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Abstract approved:________Norman Hord______________________________________ 

 

Objectives: Nitrate, found abundantly in green leafy vegetables, may improve exercise performance by 

increasing the availability and utilization of metabolic fuels that require less oxygen for energy 

production. However, it is not known if this performance effect occurs at the peak exercise intensity. We 

hypothesize that supplemental nitrate treatment will promote the metabolism of specific fuels 

(carbohydrates versus fatty acids) during exercise that require less oxygen to produce ATP. Metabolic 

analysis will quantify if a net change in these fuels are linked to an improvement in exercise 

performance with nitrate treatment during submaximal exercise conditions.  

Methods: Adult zebrafish were exposed to sodium nitrate (606.9 mg NaNO3/L water) or control water 

for 21 days (n= 54). Fish were sampled at three conditions during a graded exercise test: 1) rest, 2) peak 

speed, and 3) post-exercise. Whole fish tissue was homogenized and analyzed using high-pressure liquid 

chromatography Triple Q-ToF mass spectrometry based untargeted metabolomics.  

Results: Metabolomics analysis resulted in the annotation of 232 unique monoisotopic features. The 

results of a 2-way ANOVA yielded 79 metabolites that  were significantly altered by nitrate treatment, 

exercise, or an interaction effect. Additionally, each treatment condition was compared to other 

relevant conditions by t-tests. We did not observe nitrate-induced differences in glycolytic 

intermediates. However, specific TCA intermediates, acylcarnitines, proline protein derivatives, and a 

vasodilatory metabolite demonstrate significant metabolic changes with nitrate treatment at rest as well 

as peak exercise as compared to controls at the same exercise condition.    

Conclusions:  Observations made in this study concerning the means by which (how) nitrate reduces the 

cost of oxygen during exercise was not as consistent with previous studies. However, our observations 

suggest other potential mechanisms by which supplemental nitrate can alter the abundance and 

utilization of different fuel sources, and hemodynamics at rest and during submaximal exercise. 
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1. INTRODUCTION 

1.1 Exercise 

  Exercise is defined as bodily movement performed t oo improve or maintain some component 

of fitness (1). It is produced by skeletal muscles in concert with the skeleton, and results in energy 

expenditure (1). Exercise is a critical component of human health and physical fitness  

and is associated with numerous health benefits. Exercise also improves overall mental and physical 

well-being. A consensus among health agencies has concluded that a positive correlation between 

exercise dose and a decreased risk of developing cardiovascular diseases and various forms of cancer (2, 

3). Additionally, regular exercise has shown to help prevent or manage obesity, type 2 diabetes, stroke, 

metabolic syndrome, and high blood pressure (4).  

At a mechanical level, exercise is used to accomplish work, a specific task or movement, through energy 

output. The physiologic requirements for the performance of work involves the coupling of 

cardiovascular and respiratory activity to achieve gas transport between muscles cells and the 

atmosphere (5). This process is predictable and calculable. The measurement of the amount of oxygen 

required to perform a set amount of work is determined by a VO2max test. This test is accepted as the 

“gold standard” measure of cardiorespiratory fitness. A VO2max calculation is a maximal rate at which 

oxygen can be taken in, distributed, and used by the body during physical activity, or the greatest rate at 

which oxygen can be consumed during exercise (6). 

  In order to perform and sustain exercise, oxygen, and ATP (adenosine triphosphate) are 

required. ATP is an organic molecule and the common currency of energy in biochemical processes (40).  

For muscle contraction, ATP can be produced aerobically or anaerobically.  Aerobic respiration occurs 

when oxygen is present and available to fuel metabolic processes to produce energy. A sequence of 

chemical reactions take place to break bonds of fuel molecules, like fats or sugar, and releases energy to 



9 
 

produce ATP (7). As oxygen is a requirement, the body has means of regulating the transportation of it 

through the blood to needed areas.  Blood flow to body tissues, or tissue perfusion, is involved in several 

essential tasks. First, oxygen and nutrients must be delivered to tissues, and waste must be removed. 

Second, the exchange of gases (oxygen and carbon dioxide) produced during cellular metabolism must 

be exchanged in the lungs. Third, the absorption of nutrients from the digestive tract must occur to fuel 

metabolism during exercise. Forth, the formation of urine by the kidneys ensures fluid balance and 

removal of metabolic waste products. The mechanism that determines if tissue is in need of a greater 

volume of blood is known as autoregulation. An example of autoregulation is when skeletal muscle 

becomes active, metabolic activity within the tissues increases and elicits increased blood flow in direct 

proportion. Aerobic exercises, such as jogging and endurance cycling, thus require the increased delivery 

of metabolic fuels and oxygen to exercising muscles.  

1.2 Glycolysis 

  Glycolysis is a metabolic pathway that catabolizes glucose to produce energy. The glycolytic 

pathway occurs in the cytosol and is comprised of ten steps that sequentially convert glucose to 

pyruvate to produce ATP (Figure 1). The net reaction of glycolysis results in the gain of two ATP, two 

reduced molecules of nicotinamide adenine dinucleotide (NADH), and two pyruvates (8). ATP can be 

directly used by the cell for energy. The other products of glycolysis can then be utilized for further 

energy production. More specifically, NADH is transported into the mitochondria via the malate-

aspartate shuttle or the glycerol phosphate shuttle. Also, pyruvate enters the mitochondria via pyruvate 

translocase where, in the presence of oxygen, undergoes decarboxylation to produce acetyl CoA (Figure 

1). Acetyl-CoA serves as the connection point between glycolysis and the tricarboxylic acid (TCA) cycle. 

In the TCA cycle, acetyl CoA reacts with oxaloacetate and is oxidized through various steps for energy  
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Figure 1. The processes by which glucose and fats are catabolized to produce energy (ATP) are known as glycolysis and beta-

oxidation. Both processes serve as essential mechanisms of energy production; however, as this figure illustrates, the oxygen 

investment to produce energy via beta-oxidation of fatty acids is higher than the catabolism of glucose. Thus, regarding oxygen 

requirement, it is more efficient to produce ATP via glycolysis.    
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production, generating an ATP or GTP, NADH and FADH2.  These electron carriers in the mitochondria 

are used in ATP production in the electron transport chain. From the beginning of glycolysis, through the 

TCA cycle and oxidative phosphorylation, a net 38 ATP can be produced (theoretical max) and 6 oxygen 

(O2) are consumed. 

