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ABSTRACT
Background: Dietary nitrate improves exercise performance by reducing the oxygen cost of exercise, although the

mechanisms responsible are not fully understood.

Objectives: We tested the hypothesis that nitrate and nitrite treatment would lower the oxygen cost of exercise by

improving mitochondrial function and stimulating changes in the availability of metabolic fuels for energy production.

Methods: We treated 9-mo-old zebrafish with nitrate (sodium nitrate, 606.9 mg/L), nitrite (sodium nitrite, 19.5 mg/L),

or control (no treatment) water for 21 d. We measured oxygen consumption during a 2-h, strenuous exercise test;

assessed the respiration of skeletal muscle mitochondria; and performed untargeted metabolomics on treated fish,

with and without exercise.

Results: Nitrate and nitrite treatment increased blood nitrate and nitrite levels. Nitrate treatment significantly lowered

the oxygen cost of exercise, as compared with pretreatment values. In contrast, nitrite treatment significantly increased

oxygen consumption with exercise. Nitrate and nitrite treatments did not change mitochondrial function measured

ex vivo, but significantly increased the abundances of ATP, ADP, lactate, glycolytic intermediates (e.g., fructose 1,6-

bisphosphate), tricarboxylic acid (TCA) cycle intermediates (e.g., succinate), and ketone bodies (e.g., β-hydroxybutyrate)

by 1.8- to 3.8-fold, relative to controls. Exercise significantly depleted glycolytic and TCA intermediates in nitrate- and

nitrite-treated fish, as compared with their rested counterparts, while exercise did not change, or increased, these

metabolites in control fish. There was a significant net depletion of fatty acids, acyl carnitines, and ketone bodies in

exercised, nitrite-treated fish (2- to 4-fold), while exercise increased net fatty acids and acyl carnitines in nitrate-treated

fish (1.5- to 12-fold), relative to their treated and rested counterparts.

Conclusions: Nitrate and nitrite treatment increased the availability of metabolic fuels (ATP, glycolytic and TCA

intermediates, lactate, and ketone bodies) in rested zebrafish. Nitrate treatment may improve exercise performance, in

part, by stimulating the preferential use of fuels that require less oxygen for energy production. J Nutr 2019;149:2120–

2132.
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Introduction

Optimal athletic performance requires physical conditioning,
sport-specific experience, personalized training, and appropriate

nutrition (1). Moderate-to-intense exercise is fueled principally
by the oxidation of glycogen in muscle and, to a lesser
extent, lipids, while longer-duration exercise stimulates the
mobilization of substrates from the liver and gut (e.g., glucose)
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and adipocytes (e.g., free fatty acids) (2–5). The consumption
of dietary inorganic nitrate (NO3

−) as leafy greens and root
vegetables reduces the oxygen cost of submaximal physical
activity (6–8). This is significant, because it improves exercise
tolerance and performance in humans and is among a select
number of dietary factors that produce exercise benefits (1,
9). Nitrate-containing foods and dietary supplements are
increasing in popularity among elite and recreational athletes
and the public, even while the mechanisms that are responsible
for this exercise benefit are not well understood (10).

The physiological effects of dietary nitrate depend on its
reduction into nitrite (NO2

−) and NO, termed the nitrate-
nitrite-NO pathway (11, 12). Humans concentrate nitrate
in the salivary glands before facultative anaerobic bacteria,
residing in the crypts of the tongue, reduce salivary nitrate to
nitrite. Nitrite is swallowed and absorbed into circulation or
reduced to NO in the stomach (13). Absorbed nitrite acts as
a bioavailable reservoir for NO, with its reduction favored in
acidic and hypoxic conditions, such as during strenuous exercise
(14). Importantly, NO homeostasis is also maintained by an
endogenous pathway, where the NO synthases produce NO
from O2 and L-arginine (15).

NO is a potent signaling molecule that regulates vascular
tone and blood pressure by stimulating cyclic guanosine
monophosphate–dependent vasodilation in vascular smooth
muscle (15, 16). Notably, NO donors facilitate glucose transport
in skeletal muscles via the stimulation of glucose transporter
type 4 abundance: an important regulatory step for glucose up-
take in skeletal muscle, heart, and adipose tissue (17–19). Long-
term nitrate deficiency is associated with glucose intolerance,
hyperglycemia, and an increased risk of atherosclerosis in mice
(20), while the supplementation of nitrate-deficient diets with
nitrate improves glucose tolerance, insulin resistance, and dys-
lipidemia in rodent models of hyperglycemia and diet-induced
obesity (21, 22). These findings are consistent with the concept
that dietary nitrate may be an essential nutrient (20, 23, 24).

