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ABSTRACT

JONES, A. M., A. VANHATALO, D. R. SEALS, M. J. ROSSMAN, B. PIKNOVA, and K. L. JONVIK. Dietary Nitrate and Nitric Oxide

Metabolism: Mouth, Circulation, Skeletal Muscle, and Exercise Performance. Med. Sci. Sports Exerc., Vol. 53, No. 2, pp. 280–294, 2021.

Nitric oxide (NO) is a gaseous signaling molecule that plays an important role in myriad physiological processes, including the regulation

of vascular tone, neurotransmission, mitochondrial respiration, and skeletal muscle contractile function. NO may be produced via the canon-

ical NO synthase–catalyzed oxidation of L-arginine and also by the sequential reduction of nitrate to nitrite and then NO. The body’s nitrate

stores can be augmented by the ingestion of nitrate-rich foods (primarily green leafy vegetables). NO bioavailability is greatly enhanced by the

activity of bacteria residing in the mouth, which reduce nitrate to nitrite, thereby increasing the concentration of circulating nitrite, which can

be reduced further to NO in regions of low oxygen availability. Recent investigations have focused on promoting this nitrate–nitrite–NO path-

way to positively affect indices of cardiovascular health and exercise tolerance. It has been reported that dietary nitrate supplementation with

beetroot juice lowers blood pressure in hypertensive patients, and sodium nitrite supplementation improves vascular endothelial function and

reduces the stiffening of large elastic arteries in older humans. Nitrate supplementation has also been shown to enhance skeletal muscle func-

tion and to improve exercise performance in some circumstances. Recently, it has been established that nitrate concentration in skeletal muscle

is much higher than that in blood and that muscle nitrate stores are exquisitely sensitive to dietary nitrate supplementation and deprivation. In

this review, we consider the possibility that nitrate represents an essential storage form of NO and discuss the integrated function of the oral

microbiome, circulation, and skeletal muscle in nitrate–nitrite–NO metabolism, as well as the practical relevance for health and performance.
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Nitric oxide (NO) is a small, diatomic gaseous signal-
ing molecule that regulates an array of physiological
functions essential for maintaining metabolic, neuro-

logical, and cardiovascular integrity. The first known effects
of NO were observed in the vasculature, and several decades
of research have confirmed that NO plays an essential role in
vasodilation (and therefore the control of blood pressure and

tissue blood flow) and also in blood clotting via its effects on
platelet activation (1). However, NO has physiological effects
well beyond the vasculature, including, for example, in processes
as diverse as neurotransmission (2), immune defense (3), mi-
tochondrial respiration (4), and skeletal muscle contractile
function (5). Given that NO has an extremely short half-life,
of perhaps only a few milliseconds in biological tissues, it is
essential that it is produced continuously at its sites of action.

Most tissues contain one or more isoforms of the NO syn-
thase (NOS) enzyme, which catalyzes NO production through
the conversion of the semiessential amino acid L-arginine to
L-citrulline in a reaction that requires the presence of oxygen
(6). NO, as a short-lived free radical, is either used locally or
oxidized to nitrate (NO3

−) in a reaction catalyzed by various
ferrous oxyheme-containing proteins (such as oxyhemoglobin
or oxymyoglobin [7]). It is important to recognize that the
availability of oxygen varies for different tissues and there
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may even be regional differences in oxygen tensionwithin an or-
gan (8,9).When oxygen availability is limited, NOS-derivedNO
generation may be inhibited or impaired. Relatively recently, it
has been discovered that, rather than being an inert product
of NO oxidation, nitrate can be reduced under appropriate
physiological circumstances to nitrite (NO2

−) and then NO
(7,10). Importantly, this “complementary” nitrate–nitrite–NO
generation pathway does not require the presence of oxygen
and is in fact facilitated by a more acidic pH and lower oxygen
tension. In this way, NOmay be produced, and vasodilation and
other NO effects may be sustained, across a wide range of tis-
sue oxygenation states (7,10).

Continuous NO generation is essential for the maintenance
of cellular function and the overall health of the organism. In-
deed, older age and several disease conditions are character-
ized by NOS dysfunction, lower NO bioavailability, and
reduced perfusion of many organs (11–13). This has led to ef-
forts to enhance NO availability through the diet. Although
oral L-arginine supplementation has not convincingly im-
proved NO bioavailability or bioactivity, at least in healthy
humans, dietary inorganic nitrate supplementation appears to
be much more promising (14,15). Indeed the “substrate” for
the nitrate–nitrite–NO pathway includes not only the nitrate
generated from the endogenous oxidation of NO produced
via NOS, as described above, but also the exogenous inorganic
nitrate from the diet, particularly that derived through the in-
gestion of green leafy vegetables such as rocket, kale, lettuce,
and spinach, as well as some root vegetables such as beetroot
(16). These vegetables typically contain over 250 mg
(or ~4 mmol) of nitrate per 100 g fresh weight produce (16),
although it should be noted that the nitrate content of vegeta-
bles can vary considerably according to growth conditions
(geography and season), time elapsed since harvest, and food
preparation (i.e., raw vs cooked) (17).

After ingestion, dietary nitrate is absorbed by the upper gas-
trointestinal tract into the bloodstream. Approximately 25% of
this circulating nitrate is then absorbed by the salivary gland
via active transporters, such as sialin, and is concentrated in
the saliva (18). In the oral cavity, resident facultative and obli-
gate anaerobic bacteria reduce some of the salivary nitrate to
nitrite (19,20). When subsequently swallowed, a portion of
this nitrite is reduced to NO in the acidic environment of the
stomach (21), but some of the remaining nitrite enters the sys-
temic circulation and is distributed in blood and stored in var-
ious tissues, where it can undergo a one-electron reduction to
yield NO. After the acute ingestion of a nitrate bolus, the peak
plasma nitrate and nitrite concentrations are reached after
about 1 h and 2–3 h, respectively (22), with a clear “dose–
response” relationship between the quantity of nitrate ingested
and the magnitude of the subsequent peak plasma nitrate and
nitrite concentrations (22). The delayed peak in plasma nitrite,
compared with nitrate, highlights the importance of the oral
microbiome in the “processing” of dietary nitrate. However, al-
though it was previously thought that only bacteria possessed
the ability to reduce nitrate into nitrite (20), native nitrate reduc-
tase activity has also been discovered in mammalian cells (23).