1.3 β-oxidation of Fatty Acids  

  Fatty acid oxidation (FAO), or β-oxidation, is the process of hydrolysis of fatty acids in order to 

produce acetyl-CoA for entry into the TCA cycle and ATP production. Medium chain fatty acids (MCFA) 

have a carbon chain length between 8 and 12 carbons, making them small enough to pass through the 

lipid membrane of the mitochondria without the use of a transport protein (41). Long-chain fatty acids 

(LCFA) are chain length of 12 carbons or more and require activation and transport across the 

mitochondrial membrane in order to be broken down through the β-oxidation pathway. After entry into 

the cell, LCFA and MCFA are activated by an enzymatic reaction that attaches an acyl-CoA group to the 

fatty acid (41, 42). Entry of long-chain acyl-CoA into the mitochondria requires carnitine in order to pass 

through the lipid membranes and are referred to as acylcarnitines. Inside the mitochondria, beta 

oxidation removes two carbon atoms at a time to form acetyl-CoA and acyl-CoA. Exercise stimulates the 

increased release of fatty acids from adipocytes, the primary fat storing cells in our body. During 

exercise, the liver and skeletal muscle increases FAO for the production of ATP. Fatty acid oxidation and 

glycolysis are the predominant means of feeding into the TCA and subsequent oxidative phosphorylation 

for ATP production; however, these two mechanisms have different O2 requirements.  As a comparative 

model, palmitic acid, a 16-carbon long chain fatty acid, requires 23 O2 molecules and produces 130 ATP, 

resulting in a 5.65 ATP: 1 O2 ratio (43). On the other hand, glycolysis requires 6 O2 and yields 38 ATP, 

resulting in a 6.33 ATP: 1 O2 ratio. Thus, the use of fatty acids as a fuel source requires more oxygen per 

ATP molecule produced than glycolysis and is consequentially considered to be not as efficient of a fuel 

source for energy production.  
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1.4. Nitrate 

 Nitrate (NO3
-) is a reduced form of nitrogen (9). Nitrogen is an essential constituent for living 

biological processes including the formation of DNA, RNA, and proteins. Atmospheric N2 represents the 

greatest reservoir of nitrogen; however, it must undergo fixation in order to be used in biological 

processes (10). Nitrogen fixation occurs through several methods, including the metabolism of specific 

soil microorganisms, human production, and utilization of nitrogen-based fertilizers. Biological nitrogen 

fixation is performed by specialized microorganisms that utilize the enzyme nitrogenase to catalyze the 

conversion of atmospheric N2 to ammonia (NH3) (11). Ammonia is, in turn, oxidized to nitrate via nitrite 

by ammonia-oxidizing bacteria, ammonia-oxidizing archaea, and nitrate-oxidizing bacteria (12). Thus, 

nitrate is an inorganic molecule commonly found in the soil after fixation. Plants can assimilate NH3 and 

nitrate and utilize the nitrogen for production of nitrogenous biomolecules (11). For this reason, nitrate 

is a common component found in significant quantities within edible plants such as beets, and leafy 

green vegetables like spinach and arugula (13). When consumed by humans, dietary nitrate from plant 

foods follows a specific pathway that leads to enhanced bioavailability of nitric oxide (NO) (14). NO is a 

key signaling molecule that regulates various physiological processes, particularly vasodilation, blood 

flow, and the function of platelets and the immune system (15, 16). On the other hand, decreased NO 

signaling is associated with several known risk factors for cardiovascular diseases (17).  

  The production of NO can be accomplished through two major mechanisms, via endogenous 

and exogenous pathways.  The endogenous pathway requires the amino acid L-arginine to be oxidized 

by nitric oxide synthases (NOS) to produce NO (18). This reaction requires oxygen, together with several 

cofactors, to produce NO, as well as L-citrulline. The exogenous pathway relies upon the ingestion of 

dietary nitrate and is termed the human nitrate-nitrite-nitric oxide pathway. Consumed nitrate is 

reduced by bacterial enzymes in the oral cavity in humans, to bioactive nitrite. Swallowed nitrite can be 

further reduced to nitric oxide (NO) (48). Bioactive nitrite and NO can be subsequently salvaged and 
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circulated in the human blood (9, 18). This represents an important alternative means of NO production, 

especially during hypoxia, as the endogenous L-arginine-NO pathway requires oxygen and the 

exogenous pathway is oxygen independent (19). 

  Noting that NO is derived from nitrate, studies in humans have demonstrated that dietary 

inorganic nitrate lowers blood pressure, improves vascular function, and reduces oxygen consumption 

during exercise (20). The lower oxygen cost of exercise associated with nitrate consumption creates a 

functional combination of diet, exercise, and fitness. About 80% of nitrate intake in humans is obtained 

through the consumption of vegetables. Vegetables with the highest concentrations of nitrate are leafy 

green and root vegetables like spinach, celery, and beets (20). The nitrate content of vegetables may 

partially explain the cardiovascular benefits of a diet high in leafy green vegetables and has led to the 

investigation of nitrate as an enhancer of exercise performance (14, 21). 

1.5 Nitrate and Exercise Performance 

  Multiple studies in humans over the last decade have shown that consumption of nitrate 

reduces the oxygen cost of exercise,  enhances the tolerance of exercise, and thus increases exercise 

performance (22). This includes exercise studies of persons cycling, rowing, and holding isometric 

contractions to name a few (22, 23). The most reduced form of nitrate, NO, is known to mediate 

numerous physiological processes that facilitate exercise performance such as glucose uptake, 

improvement of exercise tolerance, blood-flow distribution, oxygen consumption, muscle contraction, 

and neurotransmission (21, 24). Recent studies have demonstrated dietary nitrate improves exercise 

tolerance by diminishing the development of muscle fatigue by reducing the exercise-induced 

impairments in contractile muscle function and lowering the perception of both effort and leg muscle 

pain during exercise (24). This is of significance to both athletes and the general population as poor 

aerobic fitness is associated with cardiovascular disease (CVD) and increased risk of CVD-related 

mortality.  
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It is beneficial to require less oxygen for a set amount of work because it allows one to perform 

the work for a longer period of time. This novel finding is worthy of investigating as the amount of 

oxygen required to perform work was traditionally thought to be fixed based on an individual’s degree 

of cardiovascular fitness (25).  Likewise, the functional capacity of VO2 max naturally declines with age. 