The lower oxygen cost of exercise associated with nitrate
consumption is ascribed to several potential mechanisms, in-
cluding improved muscle hemodynamics, improved contractile
efficiency, and fiber-type switching in skeletal muscles (25–
28). Likewise, improved mitochondrial efficiency has been
associated with nitrate consumption in skeletal muscle mito-
chondria, as measured by increased oxidative phosphorylation
efficiency, as indicated by the ratio of ATP production to
O2 consumption (P:O), decreased state 4 respiration, and a
reduction of ATP/ADP translocase protein (29, 30). Notably, a
subsequent study did not observe nitrate-associated, improved
mitochondrial efficiency, highlighting the need for additional
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research (31). Furthermore, while fuels for energy production
(e.g., fatty acids and glucose) are critical for ATP production
during exercise, and can directly influence the rate of oxygen
consumption, it is not known whether nitrate or nitrite
treatment influences the availability of metabolic fuels (32, 33).

To begin addressing these gaps in knowledge, we tested
the hypothesis that nitrate and nitrite treatment lower the
oxygen cost of exercise by increasing mitochondrial efficiency.
We further hypothesized that the treatment stimulated changes
in the availability of metabolic fuels for energy production.
Exercise requires the intricate coordination of multiple organ
systems, and we chose a zebrafish (Danio rerio) model because
the zebrafish’s small size allows for the assessment of whole-
body metabolomic profiling. Zebrafish models are effective for
exercise studies, and have high genetic homology to humans
(34–38), including a conserved nitrate-nitrite-NO pathway,
functional nitric oxide synthase (nos) genes, and the capacity to
reduce plasma nitrate through the nitrate-nitrite-NO pathway
(39, 40). We treated adult zebrafish with nitrate or nitrite for
21 d; measured oxygen consumption during a 2-h, strenuous,
graded exercise test; assessed mitochondrial respiration in
ex vivo skeletal muscle isolations; and performed untargeted
metabolomics on whole zebrafish (41).

Methods
Experimental design
A total of 192 zebrafish were randomized into 3 treatment groups,
designated as: 1) control (no treatment); 2) nitrate (606.9 mg NaNO3/L
water); and 3) nitrite (19.5 mg NaNO2/L of water). The 9-mo-old
zebrafish were treated for a duration of 21–28 d. These doses were
chosen to model nitrate or nitrite levels that could be achieved by
regularly consuming high-nitrate foods and supplements, which have
been associated with improvements in exercise performance in humans.
Nitrite in fish water can be toxic to fish and, thus, limited the exposure
range for nitrite treatment more than nitrate. As such, we based our
nitrate and nitrite treatments on 2 considerations: 1) the concentrations
needed to achieve high blood levels; and 2) the adult zebrafish literature,
in order to select a significant but non-toxic nitrate concentration (42).
Likewise, the nitrite dose was chosen because it was higher than normal
fish water but included a 10-fold safety factor as compared to the lowest
dose previously tested (which was only associated with mild growth
suppression) (43). The oxygen consumption during an exercise test was
assessed before and after treatment, and mitochondria from skeletal
muscles were examined. Fish were also collected at rest or directly
following the 2-h, graded swim test for metabolomics analyses. A subset
of the zebrafish were switched to 15N-nitrate or 15N-nitrite treatment
for the final 3 d of exposure. At the study termination (28 d) all
remaining zebrafish were euthanized, with a subset sent for pathological
examination.

Fish husbandry
Wild-type zebrafish (5D) were raised and maintained at the Sinnhuber
Aquatic Research Laboratory at Oregon State University (OSU), in
accordance with protocols approved by the OSU Institutional Animal
Care and Use Committee. Fish were maintained at 6 fish per tank
(3 male and 3 female) in 4-liter enclosures. Fish water was made with
reverse-osmosis water and included Instant Ocean at 1.4 g of salt/gallon
of water (Instant Ocean, Spectrum Brands) with a conductivity between
500–600 μS. Nitrate and nitrite were dissolved in freshly prepared
fish water and, unless otherwise indicated, chemicals were purchased
from Sigma-Aldrich. For labeling experiments, a subset of fish were
switched to water containing either >99% stable isotopes of Na15NO3
or 100% Na15NO2 (Cambridge Isotope Laboratories) at Day 18 for
3 d of treatment prior to collection. The fish water, which contained the
nitrate or nitrite treatment, was replaced every 36–42 h to maintain low
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ammonia concentrations and consistent nitrate and nitrite treatments.
Fish water was monitored for pH (6.8–7), total ammonia concentrations
(0–2.0 ppm), and temperature (27–29◦C). Fish were fed a standard lab
diet (Gemma Micro. Skretting) at a volume of ∼3% body weight/d, as
determined by weighing of fish just prior to the beginning of the study.
The diet composition was 59% protein, 14% lipids, 14% ash, 1.5%
calcium, 1.3% phosphorus, 0.7% sodium, and 0.2% fiber, and 9.3%
proprietary ingredients under patent by Skretting. It also contained
vitamins A (23,000 IU/kg), D3 (2,800 IU\kg), C (1,000 mg/kg), and E
(400 mg/kg). Food was given over 2 feedings per day, which contained
0.32 mg/kg of nitrite and 49.3 mg/kg of nitrate. Fish were treated for
up to 28 d. Fish were humanely euthanized with an overdose of the
anesthesia drug tricaine mesylate, then dried, weighed, measured for
length, and either snap frozen, dissected for muscle, or whole blood–
collected, as previously described (44). The pathological examinations
of fish tissue and nitrate and nitrite quantifications in whole zebrafish,
with and without labels, were as previously published (41) and are
described in the Supplemental Methods.