Despite questionable evidence in humans, dietary nitrate and
nitrite have long been associated with an increased risk of gastric
cancer, but this viewpoint is rapidly changing (24). Indeed, there
is increasing evidence that nitrate may be an essential molecule
that supports human cardiovascular and metabolic health and
contributes to optimal physical and cognitive function, a cherished
nutrient that is extracted from the diet or otherwise preserved
and stored in the blood and tissues as a “NO reservoir,” which
can be drawn on to contribute to ongoing vascular and meta-
bolic processes. This involves an intricate and elegant interorgan
system for absorbing, transporting, storing, and metabolizing
endogenous and exogenous sources of nitrate. Figure 1 provides
a schematic by which this concept can be understood and which
should be referred to in appreciating the connections between
the “compartments” and the functions described in this review.

This article summarizes the proceedings of a scientific sym-
posium entitled “Dietary Nitrate and Nitric Oxide Metabo-
lism: From Mouth to Muscle,” which was presented at the
2019 American College of Sports Medicine annual meeting
in Orlando, Florida. The session was convened and introduced
by Dr. Jones and featured presentations from Drs. Vanhatalo,
Seals, Piknova, and Jonvik. The objective of this article is to
highlight and summarize novel discoveries in this rapidly
evolving field. To this end, the review shall cover the follow-
ing: the role of dietary nitrate and the oral microbiota as a
source of NO, subsequent transport of nitrate and nitrite in
the circulation and attendant implications for vascular function
and health, skeletal muscle as a nitrate reservoir and its role in
regulating systemic NO bioavailability and local metabolism,
and practical applications of dietary nitrate supplementation,
including for the potential enhancement of exercise performance.

ROLE OF ORAL MICROBIOTA IN
NO HOMEOSTASIS

The metabolic activity of the microbial community that
inhabits the human alimentary canal can have far-reaching
effects on host physiology. The recent emergence of high-
throughput, cost-effective, next generation sequencing of the
bacterial 16S ribosomal RNA hypervariable regions has trans-
formed human microbiome research. Epidemiological studies
have shown that a perturbed oral microbiota and poor oral
health are associated with systemic conditions, such as cardio-
vascular, metabolic and kidney diseases, rheumatoid arthritis,
and Alzheimer’s disease, and the etiology of these diseases is
inextricably linkedwithNO signaling and bioavailability (25,26).
Inorganic nitrate is a natural micronutrient and is abundant in a
vegetable-rich diet, but human cells have limited ability to
“activate” biologically inert nitrate. Instead, humans depend
to a large extent, albeit not exclusively (27), on the symbiotic
bacteria residing in the mouth and in the alimentary canal to
reduce ingested nitrate to bioactive nitrite (19), which is fur-
ther reduced to NO in the circulation and other tissues, thus
increasing systemic NO bioavailability. It is therefore con-
ceivable that the capacity of the oral microbiota for NO pro-
duction within this “nitrate–nitrite–NO reduction pathway”

DIETARY NITRATE AND NITRIC OXIDE METABOLISM Medicine & Science in Sports & Exercise® 281

BA
SIC

SC
IEN

C
ES

Copyright © 2021 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



represents the causative link that underpins the correlation be-
tween oral and systemic health.

Dietary nitrate supplementation has been shown to reduce
blood pressure in both younger and older healthy adults
(e.g., [28–30]) and to improve muscle contractile function
(31,32), exercise economy and endurance exercise tolerance
(33–35), and brain perfusion and cognitive function (36,37).
An individual’s ability to benefit from ingested nitrate, how-
ever, may be affected by a dysfunctional oral microbiota, as il-
lustrated by studies in which the use of bactericidal mouthwash
blunted the increase in plasma nitrite concentration and the de-
crease in blood pressure after the ingestion of a standardized
nitrate dose (38,39). Epidemiological evidence suggests that
regular mouthwash use is associated with elevated risk of devel-
oping prediabetes/diabetes during a 3-yr follow-up, possibly
due to chronic attenuation of microbial nitrate–reductase activ-
ity in the oral cavity (40). Although short-term, twice-daily
chlorhexidine mouthwash administration to healthy adults re-
sulted in no effect on blood pressure in the face of reduced oral
nitrate reduction capacity in one study (41). Another study
using the same chlorhexidine intervention revealed that blood
pressure increased during mouthwash use in those subjects
who also cleaned their tongues twice daily and decreased in
subjects who did not clean their tongues (42). Therefore, the
regulation of the oral microbiome via oral hygiene practices
may have far-reaching effects on systemic health.

There are marked differences between individuals in physi-
ological responsiveness to nitrate supplementation and some
of this variability likely stems from differences in oral nitrate
reduction capacity. The ability to reduce nitrate, per se, is not
an uncommon property of facultative and obligate anaerobic
oral bacteria, but the net nitrite production by an oral ecosystem
is determined by complex interactions between co-occurring
bacterial species (43,44). Doel et al. (19) collected oral samples

from 10 healthy volunteers and used a double agar overlay
method to identify nitrate-reducing bacterial colonies. The
most prevalent nitrate-reducing species identified in these
in vitro colonies using 16S rRNAsequencing includedActinomy-
ces naeslundii, Veillonella atypica, Actinomyces odontolyticus,
Veillonella dispar, Rothia dentocariosa, and Rothia
mucilaginosa (19). In another study, tongue scraping samples col-
lected from six healthy subjects were grown in a biofilm for 4 d
and ranked according to nitrate reduction activity to best, in-
termediate, and worst nitrate-reducing biofilms (43). The best
nitrate-reducing biofilms were found to contain bacteria belonging
in genera Neisseria, Veillonella, Haemophilus, Porphyromonas,
Fusobacterium, Prevotella, Leptotrichia, Brevibacillus, and
Granulicatella (43). Although these studies provided signifi-
cant novel information in identifying species that possess high
nitrate reduction potential in vitro, it is pertinent to consider
that bacterial communities grown from oral samples in vitro
tend to lose diversity very rapidly, such that after 72 hmore than
80% of species present in the original sample may be lost (43).

Functional interpretation of host–microbiome interactions
requires assessment of an in vivo oral bacterial community
alongside physiological host characteristics. To this end,
cross-sectional studies have identified various host character-
istics and lifestyle factors that are associated with distinct oral
microbiomes. Men had greater abundances of Veillonella,
Prevotella, and Megasphaera bacteria than women (45); cur-
rent smokers had lower relative abundance of the phylum
Proteobacteria, which includes genus Neisseria, compared
with never smokers (46); and systemic disease in older age
has been associated with increased prevalence of several oral
pathogens (47). Cross-sectional studies comparing habitual di-
ets have shown that the Neisseria/Prevotella ratio was elevated
in vegans (n = 78), with habitually high vegetable intake, com-
pared with omnivores (n = 82) (48); however, other studies