The loss of functional capacity of VO2 max is perpetuated further in sedentary individuals and is 

characterized by a decrease in maximal oxygen consumption, maximal cardiac output, muscle strength 

and power, neural function, flexibility, and increased body fat (6). Thus, it is especially novel that a 

decrease in oxygen consumption can be induced by dietary means. It is important to elucidate the 

mechanisms behind nitrate-dependent changes in metabolism in order to eventually estimate potential 

dietary recommendations to improve athletic performance, cardiovascular health and combat exercise 

intolerance (24). Improvements in mitochondrial function have been suggested to contribute to 

improved performance with various levels of experimental support. However, we tested this hypothesis 

and found no data to support it (26). Thus, we considered alternatives and found a novel new 

mechanism by which nitrate treatment may improve exercise performance by stimulating changes in 

metabolism. More specifically, cells can produce energy by calling upon different fuel sources, as 

described above, but the oxygen requirement for ATP production via each fuel source is not identical. 

Some fuels require less oxygen to produce energy than others. For this reason, we set out to test the 

hypothesize that supplemental nitrate treatment will promote the metabolism of specific fuels 

(carbohydrates versus fatty acids) during exercise that require less oxygen to produce ATP. Metabolic 

analysis was performed to determine if a net change in fuel substrates are linked to an improvement in 

exercise performance with nitrate treatment during submaximal exercise conditions. To this end, we 

conducted research focused on the potential effects of inorganic nitrate on exercise performance in a 

zebrafish (Danio rerio) model. 
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2. MATERIALS and METHODS 

2.1 Fish Husbandry 

  This study was carried out in strict accordance with the recommendations in the Guide for Care 

and Use of Laboratory Animals of the National Institutes of Health and in accordance with protocols 

approved by the Oregon State University Institutional Animal Care and Use Committee (IACUC). Wild 

type zebrafish (5D) were raised and maintained at the Sinnhuber Aquatic Research Laboratory (SARL) at 

Oregon State University (OSU).  

Zebrafish were selected as a model organism to demonstrate exercise and nitrate treatment 

effects because they have been used as a model for exercise before and their metabolism is similar to 

humans (46).  Furthermore, zebrafish are extensively utilized in research as a model organism because 

they are a vertebrate that produces many offspring and can be maintained economically, and they are 

genetically similar to humans (26). More specifically, it is estimated that 99% of embryonic-essential fish 

genes are homologous in humans. Additionally, zebrafish produce nitric oxide (NO) through similar NOS-

mediated enzymatic and non-enzymatic systems as in mammals (46, 47).  

Zebrafish were randomized into two treatment groups: 1) no treatment, control fish and 2) 

sodium nitrate-exposed fish (606.9 mg NaNO3/L water) resulting in 54 fish in total. Fish were adults at 16 

months of age and maintained at 6 fish per tank (3 males and 3 females) in 4 liter enclosures. Reverse-

osmosis fish water included Instant Ocean® at 1.4 g of salt/gallon of water (Instant Ocean®, Spectrum 

Brands) with a conductivity between 500-600 µS. Nitrate was dissolved in freshly prepared fish water 

and, unless otherwise indicated, chemicals were purchased from Sigma-Aldrich. The nitrate dose was 

chosen because in was previously shown in zebrafish to increase blood nitrate and nitrite levels, 

improve exercise performance, and was non-toxic (26, 27). The fish water, which contained the nitrate 

treatment, was replaced every 36-42 hours to maintain low ammonia concentrations and consistent 
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nitrate treatments. We previously tested the concentration of nitrate and nitrite in control and nitrate-

treated fish water and this treatment protocol was shown to be an effective (26). 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, Westbrook, ME) at a volume of ~3% body 

weight/day as determined by weighing of fish just prior to the beginning of the study. Food was given 

over 2 feedings per day which contained 0.32 mg/kg of nitrite and 49.25 mg/kg of nitrate. Fish were 

treated for up to 26 days. 

2.2 Zebrafish Exercise and Sampling 

Fish were exercised in a swim tunnel where oxygen is measured using sensitive probes and the 

rate of oxygen consumption analyzed using Loligo AutoResp™ automated intermittent respirometry 

software (26).  AutoResp™ software, coupled with automated intermittent respirometry systems, allows 

users to make oxygen consumption measurements in aquatic organisms using fiber optic oxygen sensing 

technology to quantify and analyze aquatic respiration data. Of note, fish were fed in the morning within 

an hour of lights turning on and again around 3 pm. This feeding differed from previous AutoResp™ 

experiments where fish were always feed 2 hours before the AutoResp™ assay began. Six fish per group 

were weighed and placed in the large swim tunnel in a 2.5 L tank. The swim trials consisted of a 50-

minute free swim at water flow of 5 cm/second followed by stages of increasing water current (10, 20, 

30, and 40 cm / second), where each stage was held for a 20-minute duration. Fish then returned to 5 

cm / second for 20 minutes (Figure 2). Nine zebrafish from both treatment groups were collected at 

three different conditions of exercise referred to as rested, peak, and post exercise. More specifically, 

the rested condition constituted zebrafish that never entered the swim tunnel. Peak exercise condition 

was directly after the 20-minute swim at the highest speed (40 cm / second) and a total of 130 minutes 

of swimming in the tunnel with oxygen consumption analyzed using AutoResp™ 
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Figure 2. Fish were treated for 21-26 days with nitrate (at 606.9 mg NaNO3 / L dose) or control water and then a 

subset of fish (9 / treatment) were sampled at rest.  The remaining fish where exercised in  the AutoResp™  

swim tunnel and sampled at the peak of energy expenditure (at the completion of 40 cm/s speed) or after they 

had a 20 minutes recovery period (n = 8-9 fish / treatment and exercise condition).    
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software. The post exercise period is defined as the period immediately after the completion of the 

assay where fish returned to 5 cm / second for 20 minutes. This resulted in six experimental conditions 

analyzed further which are named as follows for treatment and exercise after the completion of the 

assay where fish returned to 5 cm / second for 20 minutes. This resulted in six experimental conditions 

analyzed further which are named as follows for treatment and exercise state: 1) control rested, 2) 

control peak, 3) control post, 4) nitrate rested, 5) nitrate peak, and 6) nitrate post. When collected 

zebrafish were humanely euthanized with an overdose of the anesthesia drug tricaine mesylate, then 

dried, weighed, measured for length, and snap frozen. 