Nitrate and nitrite quantification in water and blood
Water was collected during the first week of the experiment and saved
directly after a water change (designated as fresh) or 36–42 h post–water
change (used), as previously published (45). Similar nitrate and nitrite
contents of fish water were confirmed at day 20 (data not shown). Whole
blood collection was as previously published, except fluid volumes
were modified to 2 μL blood and 18 μL ice-cold reverse-osmosis
water for nitrate quantification or to 16 μL blood and a 4 μL stop
solution for nitrite measurements. Nitrate and nitrite concentrations
were determined by ozone chemiluminescence, as previously described,
on a Sievers Nitric Oxide Analyzer (45, 46).

Oxygen consumption with exercise
Fish exercised in a swim tunnel (Loligo Systems), where oxygen
consumption rates were measured using a Fibox fiber optic oxygen
probe and an oxy4 sensor, as previously described, with small
modifications (47). We weighed 6 fish per group, placed them in a
swim tunnel, and measured their oxygen consumption rate (O2 mg ·
kg body weight−1 · h−1) every 10 min, calculating it using AutoResp
automated intermittent respirometry software (Loligo Systems), as
previously described (47). Each treatment group had 5 experiments
for both pre- and post-treatment (days 21–25 of treatment), with all
data points in analysis having an R2 value of 0.8 or higher (48, 49).
Zebrafish that were exercised had a 50-min free swim at a water flow
of 5 cm/s, followed by stages of increasing water current (10, 20, 30,
and 40 cm/s), where each stage was held for a 20 min duration. Fish
were then returned to the baseline flow rate of 5 cm/s for 20 minutes
and were either euthanized and snap frozen or returned to their tank
for later use.

Mitochondrial analysis
We isolated mitochondria from epaxial and hypaxial muscles in rested
fish using differential centrifugation on days 21–25 of treatment
(50). High-resolution respirometry was performed using Oxygraph-
2k (Oroboros Instruments) with 2 mL chambers at 37◦C and 750
revolutions per minute stirring of the respiration buffer (0.5 mM EGTA,
3 mM MgCl2–6H2O, 60 mM lactobionic acid, 20 mM taurine, 10
mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 1 g/l bovine
serum albumin). We measured oxygen consumption, normalized to
the protein content of mitochondrial isolation, with H2O2 (JH2O2),
using 10 μM Amplex red, 5 U/mL superoxide dismutase, and
1 U/mL horseradish peroxidase and calibrated using injections of
H2O2. To examine Complex I, the titration sequence began with
mitochondrial suspension, followed by 10 mM glutamate + 2 mM
malate and 5 mM ADP (NADH-supported oxidative phosphorylation).
Complexes I and II were evaluated with a 10 mM succinate addition
(NADH + succinate-supported oxidative phosphorylation). 0.5 μM of
Complex I inhibitor rotenone generated succinate-supported oxidative
phosphorylation (Complex II). For proton leak, 2 μg/mL oligomycin
inhibited Complex IV. Sequential additions of 0.05 mM carbonyl

cyanide 4-(trifluoromethoxy)phenylhydrazone stimulated a succinate-
supported electron transfer system (Complex II). Antimycin A (2.5 mM)
was applied to measured residual oxygen consumption. The P:O was
calculated using a sub-saturating pulse of 114 nmol of ADP during
NADH-supported respiration, prior to saturating ADP (5 mM). The
P:O assumed a 1:1 ratio of ADP consumption and ATP production (51).
We determined mitochondrial protein abundances in skeletal muscle
lysates using Western blotting, as previously described (52). Antibodies
were anti–citrate synthase (Abcam ab96600), ATP synthase F1 subunit
α (ab110273), β-actin (ab8226), goat anti-rabbit, or goat anti-mouse
secondary (Santa Cruz Biotechnology).

Metabolomics analysis

Sample preparation.
Whole zebrafish were ground in liquid nitrogen with a mortar and pes-
tle, after which the metabolites were extracted (100 mg fish powder/100
μL 80:20 methanol:water), mixed vigorously, chilled at −20◦C for 1 h,
centrifuged at 13,000 x g for 10 min, freeze dried, and then re-suspended
in cold solvent (50:50 methanol:water). Extracts were sonicated for
5 min and centrifuged at 13,000 x g for 10 min, and supernatants
were transferred to MS vials. Metabolomics were performed using
LC-MS/MS in both positive and negative ion modes, as previously
described (53). Briefly, HPLC was performed on a Shimadzu Nexera
system (Shimadzu) with a phenyl-3 stationary phase column (Inertsil
Phenyl-3, 4.6 × 150 mm; GL Sciences) coupled to a quadrupole time-
of-flight MS (AB SCIEX TripleTOF 5600). Samples were randomized,
auto-calibration was performed every 2 samples, and a pooled
quality control was analyzed every 10 samples. An MS/MS analysis
(information dependent acquisition and sequential window acquisition
of all theoretical spectra ) was performed on quality control samples.