FIGURE 1—The “nitrate cycle.” Schematic illustration, based on the “Wasserman gears” concept, of an integrated system involving multiple organs for
the processing and preservation of the NO precursors, nitrate and nitrite. Some of the nitrate produced endogenously via the oxidation of the products
of the NOS-catalyzed synthesis of NO or which is introduced to the body via the diet can be reduced to nitrite by bacteria in the oral cavity. These ions
enter the bloodstream via the upper intestine and maintain a circulating reservoir of NO intermediaries, which can be delivered to other organs or used
in physiological processes such as vasodilation. Nitrate and nitrite can be taken up by (and are produced by) various tissues (of which skeletal muscle is
the largest by mass) and stored, where they may contribute to metabolism and organ function or be released into the circulation for transportation. This
theoreticalmodel describes a dynamic system that is sensitive to NOS activity and dietary nitrate ingestion and functions tomaintain sufficient “substrate”
for NO production.
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have found no differences in the oral microbiomes of vegetar-
ians or vegans compared with omnivores (22 vegetarians, 19
omnivores [41]; 51 vegans, 55 omnivores, 55 vegetarians
[49]). It should be noted that these studies used self-reported di-
etary records and nutritional analysis software programs to esti-
mate macro- and micronutrient intake, and one study that
quantified dietary nitrate intake (41) showed no difference be-
tween vegetarians and omnivores.

To test the hypotheses that dietary nitrate as a prebiotic dietary
intervention might promote the proliferation of nitrate-reducing
bacteria in humans, recent studies have used 16S rRNA se-
quencing of the oral microbiome from saliva and tongue swab
samples. Six weeks of nitrate supplementation significantly al-
tered the relative abundances of 78 taxonomic units in hyper-
cholesterolemic patients (n = 60), with appreciable increases
in Neisseria flavescens and R. mucilaginosa (50). Ten days
of nitrate supplementation in healthy young and older adults
(n = 18) resulted in changes in 52 taxonomic units, including
increases in genera Neisseria and Rothia and decreases in
Prevotella,Veillonella, andMegasphaera (44). In another study,
7 d of nitrate supplementation in young men (n = 11) increased
the relative abundance ofNeisseria and decreased the relative
abundances of Prevotella, Actinomyces, and Streptococcus
(51). Despite differences between studies in sample medium
(saliva, tongue swab), 16S rRNA hypervariable region (V1–3,
V3–4), subject characteristics, supplementation regime, and di-
etary control in free-living volunteers, the emerging evidence
collectively indicates that dietary nitrate is a powerful modula-
tor of the oral microbiome that particularly favors species be-
longing in Neisseria and Rothia and disadvantages those
belonging in Prevotella and Veillonella.

The decrease in the relative abundances of some
nitrate-reducing oral taxonomic units consequent to high die-
tary nitrate intake might reflect mutual co-occurrence and
co-exclusion relationships among oral bacteria (45). Such re-
lationships might also contribute to the diverse results of cor-
relational analyses aiming to link individual or aggregate
abundances of nitrate-reducing oral taxonomic units to physi-
ological NO biomarkers. Two studies have shown that an ag-
gregate sum of selected nitrate-reducing oral taxonomic units
(from genera Rothia, Neisseria, Haemophilus, Veillonella,
and Prevotella) was related to saliva, but not systemic, NO
bioavailability (51,52). Another study found that the baseline
abundance of Prevotella in tongue swab samples was inversely
correlated with the magnitude of the subsequent plasma nitrite
response to nitrate supplementation (44). The same study re-
ported positive (Neisseria, Rothia) and inverse (Prevotella,
Veillonella) single-taxon correlations between bacterial abun-
dances in saliva and plasma NO biomarkers across pooled data
from the placebo and nitrate conditions (44). Such relationships
do not necessarily infer causality, and it should be noted that
sample sizes in these studies have been relatively small
(n < 20; 44, 51, 52). In a larger cohort of men and women
(n = 281), standardized scores for 20 subgingival plaque bac-
teria previously identified as nitrate reducing (19,43) were in-
versely correlated with insulin resistance and plasma glucose

and, among normotensive subjects (n = 187), also with systolic
blood pressure (53). Lower resting systolic blood pressure has
also been reported to be correlate with the abundance of
nitrate-reducing bacteria (42,53). Collectively, these studies
highlight the physiological significance of the oral bacterial
ecosystem for human health and the considerable potential
that exists for the exploration of novel dietary and lifestyle in-
terventions that might promote the nitrate reduction capacity
of the oral microbiota. Greater nitrate-to-nitrite conversion
by the oral microbiota after nitrate ingestion has the potential
to enhance circulating nitrite and, therefore, to amplify NO
bioavailability and its attendant physiological effects, includ-
ing those that are specific to the vasculature.

EFFECTS OF DIETARY NITRITE AND NITRATE
ON VASCULAR HEALTH

Cardiovascular diseases (CVD) remain the leading causes
of morbidity and mortality in developed and most developing
societies (54). By far, the strongest risk factor for CVD is (in-
creasing) age, with adults >40 yr of age bearing the great ma-
jority of the burden of CVD (55). Because the number of late
middle-age and older adults will continue to increase in com-
ing decades and make up an increasingly larger percentage
of the total population, both the prevalence and the incidence
of CVD are projected to increase progressively in the future (56).
As such, it is imperative to establish effective, evidence-based
strategies to lower the risk of age-associated CVD. A key initial
question is how to best identify the most compelling targets
for CVD prevention.

Much of the increase in CVD risk associated with advanc-
ing age is attributable to vascular dysfunction, including the
stiffening of the large elastic arteries (aorta and carotid arteries)
and the development of endothelial dysfunction (57). Large elas-
tic artery stiffening increases systolic blood pressure, pulse pres-
sure, and blood flow and pressure pulsatility that damages the
delicate microvasculature of tissues with consequent end-organ
injury; leads to pathophysiological remodeling of the heart, in-
cluding left ventricular hypertrophy and increased risk of heart
failure; and is a major risk factor for cognitive dysfunction, de-
mentia, and chronic kidney diseases (58–61). In humans, large
elastic artery stiffness is assessed by carotid-to-femoral pulse
wave velocity (CFPWV; “aortic” PWV in rodents) and via mea-
surement of carotid artery compliance using high-resolution ul-
trasound imaging to capture changes in arterial diameter of one
carotid artery with simultaneous assessment of arterial pressure
excursions in the contralateral carotid artery (62). Increases
in CFPWV (decreases in carotid artery compliance) indicate
greater arterial stiffness and vice versa.

Endothelial dysfunction is the major clinical antecedent to
atherosclerotic diseases, including coronary artery disease, oc-
clusive stroke, and peripheral artery disease (63–65). Endothe-
lial function is assessed most commonly using the magnitude
of the endothelium-dependent dilation (EDD) to a chemical
or mechanical stimulus that evokes NO release from vascular
endothelial cells, which, in turn, mediates vascular smooth
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muscle relaxation (64,66). EDD is most commonly assessed
by administering an endothelium-dependent dilating chemical
(e.g., acetylcholine) or, in humans, by measuring brachial ar-
tery dilation to an increase in blood flow induced by a period
of blood flow occlusion (64); both stimuli evoke an EDD that is
predominantly mediated by NO (67). The greater the EDD, the
greater the individual’s or group’s vascular endothelial function.

