is likely that
other factors also contribute, including dietary nitrate
intake, physical activity levels, muscle fibre type and
capillarization.

Influence of exercise on skeletal muscle nitrate and
nitrite concentrations

During skeletal muscle contraction, an increase in
NO supply occurs to support the elevated rate of
mitochondrial respiration, glucose uptake and other
processes, including functional hyperaemia (Stamler &
Meissner, 2001). Recent observations that acute exercise

in rodents causes a significant decline in muscle nitrate
and a transient increase in muscle nitrite have raised
the possibility that nitrate stored in skeletal muscle
may be a significant source of NO (via a nitrite
intermediate) during exercise. Consistent with this
hypothesis, in vitro experiments have revealed the pre-
sence of nitrate-to-nitrite and nitrite-to-NO reduction in
rodent skeletal muscle homogenates, a process mediated
(principally) by the mammalian nitrate reductase XOR,
and facilitated by contraction-induced hypoxia and
acidosis (Piknova et al. 2015, 2016b). The presence of XOR
and AO in human skeletal muscle tissue (Fig. 5) suggests
that this pathway may also be functional in humans.

To gain insight into whether the human skeletal
muscle reservoir is utilized for NO production in
humans, we assessed changes in muscle nitrate and
nitrite concentrations after a short bout (�6.5 min) of
high-intensity exercise. Moreover, to determine if this
pathway is influenced by the amount of available nitrate,
we tested these potential exercise-related changes under
basal conditions (i.e. PLA condition) and after dietary
nitrate consumption (i.e. NIT condition). We found a
reduction in muscle nitrate when the exercise bout was
initiated after nitrate consumption and, therefore, in the
presence of an increased muscle nitrate store (Fig. 4B),
but not after exercise under basal conditions. These
findings differ from our previous study in rats, in which
nitrate reduction was observed under non-supplemented
conditions (Piknova et al. 2016b), and suggests that the
muscle nitrate reduction pathway in humans may be
particularly active when local nitrate availability is high.
The apparent contrast with rats may be explained by
the high variability in the level of necessary enzymes in
humans and the fact that, contrary to rodents, humans
individualize their diets. Moreover, it is possible that the
participants in the present study were nitrate deficient
upon arrival at the laboratory due to the prescribed
low-nitrate diet in the 24 h preceding each testing visit.
This is likely important given that diet history influences
the ability of skeletal muscle to store and possibly use
nitrate, at least in rodents (Gilliard et al. 2018). It is also
possible that the shorter exercise duration (6.5 min in the
present study compared to 1 h in the rodent study; Piknova
et al. 2016b) limited muscle nitrate reduction under basal
conditions to an undetectable level.

In rodents, a reduction in muscle nitrate during
exercise was accompanied by a transient increase in
muscle nitrite (Piknova et al. 2016b). Conversely, in the
present study, the exercise-induced lowering of muscle
nitrate after nitrate consumption occurred alongside
a non-significant �40% decline in muscle nitrite. We
speculate that the observed decline in muscle nitrite
concentration is due to the rate of nitrite-to-NO reduction
exceeding that of nitrate-to-nitrite reduction. Indeed,
there is a larger array of known nitrite–NO reduction
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pathways than nitrate–nitrite pathways in skeletal muscle
(Kozlov et al. 1999; Shiva et al. 2007; van Faassen
et al. 2009). Moreover, the higher exercise intensity
administered in the present study, compared to that in
rodents (Piknova et al. 2016b), would likely have resulted
in relatively greater muscle acidosis and hypoxia, further
augmenting nitrite-to-NO reduction. Further studies are
necessary to dissect the influence of exercise duration
and intensity on muscle (and blood) nitrate and nitrite
dynamics, both with and without preceding dietary nitrate
supplementation.

In the present study, acute dietary nitrate
supplementation did not alter the time to task failure
during short-duration (�6–7 min), high-intensity cycle
exercise. Acute nitrate supplementation has been reported
to be ergogenic in some (e.g. Lansley et al. 2011; Shannon
et al. 2017) but not all (e.g. Kelly et al. 2014) previous
studies using a similar design. The physiological and
other factors that may influence the ergogenicity of
nitrate supplementation are debated but it is clear that
positive effects on exercise performance are more often
reported following longer-duration (�3–7 days) dietary
supplementation (Jones et al. 2018). It should also be
acknowledged that variability in exercise performance
may be increased when invasive experimental techniques,
particularly muscle biopsy procedures, are employed.
Nevertheless, on the basis of the results of the present
study, in which there was no significant benefit to exercise
performance, the functional advantage of the increase
in muscle nitrate concentration following dietary nitrate
supplementation and of the reduction of muscle nitrate
during exercise, remains unclear. Additional studies
with a larger sample size are required to determine if
intramuscular nitrate reduction is necessary for optimal
human skeletal muscle function and/or is involved in
mediating the improvements in exercise performance that
may be observed following dietary nitrate consumption
(McMahon et al. 2017; Jones et al. 2018).

Conclusions

We show for the first time in humans that base-
line concentrations of both nitrate and nitrite are far
greater in skeletal muscle than in plasma. We also
report that the active nitrate transporter sialin is pre-
sent in human skeletal muscle and propose that this
transporter may be responsible for the increase in
muscle nitrate concentration observed following the
consumption of dietary nitrate. Although further work
is required, these findings are consistent with the
hypothesis that skeletal muscle may act as a nitrate and
nitrite ‘reservoir’, supporting whole body NO homeo-
stasis via diffusion-driven distribution of these ions into
the bloodstream (Piknova et al. 2015, 2016b). We also

report an exercise-induced reduction in muscle nitrate
concentration following nitrate ingestion. Although
exercise performance was not enhanced, this finding
provides the first indication that, in these circumstances,
human skeletal muscle NO generation during contraction
may be supported by the reduction of local nitrate stores.
Further research is required to extend our understanding
of the functional importance of skeletal muscle in the
mammalian nitrate–nitrite–NO cycle.
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