Metabolomics data processing.
Data were analyzed using PeakView with XIC Manager 1.2.0
(ABSciex). Metabolite identities were assigned by matching the accurate
mass (error <10 ppm), retention time (error <10%), MS/MS fragmen-
tation (library score >70), and isotope distribution (error <20%) with
an in-house library of 650 commercially available standards (including
IROA Technology) or querying online databases (METLIN, Human
Metabolome Database). The peak list was exported to MultiQuant
3.0.2 (SCIEX) to integrate chromatograms to obtain peak areas.

Metabolomics data visualization.
Principal components analysis plots were generated with MetaboAn-
alyst 3.0 (McGill University) using log-transformed peak intensities
of all annotated metabolites detected in positive and negative ion
modes. Pathway-specific diagrams were created in PowerPoint 2016
(Microsoft) and graphs were generated with GraphPad Prism 4,
showing mean peak area (counts). Log-fold changes shown in pathways
were generated with MetaboAnalyst 3.0. Heat maps were generated
with all detected acyl carnitines and fatty acids with MetaboAnalyst
3.0 on log-transformed peak intensities, using Euclidian distance
measures, auto-scale features, and no clustering algorithms. ChemRICH
(University of California, Davis) was used to determine those clusters of
metabolites that were significantly altered with exercise.

Statistical analysis
Statistical comparisons were generated, unless otherwise indicated,
with GraphPad Prism 4. Statistical tests were done for all endpoints
examined and significant differences are indicated by letters in the
figures. When no statistically significant differences were observed
between treatments, no letters were used in the figures. Comparisons
made between the control, nitrate, and nitrite treatments groups were
made using a 1-way ANOVA with a Tukey post hoc analysis. We used
2-way ANOVAs with Tukey post hoc analyses when treatment and time
or treatment and exercise conditions were examined. A mixed-effects
ANOVA with a Tukey post hoc analysis was conducted in R for an
analysis of the AutoResp swim tunnel results, to account for treatment,
speed, and pre- to post-exposure. A P value < 0.05 was considered
significant when comparing pre- versus post-treatment conditions.
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FIGURE 1 Concentrations of nitrate and nitrite in (A) fish water and (B) zebrafish blood, as determined by Sievers Nitric Oxide Analyzer. (A)
Values show means ± SE for n = 5 tanks. (B) Box and whiskers plots from min to max, n = 7–10 fish. (A and B) Labeled means without a
common letter differ, P < 0.05. Fresh, newly treated fish water; NO2

−, nitrite concentrations; NO3
−, nitrate concentrations; Used, water at end

of 42 h of use.

A statistical analysis of metabolomics data was conducted with
annotated metabolites, and multivariate analyses were generated using
MetaboAnalyst 3.0 (54). A 2-factor ANOVA, followed by a Fisher’s
post hoc analysis and Holm false discovery rate (FDR) correction, was
used to calculate significant differences for each annotated metabolite
between the treatment groups, where a P value of < 0.05 indicated
significance (n = 9). Significant differences in ChemRICH were
calculated using a Kolmogorov-Smirnov test with an FDR correction
(P < 0.05) (55).

Results
Nitrate and nitrite alter exercise performance

Nitrate and nitrite treatment significantly increased nitrate or
nitrite concentrations in the water, as compared to the control
water (Figure 1A). Nitrate was present in the water of the
nitrite treatment group, but was well below the concentration
for nitrate treatment. Nitrite concentration increased with
use, likely due to nitrogenous waste excretion, but the nitrite
concentrations in the used water of control and nitrate-
treated fish were significantly lower than the concentrations
in the water from the nitrite treatment groups (Figure 1A
and data not shown). Zebrafish treated with nitrate had a

significant, 4.5-fold greater blood nitrate concentration, and
2-fold higher blood nitrite concentrations, as compared to blood
concentrations collected from control fish (Figure 1B). Nitrite
treatment significantly increased blood nitrite by 2.6-fold, as
compared to blood nitrite levels in control fish, although it did
not significantly alter the amount of nitrate in the blood.

There were no significant differences in fish lengths, weights,
or ammonia exposure concentrations with nitrate or nitrite
treatment, as compared to control fish (Supplemental Figure
1). Pathological examinations did not reveal negative health
outcomes in control or nitrate-treated fish. The only adverse
pathological finding for nitrite-treated fish was diffusely mildly
plump and reactive gill epithelium, noted in 60% of fish
examined. This finding is consistent with nitrite acting as a mild
toxic irritant at the gill (Supplemental Figure 1). Glutathione
and oxidized glutathione, markers of oxidative stress, were
not significantly changed by nitrate or nitrite treatment, as
compared to the abundances in control fish (Supplemental
Figure 1). Together, these results indicate that nitrate or nitrite
treatment did not cause broad, adverse health effects.