The predominant mechanisms mediating vascular dysfunc-
tion with advancing age are oxidative stress and chronic
low-grade inflammation (57,64). These states cause arterial
stiffening by increasing vascular smooth muscle tone and by
stimulating changes to the extracellular matrix of the arterial
wall, including the degradation of elastin fibers, the compensa-
tory deposition of collagen (fibrosis), and the synthesis of ad-
vanced glycation end products (AGE), which “cross-link”
structural proteins and confer additional stiffening (57,68).
Oxidative stress induces endothelial dysfunction by reducing
NO bioavailability via (a) excessive production of superoxide
from the electron transport chain of dysfunctional mitochon-
dria, increased activity and/or expression of the enzyme nico-
tinamide adenine dinucleotide phosphate oxidase (NADPH
oxidase) and “uncoupled” endothelial NOS (eNOS), which
readily reacts with NO producing peroxynitrite; and (b) reduc-
tion of NO production via uncoupled eNOS (66,69,70).

Comprehensive reviews on possible strategies for improv-
ing vascular dysfunction with aging can be found elsewhere
(71–73). Briefly, lifestyle practices, including regular aerobic
exercise and consuming a healthy diet (i.e., healthy energy in-
take and nutrient composition), are the most evidence-based

strategies for preserving vascular function with aging (71–73).
However, numerous barriers exist for consistent practice of
healthy lifestyle strategies, and as a result, adherence to physical
activity and dietary guidelines is poor at the population level.
As a result, there is strong interest in what we refer to as healthy
lifestyle-inspired strategies, i.e., approaches that are based on
the molecular and cellular mechanisms responsible for the
benefits of conventional healthy lifestyle practices (74).

One such strategy is based on the well-established observa-
tion that improvements in NO bioavailability are an important
mechanism mediating the vascular benefits of healthy lifestyle
practices (74). Theoretically, NO bioavailability might be in-
creased by greater expression/activation of eNOS, conversion
via the eNOS-independent “nitrate–nitrite–NO pathway,” or
both (75,76). Because eNOS dysfunction often occurs with
aging, the nitrate–nitrite–NO pathway has been viewed as
the more promising approach (75,76). Given that, biochemi-
cally, nitrite represents a one-step reduction to NO with a
higher conversion efficiency than the two-step reduction of ni-
trate to NO, we have used sodium nitrite supplementation as a
strategy to improve vascular function with aging (13,76–78).

In our preclinical investigations, we supplemented the
drinking water of C57BL/6 mice with sodium nitrite for 3 wk
as the active treatment condition and used nonsupplemented
water as the control (13,77). We found that nitrite bioavailabil-
ity (the conventional measure of NO bioavailability given the
short half-life of the gaseous NOmolecule) was reduced in both
the plasma and large arteries of old compared with young mice,
and that sodium nitrite supplementation restored nitrite to

FIGURE 2—Aortic pulse wave velocity (A), superoxide production (electron paramagnetic resonance [EPR] spectroscopy signal) (B), and abundance of
nitrotyrosine (C) andAGE (D), and isolated carotid artery EDD to acetylcholine (ACh) (E) andNO-dependent dilation (maximal dilationwith ACh—maximal
dilation with ACh in the presence of an NOS inhibitor) (F) in young control, old control, and old nitrite-supplemented (Old Nitrite) mice. Values are
presented as mean ± SE. *P < 0.05 Old Control vs Old Nitrite. Data adapted from (13,77).
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concentrations at or above young controls (13). Aortic PWV
was greater in the old compared with the young untreated mice,
and sodium nitrite treatment reduced aortic PWV to levels not
different than young mice (13,77) (Fig. 2A). The amelioration
of arterial stiffening by sodium nitrite in the old mice was ac-
companied by a complete reversal of age-associated increases
in aortic superoxide production, nitrotyrosine abundance (a mo-
lecular biomarker of oxidative stress), expression of NADPH
oxidase, and abundance of AGE (Fig. 2B–D). Ex vivo experi-
ments showed that in aortic segments from young mice, expo-
sure to pyrogallol, a superoxide-generating chemical, induced
an “aging-like” increase in AGE, and that direct treatment with
AGE caused stiffening—effects that were prevented by
preincubation with sodium nitrite (77). Finally, proinflamma-
tory cytokines were increased, and total superoxide dismutase
(antioxidant) enzyme activity was reduced in the aorta of the
old compared with untreated mice, and these differences were
abolished by sodium nitrite treatment (13). Collectively, the
results of these studies demonstrated that, at least in mice, ni-
trite supplementation can reverse large elastic artery stiffening
with aging by reducing oxidative stress and associated for-
mation of AGE, and these effects coincide with reversal of
age-related arterial inflammation.

In studies investigating vascular endothelial function (13),
we found that the EDD of isolated carotid arteries in response
to acetylcholine was impaired in the old compared with the
young untreated mice as a result of reduced NO bioavailability
(Fig. 2E). The administration of a superoxide-scavenging
compound restored EDD in the old animals to levels of young
mice, suggesting that the reduced NO-mediated EDD was
caused by excessive superoxide-induced oxidative stress
(Fig. 2F). Additional experiments demonstrated that increased
activity/expression of NADPH oxidase and uncoupled eNOS
were sources of the excessive superoxide, reduced NO bio-
availability, and consequent impairment in EDD (13). Most
importantly, sodium nitrite supplementation completely re-
versed these age-related differences, restoring endothelial
function of the old mice to young adult levels (Fig. 2E, F).

We then sought to translate these observations to humans.
We performed a small (n = 34) randomized, double-blind,
placebo-controlled, parallel group design pilot clinical trial of
10 wk of sodium nitrite at 80 and 160 mg·d−1 doses in a cohort
of healthy adults 50–79 yr of age (79). Compared with
placebo, sodiumnitrite supplementation increased plasma nitrite
levels, acutely and chronically, in a dose-dependent manner
and was well tolerated. Resting blood pressure was not af-
fected in these healthy men and women with normal baseline
levels, but sodium nitrite treatment significantly improved bra-
chial artery flow-mediated dilation (mean changes: +45%
[160mg·d−1]; +60% [80 mg·d−1]) (Fig. 3A). Although sodium
nitrite supplementation did not change CFPWVversus placebo,
carotid artery beta-stiffness index (a blood pressure-adjusted
[reciprocal] expression of carotid artery compliance) was
significantly reduced after the 80-mg·d−1 treatment (Fig. 3B).
Together, these results in humans confirmed our findings in
mice that nitrite supplementation may enhance vascular

function with aging. Preliminary results from a recent larger
clinical trial in healthy middle-age and older men and women
(ClinicalTrials.gov NCT02393742) are consistent with this
conclusion (78).