2.3 Metabolomics Analysis 

2.3.1 Sample preparation  

Whole zebrafish were ground in liquid nitrogen with mortar and pestle, extracted and then 

freeze-dried and re-suspended in 80:20 methanol:water solvent based on weight (100mg/100uL 

extraction solvent). Extracts were sonicated for 5 minutes, clarified by centrifugation (13,000 x g, 10 

minutes) and supernatants transferred to mass spectrometry vials. We performed metabolomics using 

liquid-chromatography tandem mass spectrometry (LC-MS/MS) as described (26) with some minor 

modifications. High-pressure liquid chromatography (HPLC) was performed on a Shimadzu Nexera 

system (Shimadzu, Columbia, MD) with a smaller phenyl-3 stationary phase column (Inertsil Phenyl-3, 

2,1”µM” x 150 mm, GL Sciences, Torrance, CA) coupled to a quadrupole time-of-flight mass 

spectrometer (AB SCIEX TripleTOF 5600). Flow rate was adjusted to 0.100 ml/min, and mobile phases 

were maintained at water (A) and methanol (B), both with 0.1% formic acid. Samples were analyzed in 

time-of-flight scan mode in both positive and negative ion modes. MS/MS analysis (IDA and SWATH) was 

performed on quality control samples. Samples were randomized, auto-calibration was performed every 

two samples, and a pooled quality control was analyzed every 10 samples (26). 
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2.3.2 Metabolomics Data Processing  

Data was analyzed using PeakView with XIC Manager 1.2.0 (ABSciex, Framingham, MA). 

Metabolite identities were assigned by matching accurate mass (error < 10 ppm), retention time (error < 

10%), MS/MS fragmentation (library score > 70), and isotope distribution (error < 20%) with an in-house 

library consisting of IROA standards (IROA Technology) and other commercially available standards (650 

total). The peak list was exported to MultiQuant 3.0.2 (SCIEX) to integrate chromatograms to obtain 

peak areas. MultiQuant data was then exported to MarkerView TM Software 1.3.1 for data visualization 

and preliminary statistical tests. In order to identify additional metabolites outside of our in-house 

libraries data was also analyzed using Progenesis QI software. Criteria for assigning metabolite identities 

included p-value < 0.05, q-value < 0.1, CV% < 70, mass error of < 7 ppm, fragmentation tolerance < 50 

ppm. Multiple online databases were used in effort to identify metabolites, namely METLIN MS/MS, 

ChemSpider, HMDB, and LipidBlast. However, within the Progenesis QI software, all annotated 

metabolites were identified using ChemSpider. This approach for identification of metabolites, as 

illustrated in figure 3, allows for validation in feature identification and through sequential, stringent 

steps of matching specific metabolite characteristics to ensure an accurate annotation.  

2.3.3 Statistical Analysis of Metabolomics Data  

  Annotated metabolites were used for univariate and multivariate statistical analyses. 

Multivariate analyses were generated using MetaboAnalyst 3.0 (26). The significance of individual 

metabolites between the treatment groups was assessed with a two-way ANOVA followed by Fisher’s 

post-hoc analysis and Holm false-discovery rate (FDR) correction, with a p-value of < 0.05 and q value of 

<0.1, indicating significance (n=9/group). Data was logarithmically transformed to correct for unequal 

variance or non-normal distribution, and data was scaled using Pareto scaling. Figures were generated  
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Figure 3. Filtering process for untargeted LC-MS/MS metabolomics data for metabolite annotation.  
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with Prism 4 (GraphPad, San Diego, CA), PowerPoint 2016 (Microsoft, Redmond, WA), and 

MetaboAnalyst 4.0. 

3. RESULTS 

Metabolomics analysis resulted in the detection of 12,265 and 10,694 unique monoisotopic features in 

positive and negative ion mode respectively. Of these, 232 metabolites were annotated (Table 1). Table 

2 contains the results of a 2-way ANOVA conducted on the annotated metabolites. A total of 79 

metabolites were significantly altered by nitrate treatment, exercise, or an interaction effect. 

Additionally, each treatment condition was compared to other relevant conditions by t-tests. PCA plots 

were created showing the separation between treatment groups over the course of the exercise. As 

seen in figure 4, some separation is visible between metabolites detected in rested control and nitrate-

treated fish. Differences between treatment groups became less pronounced at the peak exercise 

intensity (Figure 4). In the post-exercise condition, metabolite profiles of control versus nitrate 

treatment are very similar (Figure 4).  Overall, this pattern held throughout the data set where greatest 

separation of treatment group (control vs. nitrate comparisons) was observed at the rested exercise 

intensity level. By the completion of the exercise trial, there were no significant changes in metabolite 

abundances between nitrate and control treated fish at the post-exercise condition. We next analyzed 

the metabolomics data in context of the effect of nitrate treatment and exercise on specific metabolic 

pathways. 

Nitrate Effect on Metabolism 

 We next examined the effect of nitrate treatment on metabolism in whole zebrafish. We first 

analyzed changes in metabolic pathways associated with glycolysis. While we detected and identified 

multiple metabolites in this pathway, nitrate treatment did not alter the availability of glycolytic fuels as  
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Table 2: Significance of Annotated Metabolites using 2-way ANOVA 

Analyte 
Treatment 

(raw. p) 
Treatment 

(adj. p) 
Exercise 
(raw. p) 

Exercise  
(adj. p) 

Interaction 
(raw. p) 

Interaction 
(adj. p) 

15-dehydro-prostaglandin E1 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0022 

Chitobiose < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0022 

12-O-2Z,4E-Octadienoyl-4-deoxyphorbol 13-
acetate < 0.0001 0.0002 0.2084 0.4812 0.0061 0.0594 