Nitrate treatment significantly increased whole-body nitrate
and nitrite concentrations, by 2.4- and 3.6-fold, respectively, as
compared to the control fish (Supplemental Table 1). Likewise,
nitrite treatment significantly increased whole-body nitrate
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FIGURE 2 Zebrafish performed a 2-h graded swim test and (A) oxygen consumption was plotted against swimming speed before and after
treatment with control, nitrate, or nitrite in n = 5 groups of fish. (B) Whole-body nitrite and nitrate concentrations were determined by the
2,3-diaminonaphthalene method for n = 9 fish. (A and B) values show means ± SE. (A) Mixed effects ANOVA results are given (left) with Tukey
Honest Significant Difference post-hoc test results (right), which directly compared performance pre- to post-treatment. (B) Labeled means
without a common letter differ, P < 0.05. NO2

−, nitrite concentrations; NO3
−, nitrate concentrations; Post, after 21 d of treatment; Pre, before

treatment.

(1.4-fold) and nitrite concentrations (2.2-fold). As nitrate and
nitrite can also be endogenously produced, 15N labeling was
used to determine the proportions of nitrate and nitrite in the
fish that were derived from exogenous treatment. The 15N-
nitrate treatment caused an 88% enrichment of nitrate and
a 44% enrichment of nitrite, which was well above the 4%
observed for each chemical in the control fish (Supplemental
Table 1). The 15N-nitrite treatment also increased the percentage
enrichments of nitrite (61%) and nitrate (57%; Supplemental
Table 1). Overall, these results demonstrate the conversion of
exogenous nitrate to nitrite in the fish, and that the exogenous
treatments were a primary source for the increased nitrate and
nitrite in whole fish.

Zebrafish movement and exercise performance were tested,
and nitrate and nitrite treatments did not have significant effects
on baseline movements (Supplemental Figure 1). Control fish
also did not have significant differences in oxygen consumption
in a graded exercise test, when results were compared to
measurements in the same fish before the treatment period.
Nitrate treatment significantly decreased oxygen consumption

during exercise, as compared to pre-treatment values in the same
fish (Figure 2A). Nitrite treatment caused a significant increase
in oxygen consumption with exercise. Furthermore, exercise
significantly depleted whole-body nitrite concentrations in the
nitrate and nitrite treatment conditions, by ∼2-fold, but did not
decrease nitrate levels (Figure 2B).

Mitochondrial efficiency or abundance

Nitrate and nitrite treatment effects on isolated mitochondria
were examined, and no significant differences were found for
oxidative phosphorylation, proton leaks, or residual oxygen
consumption between mitochondria from control, nitrate-
treated, and nitrite-treated zebrafish (Figure 3A). Compared to
control conditions, the P:O ratio, an indicator of mitochondrial
efficiency, was not significantly altered by nitrate or nitrite
treatment (Figure 3B, P = 0.116). Nitrate and nitrite treatment
also did not alter the amount of reactive oxygen species
produced by the mitochondria (data not shown). Mitochondrial
protein abundance markers were examined, because nitrate-
or nitrite-induced increases in mitochondrial abundance have
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FIGURE 3 Effect of 21–25 d control, nitrate, or nitrite treatment on respiration and abundance of skeletal muscle mitochondria in zebrafish.
Isolated mitochondria were evaluated for (A) oxygen consumption following indicated chemical treatments to examine each respiratory state, or
(B) the ratio of ATP production to O2 consumption. (C–E) Representative Western blot images of protein from skeletal muscle, with corresponding
densitometry results. (A–B) Values show means. (C and D) Values are means expressed relative to control treatment (A–D) ± SD, n = 6–8 fish.
AA, antimycin A; Actb1, β actin; Atp5a, ATP synthase; Cs, citrate synthase; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; GM,
glutamate and malate; JO 2, oxygen consumption; Mitos, mitochondrial suspension; OLIGO, oligomycin; P:O, ratio of ATP production to O2
consumption; ROT, rotenone; SUCC, succinate.

been suggested (56, 57), but no significant treatment effect was
observed (Figure 3C–E). Overall, nitrate and nitrite treatment
did not change mitochondrial abundances or maximal respi-
ratory capacities in zebrafish. We next used metabolomics to
investigate alternative mechanisms that may have contributed
to whole-body exercise efficiency.

Availability of metabolic fuels in rested and exercised
zebrafish

Untargeted metabolomics was performed, and 10,183 unique
monoisotopic features were identified. Of these, 386 were
significantly changed among at least 1 treatment group, and
197 metabolites were annotated (Supplemental Table 2).
Supplemental Table 3 includes P values calculated between all
treatment groups for all annotated metabolites. A principal
component analysis demonstrated clustering and separation
of the metabolome among different treatments (Supplemental
Figure 2).