There is substantial interest in nitrate supplementation via
the diet as a more “natural” (healthy lifestyle-based) approach
for improving vascular health, particularly in clinical popula-
tions at risk of CVD (80). A key clinical trial in patients with
essential hypertension (18–85 yr of age; n = 68) (81) found
that chronic dietary nitrate supplementation with beetroot juice
(250 mL·d−1) increased plasma nitrite more than fivefold, was
well tolerated, and significantly lowered blood pressure
assessed in the clinic, under 24-h ambulatory (free-living) con-
ditions, and at home (self-measured) compared with placebo.
Vascular endothelial function (brachial artery flow-mediated
dilation) and CFPWV also were improved in the group treated
with beetroot juice. Improvements in endothelial function and
arterial stiffness have also been observed in patients with hy-
percholesterolemia (50) and in older adults free of clinical dis-
eases (82) after chronic (i.e., >4 wk) supplementation with
beetroot juice. In heart failure patients with preserved ejection

FIGURE 3—Brachial artery flow-mediated dilation (A) and carotid ar-
tery beta-stiffness index (B) at baseline (pre) and after (post) placebo or so-
dium nitrite (80 or 160 mg·d−1) supplementation. Values are presented as
mean ± SE. *P < 0.05 vs presupplementation within group. Data adapted
from (79).
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fraction, acute beetroot juice supplementation was reported to
reduce systemic vascular resistance and increase cardiac out-
put and exercise capacity (83). Although beneficial effects
have not been observed in all scenarios (84), the majority of
data suggest dietary approaches to enhance circulating nitrite
and NO bioavailability also hold great promise for improving
CV health in humans (85). Indeed, a recently initiated clinical
trial by our group seeks to extend these findings to patients with
mild to severe chronic kidney disease (ClinicalTrials.gov
NCT03826147), a group at markedly increased risk of CVD (86).

In conclusion, both pharmacological nitrite and dietary nitrate
supplementation represent intriguing healthy lifestyle-inspired
strategies for improving vascular function and potentially low-
ering the risk of incident CVD.

As outlined earlier in this article, dietary nitrate ingestion re-
sults in elevated circulating blood nitrate and nitrite levels,
which can exert effects on the vasculature. However, it is also
important to understand if, how, and where these ions are
transported, stored, and metabolized within the body (Fig. 1).

SKELETAL MUSCLE AS A NITRATE
RESERVOIR AND POTENTIAL REGULATOR OF
NO HOMEOSTASIS

The two NO-generating pathways, NOS dependent and ni-
trate dependent, are shown as a cycle in Figure 4. This cycle is

an open system, with exogenous inputs of nitrate and nitrite from
the diet and excretion of products by several organs but chiefly
the kidneys and lungs. In addition, it is important to keep in mind
that all these reactions take place in well-defined compartments—
organs and tissue, with either diffusion or transporters being re-
sponsible for fluxes of molecules between these compartments.

In the past, blood and vasculature, including the heart, were
the main organs studied in the field of NO (and nitrite and ni-
trate) biology. The alternate pathway to NO via nitrite reduc-
tion was discovered when it was realized that there is a
gradient of nitrate between the arterial and the venous sides
and that deoxyhemoglobin can act as a nitrite reductase (7).
Nitrite reduction by other proteins, such as xanthine oxidore-
ductase (XOR) and aldehyde oxidase, was also described
(27,87). Recently, mammalian nitrate reduction by XOR in
the liver was reported (23,88), and this represented an impor-
tant step from the previous paradigm that humans rely solely
on their commensal bacteria to reduce nitrate to nitrite (see
“The role of oral microbiota in nitric oxide homeostasis”).
Briefly, the accepted paradigm was that nitrate consumed
through the diet, together with nitrate derived from the oxida-
tion of NO produced by NOS, is the main sources of nitrate in
the body and that this nitrate, absorbed by the salivary glands
and excreted into the oral cavity, is reduced to nitrite by the
oral microbes. Subsequently, nitrite is distributed through the

FIGURE 4—Summary of nitrite and nitrate reduction and oxidation pathways and NO generation cycle with most of known proteins and reactions in-
volved. This cycle is as an open system, with exogenous and endogenous inputs from NOS, diet, and bacteria and excretion by kidneys and lungs. Concen-
trations marked for NO, nitrite, and nitrate are those detected (nitrite, nitrate) or estimated (NO) in bloodstream. Mo-Co protein is a family of
molybdenum-containing proteins, which in mammals consists of XOR, aldehyde oxidase, sulfite oxidase, MARC-1, andMARC-2 proteins. FeII-heme pro-
tein is a large family of proteins, including, but not limited to hemoglobin, myoglobin, and cytochromes.
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bloodstream into organs such as the heart or liver where nitrite
reductases such as XOR, aldehyde oxidase, or deoxyhemoglobin
(in the blood) reduce it to NO. The component parts of this cycle
(i.e., nitrate and nitrite) were considered to be “transient”—
that is, easily absorbed from the diet and excreted with a
half-life in the order of hours, with no longer-term storage of
any of the biochemical entities involved.

Such a situation, which does not include a nitrate/nitrite reser-
voir, might be considered to be unwise if nitrate/nitrite-derived
NO is of high importance for maintaining normal blood pres-
sure and vascular function, as is suggested by previous re-
search (30,89). The realization that nNOS, one of the three
isoforms of NOS, is highly expressed in skeletal muscle tissue,
along with myoglobin, a heme protein that is known to be in-
volved in NO metabolism (90,91), led us to hypothesize that
skeletal muscle tissue might play a role in nitrate–nitrite–NO
metabolism. We therefore measured nitrate and nitrite levels
in rat skeletal muscle and found significantly higher levels of
nitrate in skeletal muscle tissue compared with other organs
and blood, but with a smaller variation of nitrite distribution
between tissues (92).