O-pimelyl-L-carnitine < 0.0001 0.0002 < 0.0001 < 0.0001 0.0450 0.2320 

Lys-Pro 0.0004 0.0078 0.0877 0.3028 0.0012 0.0179 

4,5-Dihydroniveusin A 0.0006 0.0097 0.0891 0.3028 0.0159 0.1170 

4-Hydroxyprolyl-4-hydroxyproline 0.0006 0.0097 0.0531 0.2090 0.0004 0.0092 

3S,6S,9S,12S,15R,20aS-15-Benzyl-6-2S-2-
butanyl-3-hydroxymethyl-5,11,12-trimethyl-
9-4-3-methyl-2-buten-1-
yloxybenzyldodecahydro-1H-pyrrolo1,2-
d1,4,7,10,13,16oxapentaazacyclooctadecine 
-1,4,7,10,13,1615H-hexone 0.0020 0.0277 0.1117 0.3466 0.1606 0.4489 

Creatine Phosphate Dibasic Tetrahydrate 0.0034 0.0417 0.3210 0.6183 0.1266 0.3815 

Phosphocreatine 0.0042 0.0471 0.3383 0.6433 0.1408 0.4084 

D-Ribose 5-Phosphate 0.0052 0.0509 0.1292 0.3749 0.3724 0.6496 

O-heptanoylcarnitine 0.0056 0.0509 < 0.0001 0.0002 0.1184 0.3808 

Creatinine 0.0057 0.0509 0.6845 0.8635 0.3983 0.6676 

Arginine 0.0086 0.0634 0.1922 0.4695 0.2456 0.5643 

Glyceollin 0.0087 0.0634 < 0.0001 0.0005 0.0103 0.0922 

Beta-Nicotinamide Adenine Dinucleotide 
Phosphate 0.0090 0.0634 0.7737 0.8931 0.8657 0.9682 

Allothreonine 0.0090 0.0634 0.5924 0.8131 0.4539 0.6944 

Homoserine 0.0090 0.0634 0.5924 0.8131 0.4539 0.6944 

Threonine 0.0090 0.0634 0.5924 0.8131 0.4539 0.6944 

10-Hydroxymorroniside 0.0101 0.0690 0.0147 0.0759 0.2236 0.5260 

NE,NE,NE-Trimethyllysine 0.0142 0.0942 0.1695 0.4420 0.1306 0.3872 

Thymidine 0.0305 0.1688 0.9116 0.9685 0.0122 0.0980 

Isobutyryl carnitine 0.0342 0.1849 0.0004 0.0028 0.0023 0.0289 

Octanoylcarnitne 0.0439 0.2082 < 0.0001 < 0.0001 0.0006 0.0102 

Lauroylcarnitine 0.0483 0.2159 < 0.0001 0.0003 0.0474 0.2394 

4-Hydroxyprolylleucine 0.0722 0.2540 0.1274 0.3749 0.0003 0.0092 

3-hydroxydecanoylcarnitine 0.0938 0.3024 0.0004 0.0028 0.0301 0.1711 

R-Malate 0.1432 0.4104 0.0152 0.0770 0.0289 0.1711 

Hexanoylcarnitine 0.1541 0.4159 < 0.0001 < 0.0001 0.0014 0.0197 

1-O-2E,4E,6E,8E-3,7-Dimethyl-9-1R,6R-
2,2,6-trimethyl-7-oxabicyclo4.1.0hept-1-yl-
2,4,6,8-nonatetraenoyl-alpha-L-
talopyranuronic acid 0.1864 0.4546 0.0012 0.0080 0.9625 0.9793 

3-hydroxy-cis-5-octenoylcarnitine 0.2000 0.4640 0.0002 0.0016 0.0751 0.3052 

Salicylic Acid  0.2351 0.4958 0.0208 0.0989 0.4334 0.6944 

Methylmalonate 0.2545 0.51792 0.4373 0.6948 0.0033 0.0361 

3-hydroxyoctanoylcarnitine 0.2818 0.5517 < 0.0001 < 0.0001 0.0309 0.1711 

Phenylalanyl-4-hydroxyproline 0.2933 0.5624 0.1999 0.4781 0.0002 0.0086 

2S-2-4R,5S-8-1-cyclohexenyl-5-
cyclopropylmethylmethylaminomethyl-4-
methyl-1,1-dioxo-4,5-dihydro-3H-6,1l6,2-
benzoxathiazocin-2-yl-1-propanol 0.3485 0.6034 < 0.0001 < 0.0001 0.9267 0.9748 

Succinate 0.3785 0.6264 0.4370 0.6948 0.0025 0.0297 
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S-4R,5S,6E,8E,10Z,13Z,16Z-1-Carboxy-4-
hydroxy-6,8,10,13,16-nonadecapentaen-5-
yl-L-cysteinylglycine 0.3964 0.6264 0.0014 0.0088 0.8427 0.9678 