Exercise in control fish significantly increased whole-body
amounts of carnitines, tricarboxylic acids (TCA), and ketones,
yet significantly decreased purine nucleosides and amino acids,
as compared to rested control fish (Supplemental Figure 3).
Exercise in nitrate-treated fish had similar responses as exercise
in control fish, yet differed notably in ketones (unchanged,
absent from plot), gluconates, and the direction of fold changes
for amino acids and purines. Exercise in nitrite-treated fish
had significant decreases in carnitines, fatty acids, purines,
amino acids, and TCA cycle intermediates, as compared
to rested, nitrite-treated fish (Supplemental Figure 3). Thus,
exercise depleted many metabolites in nitrite-treated zebrafish
that increased with exercise in the control and nitrate-treated
zebrafish. Overall, we observed significant changes in metabolic
fuel sources for exercise, suggesting that fuel abundance and use
varied between the treatment groups as a mechanism for nitrate-
and nitrite-induced changes in oxygen consumption during

Nitrate and nitrite alter exercise performance 2125



FIGURE 4 Relative concentrations of metabolites related to NO
homeostasis after 21–23 d of control, nitrate, or nitrite treatment and
under rested or exercised conditions. Metabolites were measured
by LC-MS/MS. Labeled means without a common letter differ, P
< 0.05, n = 9 fish. Arg, arginase; Nos, NO synthase; Xor, xanthine
oxidoreductase.

exercise. We next analyzed the whole-body metabolomics data
in the context of specific metabolic pathways.

As a proof of principle, we examined the metabolomics data
set for metabolites related to the endogenous NO production
pathway, where Nos enzymes catalyze the conversion of
L-arginine to L-citrulline and NO (39, 40). Compared to
in rested control fish, L-arginine was higher in the nitrate
and nitrite treatment groups and in all exercised conditions
(Figure 4). L-citrulline was stable in exercised control fish,
yet was significantly lower in the exercised nitrate and
exercised nitrite treatment conditions. Furthermore, L-ornithine
significantly increased in all exercise treatment conditions and
in the rested nitrite condition, as compared to in rested control
fish. Xanthine oxidoreductase (Xor, also called Xdh), the final
enzyme in purine metabolism in humans, also catalyzed the
conversion of nitrate and nitrite into NO. At rest, hypoxanthine
significantly accumulated in fish treated with nitrate or nitrite,
as compared to rested controls, and this was associated
with a significant decrease in urate abundance (Figure 4).
Exercise significantly decreased hypoxanthine in both the
nitrate and nitrite treatment groups, as compared to all rested
conditions, which corresponded with a significant increase in
urate concentrations with exercise in all treatment conditions.

We next addressed the role of ATP as a critical metabolic
regulator. Significant 2.1- to 2–8-fold increases in ATP, ADP,
and cAMP were observed in the rested nitrate and rested nitrite
treatment conditions. Concentrations of these metabolites
significantly decreased, by 2- to 3-fold, in the exercised
nitrate and exercised nitrite treatment groups, as compared

to in their rested counterparts (Figure 5). Most other purines
(GMP, inosine monophosphate, guanine, inosine, and adenine)
were not significantly changed with treatment (Figure 5). We
considered a shift in glycolytic metabolism as a potential
mechanism for divergent oxygen costs of exercise with nitrate or
nitrite treatment and to elucidate the cause of these significant
changes in key energy metabolites.

There was no significant difference in glucose concentrations
with any treatment. However, nitrate and nitrite treatments in
rested fish significantly increased the abundance of glycolytic
intermediates (fructose 1,6-bisphosphate, bisphosphoglycerate,
3-phosphoglycerate, phosphoenolpyruvate, pyruvate) and TCA
cycle intermediates (succinate, fumarate, malate, oxaloac-
etate), and also increased ketone bodies (acetoacetate, β-
hydroxybutyrate) and lactate by 1.8- to 3.8-fold (Figure 6).
Significantly increased glycolytic intermediates (fructose 1,6-
bisphosphate, phosphoenolpyruvate), TCA cycle intermediates
(citrate, succinate, fumarate, malate, oxaloacetate), and ketone
bodies (acetoacetate, β-hydroxybutyrate) were also observed
with exercise in the control fish (as compared to rested controls).
In contrast, in the exercised nitrate and exercised nitrite
treatment groups, there were significantly lowered amounts
of glycolytic, several TCA cycle intermediates, and lactate,
by 1.3- to 2.9-fold, as compared to the rested nitrate or
rested nitrite conditions. In summary, while nitrate and nitrite
treatment in fish at rest increased glycolytic and TCA cycle
intermediates, the net decreases in these metabolites following
exercise suggest that the intermediates were used to produce
reducing equivalents for ATP production.

The abundances of fatty acids and acyl carnitine metabolites
were examined, as these are important metabolic fuels during
exercise. Exercise significantly increased acyl carnitines and
some fatty acids in control fish (Figure 7) (4, 5). Exercise
significantly increased net fatty acids and acyl carnitines
in nitrate-treated fish (1.5- to 12-fold), as compared to in
their rested counterparts; however, they generally significantly
increased more in exercised, nitrate-treated fish, as compared
to exercised control fish (Figures 6 and 7). These changes
in fatty acids, acyl carnitines, and glycolytic intermediates
correspond to significant, 1.8-fold increases in acetyl-CoA with
rested nitrate treatment, as compared to in rested controls. A
significant, 3.4-fold decrease in acetyl-CoA was observed in
exercised, nitrate-treated fish, as compared to the rested nitrate
condition (Figure 6). Strikingly, fatty acids and acyl carnitines
were significantly more abundant in rested, nitrite-treated fish,
yet significantly decreased by 2- to 4-fold in exercised nitrite
fish, relative to their rested counterparts (Figure 7).