The discovery of significantly elevated nitrate levels in
muscle and the presence of a muscle–blood–liver nitrate gradi-
ent led us to formulate a hypothesis that skeletal muscle serves
as an endogenous nitrate reservoir. The natural question that
follows is what are the sources of this nitrate and how is nitrate
sequestered into muscle cells? The combination of known
nitrate-generating pathways (see Fig. 4) and the fact that mus-
cle cells contain large amount of nNOS (perhaps especially in
Type II fibers [93]), myoglobin and XOR, led us to propose
that NO produced by nNOS within the skeletal muscle cell is
oxidized in situ into nitrate by oxymyoglobin. It is also known
that nitrate can be directly produced by the so-called futile cy-
cle of nNOS (94,95). To determine the role of nNOS, we mea-
sured nitrate in the muscle of wild-type and nNOS knockout
mice and found that the nNOS knockout mouse had very little
nitrate in its skeletal muscle (92). This was also true, but to a
lesser extent, for the eNOS knockout mouse (unpublished re-
sults). We also inhibited NOS in Wistar rats using L-NAME,
which led to a significant decrease of nitrate levels (unpub-
lished results). Moreover, myoglobin knockout mice also
showed significantly lower amounts of nitrate in their skeletal
muscle when compared with their littermates (96). Together,
these data suggested that NOS and NO-myoglobin systems
are, indeed, endogenous sources of nitrate in skeletal muscle.

Next, we tested the possibility that nitrate can be transported
into skeletal muscle from exogenous, dietary sources. We fed
Wistar rats low or high nitrate diets. Consistent with our hy-
pothesis, the low nitrate diet decreased, and the high nitrate
diet increased, the amount of nitrate present in rodent skeletal
muscle tissue (97). Diet-derived nitrate is sequestered from the
bloodstream and transported into muscle cells by anion trans-
porters and, albeit to a lesser extent, by diffusion. There are
several active mechanisms of nitrate transport into skeletal
muscle cells, such as the nitrate transporter, sialin (98), and
chloride channel protein 1 (CLC-1)–mediated nitrate transport

(99). Sialin is present in human myotubes (100), and the
CLC-1 transporter is a chloride channel expressed exclusively
in muscle tissue (99,101). It should be noted, however, that al-
though skeletal muscle has a relatively high nitrate concentra-
tion compared, for example, to blood, the nitrate concentration
of fresh meat (~10–30 mg·kg−1) is only ~10% of the nitrate
concentration of green leafy vegetables (102).

We also showed that skeletal muscle is not only a passive
reservoir supplying necessary nitrate to other more active or-
gans, such as the liver via the bloodstream, but muscle tissue
itself is able to use this reservoir in situ (97,103). We investi-
gated whether skeletal muscle tissue contains known nitrate
or nitrite reductases and also sought to confirm some earlier re-
ports (104,105) that XOR is present in skeletal muscle tissue in
substantial amounts. We found that the skeletal muscle ho-
mogenate, even at neutral pH of 7.4 and oxygen level of 2%
(~15mmHg, which is within the usual level of oxygen for this
tissue [8]), is able to reduce nitrate into nitrite and nitrite into
NO (103). The process can be inhibited by oxypurinol (XOR
inhibitor), but not by L-NAME (NOS inhibitor), and it is more
efficient at pH of 6.5 than at pH of 7.4 (103). Although this re-
action occurs in skeletal muscle homogenate to a much lower
extent than in liver homogenate for the same conditions, it is by no
means negligible and, because of the substantial amount of skele-
tal muscle, might be very important for whole-body physiology.

It was of interest to consider whether skeletal muscle uses
its endogenous nitrate when metabolic rate is elevated and
blood flow requirements are greater, such as during exercise,
when muscle oxygen utilization is accelerated and tissue pH
decreases. It had been known for over a century that blood
flow into exercising muscle greatly increases and various
mechanisms for this phenomenon have been proposed, includ-
ing a contribution from NO (106). We hypothesized that
exercise-induced hyperemia is, at least partially, due to the re-
duction of resident nitrate into nitrite and NO by skeletal mus-
cle XOR.We exercised rats and measured nitrate and nitrite in
skeletal muscle at baseline, immediately postexercise, and at
3 h after exercise. We found that after exercise, nitrate levels
in skeletal muscle decreased whereas nitrite levels increased
(103). These data strongly support the idea that nitrate stored
in skeletal muscle is an important source of NO generated dur-
ing exercise.

Having observed that both exercise and consuming a low
nitrate/nitrite diet decrease nitrate levels in skeletal muscle,
we next investigated the influence of consuming a high nitrate
diet on the muscle nitrate store. We used 7 d of a low nitrate
diet to deplete the nitrate reservoir in muscle (nitrate starva-
tion) followed up by 7 d of a high nitrate diet (97). Strikingly,
we found that reintroducing nitrate to the diet for less than 3 d
quickly and effectively restored muscle nitrate levels. In addi-
tion, and to our surprise, after 7 d of access to the high nitrate
diet, muscle nitrate values greatly exceeded not only those ob-
served at baseline but also values in muscle of rats that were
consuming a high nitrate diet without being first subject to ni-
trate starvation (see Fig. 3 of Gilliard et al. [97]). This might be
interpreted to indicate that access to nitrate is important to
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muscle and that nitrate homeostasis is a tightly regulated pro-
cess, with nitrate deprivation triggering still-to-be-discovered
mechanisms at the cellular and molecular levels leading to
muscle nitrate “supercompensation”when nitrate is reintroduced
to the diet.

Of great interest for the fields of human and exercise phys-
iology is that the first reports on the nitrate content of human
skeletal muscle seem to agree with data obtained so far in ro-
dents (107,108). Wylie et al. (107) reported that baseline ni-
trate and nitrite concentrations were appreciably higher in
muscle than in plasma and that human muscle contains sialin.
Ingestion of 13 mmol dietary nitrate was reported to signifi-
cantly elevate muscle nitrate concentration, and after supple-
mentation, muscle nitrate concentration was decreased by
exercise (107). These results confirm the dynamic nature of
the nitrate content of skeletal muscle and indicate that skeletal
muscle is sensitive to both nitrate supply and demand. It should
be recognized, however, that these investigations are at an early
stage, especially in humans, and significant further research is
required to elucidate these effects and the mechanisms that un-
derpin them (109). The extent to which muscle function and
exercise performance are related to muscle nitrate or nitrite
content and may be influenced by dietary nitrate supplementa-
tion is also an important consideration for future research.

APPLICATIONS OF DIETARY
NITRATE SUPPLEMENTATION

The prevalence of dietary supplement use by athletes inter-
nationally has been estimated to range between 40% and 90%,
with greater prevalence reported among elite athletes (110).
Beetroot juice is one of the supplements that has been increas-
ingly used over the past decade, and this has been mirrored by
significant research attention, which has been aimed at estab-
lishing robust evidence for the enhancement of sports perfor-
mance by dietary nitrate supplementation.

In 2007, Larsen et al. (33) made the remarkable discovery
that sodium nitrate supplementation reduced the oxygen cost
of submaximal cycling. Similar findings were confirmed using
beetroot juice (34), where an approximately 5% reduction in
oxygen uptake at a fixed submaximal power output was re-
ported. These results imply that dietary nitrate permits more
muscularwork to be performed per unit time for the same oxygen
cost, implying that the efficiency of skeletal muscle contraction
might be enhanced (for meta-analysis, see Pawlak-Chaouch et al.
[111]). Improved energy efficiency is an important factor for
endurance sport performance. However, studies on nitrate
supplementation, contraction efficiency, and endurance sport
performance have shown variable results, and it is clear that ni-
trate supplementation is not beneficial in all instances (14,112).