9-Decenoylcarnitine 0.4811 0.6870 < 0.0001 0.0001 0.1941 0.4949 

Cytidine 0.5245 0.7017 0.4574 0.7122 0.0004 0.0092 

Kynurenic Acid 0.6537 0.7831 0.0160 0.0793 0.6431 0.8382 

Hydroxyhexanoycarnitine 0.8760 0.9196 < 0.0001 0.0003 0.0189 0.1276 

15.02_354.0863m/z < 0.0001 0.0002 0.0003 0.0027 0.9523 0.9776 

3.94_547.1384m/z < 0.0001 0.0002 0.0373 0.1664 0.4260 0.6911 

22.50_427.1972m/z < 0.0001 0.0002 0.3609 0.6556 0.0023 0.0289 

3.31_345.9009m/z < 0.0001 0.0006 0.0075 0.0416 0.5235 0.7451 

19.98_423.2247m/z 0.0001 0.0038 0.0001 0.0008 < 0.0001 0.0022 

19.75_288.2164m/z 0.0003 0.0068 < 0.0001 < 0.0001 0.0113 0.0941 

25.21_1045.7210m/z 0.0003 0.0068 0.1457 0.3931 0.0192 0.1276 

18.32_346.2328m/z 0.0004 0.0077 0.0307 0.1398 0.0005 0.0102 

19.64_254.0991m/z 0.0022 0.0287 < 0.0001 0.0002 0.0789 0.3052 

6.37_233.1124m/z 0.0036 0.0417 0.0014 0.0088 0.0011 0.0170 

21.70_391.1908m/z 0.0049 0.0509 0.0020 0.0119 0.0108 0.0931 

15.49_249.0837m/z 0.0084 0.0634 0.0025 0.0146 < 0.0001 0.0005 

20.86_278.1437m/z 0.0283 0.1606 < 0.0001 < 0.0001 0.7050 0.8563 

21.78_538.2396m/z 0.0478 0.2159 < 0.0001 < 0.0001 0.6430 0.8382 

20.51_432.2792m/z 0.0493 0.2159 0.0028 0.0159 0.0078 0.0725 

24.26_386.3056m/z 0.0518 0.2200 0.1752 0.4518 < 0.0001 0.0022 

21.88_360.2739m/z 0.0606 0.2269 < 0.0001 < 0.0001 0.0055 0.0555 

21.83_540.2566m/z 0.1027 0.3265 < 0.0001 < 0.0001 0.3598 0.6496 

24.49_497.3483m/z 0.1053 0.3302 0.0101 0.0533 0.0006 0.0102 

26.50_450.3774m/z 0.1376 0.3992 0.0167 0.0810 0.0763 0.3052 

21.86_316.2484m/z 0.1855 0.4546 < 0.0001 0.0004 0.0571 0.2551 

21.43_316.2477m/z 0.1920 0.4546 < 0.0001 < 0.0001 0.9454 0.9748 

22.45_884.6070m/z 0.2693 0.5386 0.2626 0.5373 < 0.0001 0.0025 

21.47_358.2583m/z 0.2830 0.5517 < 0.0001 0.0001 0.9433 0.9748 

17.56_389.2290m/z 0.3049 0.5778 < 0.0001 < 0.0001 0.0513 0.2431 

19.20_294.1389m/z 0.3179 0.5900 < 0.0001 < 0.0001 0.6491 0.8398 

24.65_416.3285m/z 0.3636 0.6157 0.0521 0.2087 0.0004 0.0092 

25.07_552.2236m/z 0.4530 0.6726 < 0.0001 < 0.0001 0.5042 0.7221 

21.91_358.2584m/z 0.5221 0.7017 < 0.0001 < 0.0001 0.3022 0.6266 

21.51_320.1543m/z 0.5293 0.7017 < 0.0001 < 0.0001 0.2150 0.5197 

27.47_594.4925m/z 0.6548 0.7831 < 0.0001 < 0.0001 0.4633 0.6973 

27.02_522.4348m/z 0.9408 0.9619 0.0002 0.0017 0.1165 0.3808 

21.58_582.2715m/z 0.0052 0.0509 0.1342 0.3845 0.0258 0.1617 

24.44_465.3219m/z 0.4212 0.6471 0.2191 0.4812 0.0034 0.0361 

25.75_313.2610m/z 0.0195 0.1227 0.0004 0.0028 0.8955 0.9715 

22.56_403.1031m/z 0.5147 0.7017 < 0.0001 < 0.0001 0.9194 0.9748 

13.38_413.1405m/z 0.6363 0.7776 0.0083 0.0451 0.3268 0.6437 
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Figure 4. Principal Components Analysis (PCA) score plot showing variation in metabolite profiles of control (red) or 

nitrate (green) treated zebrafish at exercise conditions of rest, peak, and post. Ellipses represents groupings of 

individual treatments while dots are individual values. PCA performed on 10,694 unique features detected by LC-

QToF MS/MS operated in negative ion mode. Scores for principal component 1 and 2 are X and Y axis and explain 

between 16.7% and 9.5% of the variation after normalization of the data by log transformation and Pareto 

scaling. 

Control 
Nitrate 

Rest Rest Peak 
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expected in rested and exercised zebrafish (Table 1). We hypothesized that glucose would be utilized as a 

preferential fuel source in order to reduce the cost of oxygen during metabolism to perform exercise, as 

compared to fatty acid beta-oxidation. Whereas Axton et al. saw changes which supported the original 

hypothesis, the preponderance of evidence from these data do not support this hypothesis. In this data 

set, glycolysis does not seem to be associated with a lower cost of oxygen with exercise due to nitrate 

treatment. Despite a lack of overall agreement with the previous study, a few features were found to be 

consistent with previous results of nitrate treatment. At rested condition, succinate (a member of the 

TCA cycle) was significantly more abundant in nitrate rested fish as compared to control rested fish. 

Furthermore, a significant interaction was detected as succinate increased in peak control fish relative 

to control rested fish, while it decreased in abundance in peak nitrate-treated fish relative to nitrate 

rested fish (Figure 5). Other TCA cycle intermediates, such as malate, exhibited a similar pattern of 

increased abundance with nitrate treatment at rest, relative to control rested fish, and changes with 

exercise; however, although due to high variability the only trend was the effect of exercise. The 

abundance of ribose 5-phosphate was found to significantly decreased at nitrate-peak condition, as 

compared to control-peak conditions (Figure 5). This is of interest because ribose 5-phosphate is a 

member of the pentose-phosphate pathway, that serves as an alternative glucose oxidizing pathway. An 

overall trend for decreased abundance of ribose 5-rhosphate and beta-nicotinamide adenine 

dinucleotide phosphate was also detected and could illustrate a decrease in nucleotide biosynthesis via 

the pentose-phosphate pathway. 

  Furthermore, we examined the changes in fatty acids and acylcarnitine metabolites, as these are 

important metabolic fuels during exercise. Consistent with previous findings, exercise in both control 

and nitrate-treated zebrafish significantly increased whole-body amounts of carnitines (Figure 6). A 

general trend demonstrated higher abundances of acylcarnitine in rested nitrate-treated zebrafish as 

compared to rested controls (Figure 6 and 7). Although they did not experience an overall treatment 
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Figure 5.  Normalized abundances of TCA cycle intermediates and metabolites in related pathways, after 21-26 days of control or 

nitrate treatment and sampled under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured 

using LC-MS/MS. Statistical significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate 

significant differences between specific groups as determined by t-tests, * indicates q < 0.05. 
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Figure 6.  Normalized abundances of metabolites involved in β-oxidation and transport of fatty acids, after 21-26 days of control or 

nitrate treatment and sampled under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured 

using LC-MS/MS. Statistical significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate 

significant differences between specific groups as determined by t-tests, * indicates q < 0.05, ** indicates q < 0.01.   