Discussion

We demonstrated that treatment with nitrate, but not nitrite,
decreased the oxygen cost of exercise in zebrafish. There were
no changes to mitochondrial respiration capacities (ex vivo)
or protein abundances following nitrate and nitrite treatment,
indicating that maximal mitochondrial characteristics did not
explain changes to oxygen consumption. We used untargeted
metabolomics in whole fish to identify the potential mechanisms
by which nitrate and nitrite treatment altered exercise perfor-
mance. A primary finding of our study is that nitrate-induced
improvements in the oxygen cost of exercise were associated
with significant changes in the availability of metabolic fuels.
Specifically, at rest, nitrate-treated zebrafish had increased
abundances of glycolytic, TCA cycle intermediates, lactate, and
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FIGURE 5 Relative concentrations of metabolites involved in purine metabolism and nucleotide synthesis, including ATP and ADP, after
21–23 d of control, nitrate, or nitrite treatment and under rested or exercised conditions. Metabolites were measured by LC-MS/MS. Data
are (A–C) graphs of mean metabolite values ± SD or (D) metabolic pathway. (A–D) Labeled means without a common letter differ, P < 0.05,
n = 9 fish.

ketone bodies (acetoacetate, β-hydroxybutyrate). There were
also increased resting acetyl-CoA and ATP concentrations.
In nitrate-treated zebrafish, exercise decreased glycolytic and
TCA cycle intermediates, relative to their rested counterparts.
Furthermore, exercise in nitrate-treated fish increased the net
abundances of some fatty acids and acyl carnitines, compared to
rested, nitrate-treated fish. Together, these observations suggest
potential mechanisms by which nitrate increases the use of fuel
sources that require less oxygen to produce ATP and lowers the
oxygen cost of exercise (32).

The nitrate-mediated effects on lactate and ketone bodies
are also of interest, because these substrates serve as efficient
fuel sources that are preferred by most extrahepatic tissues (58–

60). Lactate and ketone bodies spare glucose by supporting the
maintenance of a high rate of glycolysis (59–61), and share
similar monocarboxylic acid transporters across the plasma
membrane and mitochondrial inner membranes (62–64). The
increased abundances of lactate and ketone bodies from
nitrate treatment in rested zebrafish resulted from glucose and
lipid oxidation, respectively (60, 61). Lactate links glycolytic
and oxidative metabolism during exercise between tissues
through the lactate “shuttle,” which is consistent with our
observed decrease in lactate in exercised, nitrate-treated fish
(61). Similarly, we observed a net decrease in acetoacetate
in exercised, nitrate-treated fish, which is of interest because
ketone bodies have a higher thermodynamic efficiency as an
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FIGURE 6 Relative concentrations of energy substrates related to glycolysis, fatty acid oxidation, and the tricarboxylic acid cycle, after 21–23 d
of control, nitrate, or nitrite treatment and under rested or exercised conditions. Metabolites were measured by LC-MS/MS. Data are presented
as (A) metabolic pathways, n = 7–9 fish, or (B–D) graphs of mean metabolite values ± SD, n = 9 fish. (A–D) Labeled means without a common
letter differ, P < 0.05. B-HB, β-hydroxybutyrate; BPG, bisphosphoglycerate; F 1,6-BP, fructose 1,6-bisphosphate; PEP, phosphoenolpyruvate;
3-PG, 3-phosphoglyceric acid; ribose 5-P, ribose 5-phosphate; 6-P-GL, 6-phosphogluconic acid.

energy substrate, relative to glucose (65, 66). Ketone bodies had
net increases following exercise in control fish, as also observed
in humans and rodents (67, 68).

The findings of potentially improved respiratory efficiency
through shifts in metabolic fuels are consistent with the

ergogenic effects of nitrate. However, the nitrate-induced
changes in these metabolites, being associated with decreasing
the oxygen cost of exercise, did not provide insights into
whether other mechanisms contribute to this effect, including
improved hemodynamics and contractile efficiency (25–27).
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FIGURE 7 Relative concentrations of acyl carnitines and fatty acids after 21–23 d of control, nitrate, or nitrite treatment and under rested or
exercised conditions. Metabolites were measured by LC-MS/MS. Data are presented as a (A) heat map with z-scores based on peak intensities
of metabolites or (B and C) graphs of mean metabolite values ± SD. (A–C) Labeled means without a common letter differ, P < 0.05, n = 9 fish.
EX, exercised; R, rested.

Likewise, nitrate can induce Peroxisome proliferator-activated
receptor γ coactivator 1-α and stimulate a switch from Type
IIb (glycolytic) to Type I (oxidative) and Type IIa (intermediate)
muscle fibers (28). We cannot exclude that hemodynamic or
skeletal muscle alterations contributed to the improved exercise
performance. Our treatments cannot differentiate between
the potential direct or indirect effects of nitrate, through
reduction to nitrite and NO, on exercise efficiency (8). Other
methodological considerations include the static nature of the
metabolomics data, the necessity to make inferences based on
relative abundances of metabolite concentrations, and timing
of the exercise collection at 20 min following the peak exercise
intensity. Likewise, because of the small size of zebrafish, the
metabolic profiles reported here are on whole zebrafish, which
limits organ-specific inferences on treatment effects. However,
this model allowed us to gain a comprehensive overview

of the relative abundances of many metabolites related to
energy metabolism. These experimental considerations create
opportunities in future experiments to explore the treatment
effects on specific organs, abundance of energy metabolites at
peak exercise intensities, rate of flux of fuel sources during
exercise, and conservation of these mechanisms in humans.