As research on nitrate supplementation and endurance
sports expanded, it appeared rather difficult to induce ergo-
genic effects in more highly trained individuals. For example,
in a study comparing groups of different endurance training
status, it was concluded that nitrate supplementation was only
beneficial for recreational and not for highly trained athletes

with high values of maximal oxygen uptake (113). A recent
meta-analysis has confirmed that individuals with high aerobic
fitness (i.e., V̇O2peak > 65 mL·kg−1⋅min−1) do not benefit from
nitrate supplementation during endurance exercise (112). In
recent years, however, new insights into the mechanisms under-
pinning the effects of nitrate supplementation on exercise perfor-
mance has led to a shift in attention toward more high-intensity
exercise protocols, where nitrate supplementation might have
the potential to improve performance even in elite athletes (14).

The nitrate–nitrite–NO pathway is particularly stimulated
under conditions of low pH and low oxygen availability
(114), and therefore nitrate supplementation has been sug-
gested to be most beneficial in hypoxia. This could include en-
vironmental hypoxia, such as exercise at altitude or
underwater, or “local hypoxia”within the muscle, such as dur-
ing (partly anaerobic) high-intensity and intermittent exercise.
The relatively low oxygen tension surrounding Type II (fast-
twitch) muscle fibers may create optimal circumstances for
the reduction of nitrite to NO (115), and animal work has
shown that nitrate may largely benefit exercise performance
through effects on contractile function (116) and blood flow
(117) in Type II muscle. Well-trained athletes competing in
high-intensity sports, such as sprinting, track cycling, speed
skating, and field sports, likely have a high proportion of Type
II muscle fibers (118), theoretically increasing the ergogenic
potential of nitrate. Furthermore, given the potential for nitrate
to elicit a reduction in the oxygen cost of exercise (33,34), one
could argue that nitrate supplementation would be most bene-
ficial in situations where oxygen demand exceeds oxygen sup-
ply, such as during very high-intensity exercise. In line with
this, recent studies indicate that nitrate may enhance skeletal
muscle contractility, power generation, and sprint and re-
peated sprint performance (for a review, see Jones et al. [14]).

Repeated sprint performance in moderately to well-trained
subjects has been shown to improve after several days of ni-
trate supplementation (119–123). Wylie et al. (122) found no
improvement in power during repeated 30-s sprints in recrea-
tional athletes, whereas the performance of shorter sprints
was improved after nitrate supplementation. These observa-
tions may be explained by a predominant effect of nitrate on
the initial force production of Type II muscle fibers. This
would be consistent with an enhanced early phase force pro-
duction after nitrate supplementation, which has been reported
in mouse fast-twitch muscle (116). In humans, nitrate supple-
mentation has also been reported to enhance force production
during the initial phase of muscle contractions ([124]; see also
[125]). Furthermore, in animal models, nitrate supplementa-
tion can improve muscle calcium handling (116,126), which
may elicit a greater effect during the initial phase of contrac-
tion where the calcium saturation is normally incomplete.
However, this has yet to be confirmed in humans. Whitfield
et al. (32) found that beetroot juice supplementation increased
force production at low-stimulation frequencies but without
altering the expression of protein targets associated with cal-
cium handling in human skeletal muscle. Obviously, for very
high-intensity sport disciplines, a high proportion of, and the
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ability to recruit, Type II muscle fibers may be important to
success (127,128). When comparing repeated 30-s sprint per-
formance after nitrate supplementation between recreational,
competitive, and elite sprint athletes, Jonvik et al. (129) found
that the improvement in the time to reach peak power was not
dependent on the athletes’ competition level. As such, it can
be suggested that even for elite athletes, in high-intensity
sports where rapid acceleration is crucial, nitrate supplementa-
tion could result in reaching the top speed faster and improv-
ing actual sports performance.

For various reasons, most sports nutrition studies include
recreational to well-trained athletes, whereas very few studies
are undertaken on world-class elite athletes (118). To date,
only seven studies have investigated the effect of nitrate sup-
plementation (dose, 500–1200 mg·d−1) in elite or professional
endurance athletes (V̇O2max > 69 mL·kg−1⋅min−1), four of
which found no effect on performance (130–133) and three
of which reported small performance-enhancing effects
(129,134,135). It is obvious, however, that even minor bene-
fits could be very relevant to elite athletes. A performance en-
hancement of less than 1% generally represents the difference
between receiving the gold medal and not even reaching the
podium, but such small differences in performancemay be dif-
ficult to detect using existing scientific approaches (136).

There are several possible reasons why elite endurance ath-
letes may benefit less from nitrate supplementation (137,138).
One possibility is that elite athletes already have high baseline
blood nitrate and nitrite concentrations due to training-induced
NOS upregulation (139,140), and therefore increases in these
variables are attenuated after nitrate supplementation. Consistent
with this, Porcelli et al. (113) reported a blunted plasma response
to nitrate supplementation in highly trained compared with lesser
trained endurance athletes. However, Jonvik et al. (129) reported
no difference in either the baseline concentrations or the changes
in plasma nitrate or nitrite after nitrate supplementation between
recreational, competitive, and elite sprint athletes. It has been
speculated that elite athletes do not respond to nitrate supple-
mentation because of high energy intake and, therefore, high
habitual nitrate intake. However, in a large study of >550
well-trained Olympic athletes (141), the habitual daily dietary
nitrate intake of most athletes was substantially lower than that
provided by a standard supplemental dose of nitrate. Therefore,
a blunted effect of nitrate supplementation in elite athletes is
unlikely to be caused by high habitual dietary nitrate intakes.

An open question is whether the type of sports discipline
determines whether elite athletes could benefit from nitrate
supplementation. Because nitrate supplementation may be
most effective in Type II muscle fibers and under conditions
of low oxygen availability and low pH (115), elite endurance
athletes may not benefit much, if at all, from nitrate supple-
mentation. By contrast, nitrate supplementation might benefit
sports events performed at very high intensity, which have a
high dependency on Type II muscle fibers. Consequently, ni-
trate supplementation may still have ergogenic potential in
elite athletes when assessed under such conditions. It should
also be considered whether limited effects of nitrate in elite

athletes are related to methodological limitations in research
conducted in this population. Small sample size and very sub-
tle expected differences are inherent in studies of elite athletes.
Furthermore, the potential for there to be minor improvements
may be overshadowed by response variability because of dif-
ficulties in standardization of training periods, busy schedules,
and conflicting priorities. Moreover, potential improvements
in performance measures may be difficult to translate to actual
sports performance because of a lack of sport-specific tests.