Control 
Nitrate 



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Normalized abundances of metabolites that experienced a nitrate and/or interaction effect, after 21-26 days of control or 

nitrate treatment and sampled under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured 

using LC-MS/MS. Statistical significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate 

significant differences between specific groups as determined by t-tests, * indicates q < 0.05, ** indicates q < 0.01. 
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effect from nitrate, an interaction between treatment and exercise was found for hexanoylcarnitine, 

isobutyryl carnitine, and octanoylcarnitne where at rest the carnitine was more abundant in nitrate 

treated fish than control. Exercise caused an increase in these carnitines in both treatment groups but 

the effect was generally more dramatic in control fish. This is consistent with the results from t-test 

where abundances of hexanoylcarnitine, isobutyryl carnitine, and octanoylcarnitne were significantly 

greater in nitrate-treated fish at rest compared to control fish at rest (Figure 6 and 7). Two additional 

acylcarnitines, O-pimelyl-L-carnitine, and O-heptanoylcarnitine, exhibited a different abundance profile 

to the general pattern observed in other acylcarnitines (Figure 7). O-pimelyl-L-carnitine was  significantly 

increased with exercise and nitrate treatment suppressed this effect. O-heptanoylcarnitine also 

experienced an exercise-induced increase in abundance and trended towards a significant effect of 

nitrate treatment. Unlike other acylcarnitines, O-pimelyl-L-carnitine and O-heptanoylcarnitine 

demonstrate a significant difference at the peak exercise conditions, where acylcarnitine abundance was 

significantly lower at peak exercise in nitrate-treated fish as compared to peak exercise control fish.  

We also found two additional metabolites related to fatty acid oxidation that are of interest. 

NE,NE,NE-trimethyllysine was examined as it serves as a precursor for carnitine biosynthesis and a 

coenzyme of fatty acid oxidation (28)  (Figure 7). A trend was found for the effect of nitrate on 

NE,NE,NE-trimethyllysine abundance where upon the abundance of the metabolite is higher at rest and 

post exercise in nitrate-treated fish as compared to controls at the same exercise condition. A significant 

interaction was also noted for methylmalonate which was significantly more abundant in nitrate rested 

fish relative to control rest condition. Furthermore, in control fish methylmalonate increased at the peak 

exercise condition while in nitrate-treated fish it went down relative to nitrate rested condition (Figure 

7). Methylmalonate is involved in β-oxidation of branched chain fatty acids in mitochondria, and thus its 

change in abundance is likely related to changes observed in acylcarnitine levels (29). Interestingly, the 

coenzyme-A linked form of methylmalonic acid, methylmalonyl-CoA, is converted into succinyl-CoA and 
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thus can serve as an anaplerotic means of entering the citric acid cycle (28). Overall, these results, taken 

together with the acyl carnitines, suggest a possible different preference in fuel usage at rest with 

nitrate treatment, as well as changes in fuel usage during exercise. 

Amino Acid Catabolism 

  Proline and hydroxyproline metabolism are important for protein synthesis, structure, and 

metabolism of arginine. Interestingly, significant changes were observed in metabolites related to 

protein catabolism.  Related metabolites that showed a significant increase with nitrate treatment at 

rested condition include Lys-Pro, phenylalanyl-4-hydroxyproline, 4-hydroxyprolyl-4-hydroxyproline, and 

4- hydroxyprolylleucine (Figure 8). These dipeptides are derivatives of hydroxyproline that suggest a 

potential increase in protein catabolism in nitrate-treated fish at rest. Hydroxyproline is interesting 

because it acts as a substrate for the synthesis of pyruvate and glucose. Hydroxyproline may also 

scavenge oxidants and regulate the redox state of cells. Furthermore, a significant interaction was found 

for these four metabolites where the abundance decreased in nitrate-treated fish in a step wise fashion 

with exercise, relative to nitrate rest condition. In contrast, in control fish the abundance of these 

metabolites generally increased. Additionally, proline was identified and was significantly more 

abundant in nitrate-treated fish at rest as compared to control rested fish.  

  Surprisingly, our dataset revealed that arginine, which is directly related to the endogenous NO 

pathway, was only trending toward a treatment effect (q = 0.063). Hypoxanthine and xanthine 

metabolites were also detected but not found to significantly change with nitrate treatment or exercise. 

In our previous study we found that nitrate treatment changed the abundance of substrates related to 

the endogenous pathways that generate NO (i.e. arginine). We expected to observe these changes again 

as the generation of NO is accompanied by physiological effects that improve vasodilation and other 

enhancements to exercise performance. However, in our data these changes were not found to be 

significant. Likewise, changes in hypoxanthine and xanthine would be consistent with increased xanthine 
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oxidoreductase (XOR) activity and expression after strenuous exercise in humans but was not 

significantly altered (26).  

Other Metabolites Significantly Effected by Nitrate and/or Exercise 

  One interesting, and unexpected, finding was the annotation of 15-dehydro-prostaglandin E1 

and the significant changes associated with it. 15-dehydro-prostaglandin E1 is in the family of 

vasodilators; and at rest the abundance of this metabolite was less in nitrate-treated fish relative to 

controls (Figure 9) (34). Exercise induced an increase in the abundance of 15-dehydro-prostaglandin E1 

in control fish. Furthermore, a significant interaction was found as the abundances of 15-dehydro-

prostaglandin E1 were significantly lower in nitrate-treated fish at rest and peak exercise condition in 

comparison to control fish at the same exercise conditions, but by the post exercise time point there 

was no difference between control and nitrate-treated fish.  

We also found some significant differences in the abundance of metabolites that likely 

originated in the zebrafish food (glyceolin, 4,5-dihydroniveusin A, and chitobiose) but they do not have 

any apparent connection to fatty acid metabolism, glycolysis, or other pathways of interest.  Likewise we 

saw 51 significant changes in metabolites with exercise, such as S-4R,5S,6E,8E,10Z,13Z,16Z-1-Carboxy-4-

hydroxy-6,8,10,13,16-nonadecapentaen-5-yl-L-cysteinylglycine and 2S-2-4R,5S-8-1-cyclohexenyl-5-

cyclopropylmethylmethylaminomethyl-4-methyl-1,1-dihydro-3H-6,1, 2-benzoxathiazocin-2-yl]-1-

propanol, but nitrate treatment did not alter the abundances of these metabolites (Figure 10 and Table 

2) and they are unrelated to the hypothesis tested here.  