These data establish the utility of the zebrafish as a model
to examine nitrate- and nitrite-mediated effects on exercise.
Even so, it is important to note the routes and periodicities of
exposure vary from those of humans that receive nitrate/nitrite
from the diet in episodic meals. We found that exogenous nitrate
was converted to nitrite (as occurs in humans) and nitrate and
nitrite treatment changed the abundances of substrates related
to the endogenous pathways that generate NO (69). We cannot
comment on the mechanisms of nitrate reduction to nitrite
and NO in zebrafish, as we did not interrogate the known
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mechanisms by which this occurs. Future experiments, using
antibiotics to address the role of bacterial nitrate reductases,
as well as genetic knockout and/or chemical inhibitors of Nos
and Xor, could inform our knowledge of the potential sources
of nitrite and NO in this model system. We did, however,
observe changes in hypoxanthine and urate abundances with
nitrate and nitrite treatment and exercise, which is consistent
with increased XOR activity and expression after strenuous
exercise in humans (70). Together, these results support the
theory that exercise alters NO metabolic homeostasis (71, 72).
Further, nitrate and nitrite altered the abundances of substrates
for Nos and Xor, and these treatments significantly changed the
effect of exercise on some NO-related metabolites. Whole-body
nitrite concentrations decreased following strenuous exercise,
suggesting that exercise-stimulated NO production may be the
result of transient changes in oxygen availability in muscles
during strenuous exercise (8, 73). In contrast, whole-body
nitrate concentrations did not change in zebrafish: a result
that is different from data found in a rodent exercise study,
where concentrations in specific tissues were examined (71, 72).
Differences in these results may be related to dissimilar exercise
regimens and the time points, species, and tissues examined. We
also observed no statistically significant differences in the total
distances or swimming velocities of nitrate- or nitrite-treated
zebrafish; this result stands in contrast to that found in mice that
increased physical activity, as assessed by voluntary running,
with nitrate treatment (74).

The increase in the oxygen cost of exercise with nitrite
treatment is a novel and unexpected finding. Interestingly,
while many of the changes in metabolites that occurred with
nitrate-treated zebrafish also occurred in nitrite-treated fish, an
important consideration between the treatments is the different
abundances of fatty acids, acyl carnitines, and ketones. In
contrast to nitrate-treated and control fish, nitrite treatment
increased the abundance of acyl carnitines in fish at rest,
while net depletions of acyl carnitines, fatty acids, and ketone
bodies were observed in the exercised, nitrite-treated fish.
This suggests that nitrite stimulates the oxidation of fatty
acids and ketone bodies for energy production. If fatty acid
oxidation constituted a greater proportion of energy substrates
during exercise in nitrite-treated fish, then these substrates
would have required more oxygen consumption per mole
of ATP produced, and contributed to the increased oxygen
consumption observed with nitrite. Our data are consistent with
a mouse study, where endothelial Nos knockout animals had
nitrite-dependent reductions in the utilization of fat to generate
energy (75).

Other explanations related to nitrite-associated toxicity may
also contribute to decreased exercise performance. Nitrite
concentrations are closely regulated in aquatic environments,
because nitrite can have toxic effects (76). For this reason, we
used a nitrite concentration well below that associated with
toxicity (77). Nitrite treatment produced limited evidence of
toxicity among the endpoints examined (no changes in survival,
body size, basal movement, or reduced glutathione/oxidized
glutathione ratios), but higher concentrations of nitrite were
present in the blood of nitrite-treated fish than in that of nitrate-
treated fish. There may be toxicity inherent in these higher circu-
lating concentrations of nitrite, perhaps due to nitrite-mediated
oxidation of hemoglobin, leading to methemoglobinemia (39,
76), which we were unable to quantify due to limited blood
volumes. To this end, potential methemoglobinemia may induce
a hypoxic state, resulting in a hormone-mediated stress response
that stimulates lipolysis (78, 79). Likewise, the presence of

mild gill irritation, associated with nitrite exposure, may also
contribute to the increased oxygen cost of exercise (39, 76).

In conclusion, we demonstrated that nitrate treatment
decreased the oxygen cost of exercise independently of changes
in skeletal muscle mitochondrial functions or abundances.
Nitrate treatment was associated with changes in the relative
abundances of metabolic fuels for energy production, both at
rest and after exercise. Nitrate-induced differences in the net
utilization of different fuel sources (such as glycolytic and TCA
intermediates, fatty acids, lactate, and ketone bodies) may have
contributed to improvements in exercise performance. While
nitrite had similar effects as nitrate on the abundances of
metabolites at rest, the data suggest that nitrite treatment leads
to the net depletion of fatty acids for energy production during
exercise.
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