In summary, the ergogenicity of nitrate supplementation is
complex, multifactorial, and may be highly individual. A pos-
sible future approach would be to complete serial testing of the
effect of nitrate supplementation on competition performance
within the same athlete. This may provide information on the
existence of potential responders and nonresponders to nitrate
supplementation, thereby enablingmore tailored and individu-
alized nutritional approaches, e.g., whether an athlete should
consider nitrate supplementation or not and, if so, how.

Practical recommendations. Based on the available
evidence and best practice, the following recommendations
for nitrate supplementation in athletes can be made, bearing
in mind that we are still far from reaching consensus. The daily
dose of nitrate supplementation should be >300mg (~5 mmol)
and perhaps considerably higher inmore trained athletes. It ap-
pears that both acute and multiple-day supplementation proto-
cols could be effective (112). To optimize benefits, the final
dose of beetroot juice should be ingested at least 90min before
the event and nitrate-rich vegetables a minimum of 3 h before
the event. It seems that a vegetable source is more effective
than nitrate salts (142), taken as a supplement (e.g., one to
two shots of concentrated beetroot juice) or through
~200–400 g nitrate-rich vegetables per day. A few studies
have shown that the effects of nitrate can be achieved via meal
ingestion (143–145). However, whether such large vegetable
intakes are feasible still needs to be investigated, and for most
athletes, consuming a beetroot juice concentrate would be the
more practical strategy. Figure 5 presents which athletes could
benefit from nitrate supplementation. Nitrate is likely more
beneficial under oxygen-limited conditions (114), involving
“local hypoxia” in the muscle. Oxygen will more often be lim-
iting for less trained athletes, who could benefit from nitrate in
several types of events, including endurance-type sports.
Based on the current evidence, nitrate supplementation may
be of limited benefit to elite endurance athletes, but elite ath-
letes competing in very high-intensity exercise tasks may still
benefit from nitrate. However, because doses, duration, timing,
and type of athletes vary substantially between studies, addi-
tional research is required to determine the optimal supplemen-
tation strategy for nitrate to enhance performance in various
sports. Moreover, potential sex-based differences in responses
to nitrate supplementation require elucidation (112,146).

CONCLUSIONS

This review has highlighted our emerging understanding of
nitrate and nitrite as storage forms of, and important precursors
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to, NO production and therefore to human cardiovascular,
neuromuscular, and metabolic health, as well as to physiolog-
ical function. Nitrate and nitrite are continuously produced en-
dogenously as products of NOS-mediated NO production, but
the body’s nitrate and nitrite stores may be augmented exoge-
nously via the diet and are used in the nitrate–nitrite–NO pro-
duction pathway in situations where NOS function is impaired
and when tissue oxygen availability is limited.

This integrated “NO preservation system” is exquisitely co-
ordinated to enable nitrate and nitrite however, they are pro-
duced to be sequestered, transported, stored, and recycled.
Dietary nitrate (as well as nitrate produced endogenously
which subsequently enters the enterosalivary system) is re-
duced to nitrite and therefore functionally “activated” by sym-
biotic bacteria residing in the oral cavity. This has led to great
efforts to identify the key nitrate-reducing bacterial species in
the oral microbiota and how they respond to factors such as
diet, aging, and health, fitness, and training. This might ulti-
mately lead to the development of probiotic treatments de-
signed to “optimize” the oral microbiota for the purpose of
nitrate-to-nitrite conversion. A high nitrate diet (and nitrate
supplementation) increases levels of nitrate and nitrite in the
circulation and has been shown to result in beneficial effects
on the vasculature, including reduced resting blood pressure,
reduced large elastic artery stiffness, and improved endothelial
function. This may explain, in part, the success of diets that
emphasize the consumption of fruits and vegetables (espe-
cially cruciferous varieties), such as the Mediterranean diet,
on indices of cardiovascular health.

Although the concentration of nitrate (and nitrite) in plasma
and blood cells is greatly increased by nitrate ingestion, peak
blood nitrate and nitrite concentrations are transient, with
nitrate/nitrite being either excreted from the body (by the kid-
neys) or distributed into tissues, including skeletal muscle,
which may be the main storage site for these NO precursors,
because of its considerable total mass. This points to active
transport of nitrate from blood to muscle and opens up the in-
triguing possibility that muscle can release nitrate into the
bloodstream when required and perhaps contribute to func-
tional hyperemia. Several recent observations indicate that ni-
trate may be essential to skeletal muscle, and perhaps wider
biological, function: 1) during exercise, muscle nitrate stores
are decreased; 2) a high nitrate diet increases the muscle nitrate
store whereas a low nitrate diet reduces it; and 3) the muscle
nitrate store becomes “supercompensated” when nitrate is
reintroduced to the diet after a period of deprivation (akin to
what has been established previously with carbohydrate intake
and muscle glycogen stores). This sensitivity of skeletal mus-
cle to nitrate availability and the dynamic changes in nitrate
and nitrite during exercise and subsequent recovery certainly
hints at an underappreciated physiological role for nitrate with
skeletal muscle being central to the maintenance of whole-body
nitrate “homeostasis.”Although this picture of nitrate/nitrite dy-
namics in skeletal muscle relies mostly on rodent studies to
date, there are emerging signs that a similar system is operative
in humans.

If nitrate and/or nitrite are indeed essential for muscle func-
tion, then the extent to which muscle (and exercise) perfor-
mance might be enhanced by increasing nitrate stores via
dietary nitrate supplementation becomes an intriguing ques-
tion. It is feasible that supplementation may be beneficial
when muscle stores are low relative to demand; by contrast,
there may be a storage “ceiling” in terms of functional out-
comes, in which case supplementation would be futile. Over
the last decade, many studies have contributed to our under-
standing of the circumstances under which nitrate supplemen-
tation may enhance exercise performance. Key considerations
in this regard appear to include age, health, sex, aerobic fit-
ness, training status and muscle fiber type of the individual,
and intensity, duration, and nature of the sport or activity.

Although the importance of NO to life is well established, it
is clear that there is complexity, redundancy, and indeed splen-
dor in the mechanisms by which it is produced, processed,
stored, and used. Much remains to be discovered.
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FIGURE 5—Athletes likely to benefit from nitrate supplementation. The
top section presents sports where oxygen is the limiting factor and where
nitrate supplementation is more likely beneficial for performance. The
bottom section presents increasing rate of effect in different athlete
groups: no effect in elite endurance, small effect in elite sprint/power, me-
dium effect in recreational endurance, and large effect in recreational
sprint/power athletes.
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