4. DISCUSSION 

  We used untargeted metabolomics in whole zebrafish to identify potential mechanisms by 

which nitrate treatment altered exercise performance.  A primary finding from our study was a change 

in the metabolic profile of zebrafish with exercise and nitrate treatment. We hypothesized that 
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glycolytic fuel sources would be metabolically selected for in order to reduce the cost of oxygen during 

exercise, i.e. glycolysis over fatty acid β-oxidation. However, this data demonstrates nitrate treatment 

did not alter the availability of glycolytic fuels as expected in rested and exercised zebrafish. Whereas the 

Axton et al.  saw changes that support the original hypothesis, the preponderance of evidence from this 

data set does not support such changes occurring in this experiment. However, there are several 

methodological limitations which may have confounded the expected outcomes in this experiment.  

Even so, this study did produce interesting and potentially insightful results related to changes in 

metabolites related to fatty acid oxidation, a small number of metabolites related to glycolysis, as well 

as other, unexpected, metabolites like one associated with vasodilation. We did detect significant 

changes in metabolites related to fatty acid metabolism which is in keeping with our original hypothesis. 

More specifically, we saw on overall increased availability of acylcarnitines in control and nitrate-treated 

fish with exercise. Exercise can induce upregulation of acylcarnitines as skeletal muscle works to meet 

increased demands of energy production through fatty acid β-oxidation  (30). Interestingly,  the pattern 

of observed changes was not the same for all acylcarnitines. Regarding the nitrate treatment effect, 

abundances of specific acylcarnitines were higher in nitrate-treated fish than in control fish at rest. 

Additionally, the abundance of succinate demonstrates increased TCA cycle activity with nitrate 

treatment at rest.  

 Protein and urea cycle metabolites were also observed to be affected by exercise and nitrate 

treatment, specifically protein derivatives of proline. We also discovered an interesting interaction 

between exercise and nitrate treatment in a prostaglandin E1 (PGE1) metabolite. The abundances of 

PGE1 may lend support to nitrate’s physiological function as a vasodilator. Together, these observations 

suggest potential mechanisms by which supplemental nitrate can alter fuel sources, metabolism, and 

hemodynamics at rest and during submaximal exercise. As the purpose of this study was to reinforce 

previous data, as well as further investigate the metabolic fuel preference with treatment profile at rest 
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and peak exercise conditions, we will begin by discussing the global changes seen in the metabolic 

profiles as they relate to substrate availability of fuel sources followed by changes that may relate to 

hemodynamics.  

 As expected, exercise increased the net abundance of acylcarnitines (26, 31). Three specific 

acylcarnitines, isobutyryl carnitine, octanoylcarnitne, and hexanoylcarnitine, exhibit an interesting 

phenotype of significantly higher abundances in nitrate-treated fish at rest. This may suggest that nitrate 

can induce an increased efficiency of fat utilization for energy production in a non-exercised state. 

Ashmore et al., investigated the use of nitrate as a treatment of metabolic disease in rats by inducing 

fatty acid oxidation in muscles. Additionally, carnitine loading in humans supports enhanced muscle 

fatty acid oxidation, preventing body fat accumulation (30). Fatty acids that are already attached to 

carnitine are ready for transport into the inner membrane of the mitochondria, whereupon beta-

oxidation can occur. The importance of this is the fatty acid has already been activated. Activating a fatty 

acid requires 2 ATP molecules before it can be attached to carnitine. This would result in less ATP 

consumption in order to catabolize a fatty acid. Correspondingly, a trend was observed in NE,NE,NE-

trimethyllysine, it was more abundant in nitrate-treatment as compare to control fish at each exercise 

condition. Because NE,NE,NE-trimethyllysine serves as a precursor for carnitine biosynthesis and a 

coenzyme of fatty acid oxidation, it may also suggest possible support of increased production of 

carnitines for fat transport in nitrate-treated fish (39). Another possible interpretation of this data lies in 

a glycolytic approach. It is also possible that glycolytic pathways are preferentially selected for, thus 

leaving an abundance of acylcarnitines to accumulate in nitrate-treated fish more than in control fish.  

 In contrast to lipolysis and fatty acid oxidation, glycolysis was a key component of my hypothesis 

and is an essential component of energy production. Although no significant changes were observed in 

the glycolytic pathway, the TCA cycle intermediate succinate was increased in nitrate-treated fish at 

rest. Observed changes in succinate were consistent with previous studies in our lab (26). The 
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conversion of succinate to fumarate, by succinate dehydrogenase is coupled to two major pathways in 

the mitochondria, the TCA cycle and the respiratory electron transport chain, both essential to oxidative 

phosphorylation. Succinate is a key regulator of the TCA cycle and ATP synthesis in response to varying 

degrees of oxygen limitation (44). Succinate is both a product and a feedback inhibitor of 

prolyhydoxylase (PHD), which modulates hypoxia inducible factor 1α (HIF1α) and expression of genes 

involved in the response to hypoxia. Succinate therefore may act as a biomarker and signal molecule of 

hypoxia in nitrate-treated fish and a subsequent increase in anaplerotic pathways due to a need in 

increased energy availability (32). Evidence from other studies exists showing that tissue and blood 

content of succinate increases in early stages of hypoxia (first 30 minutes) demonstrating the association 

between succinate and hypoxia induced physiological changes, such as vasodilation and preservation of 

aerobic energy production. Interestingly, with the interaction effect observed in succinate, nitrate may 

thus induce resistance to oxygen deficiency during peak exercise as succinate increased with exercise in 

control fish but decreased in nitrate-treated fish. The intensity of this process whereupon succinate 

signaling can cause molecular adaptation and increase body resistance to oxygen deficiency differs in 

animals with low and high resistance to hypoxia (33). 

  Other explanations associated with nitrate effect on exercise performance may be related to the 

hemodynamic and vasodilatory effects associated with15-dehydro-postaglandin E1 (PGE1) and protein 

derivatives related to proline. PGE1 induces cardiovascular effects primarily through its direct 

vasodilator action on peripheral vascular beds and indirectly through reflex sympathetic stimulation 

(34). A significant body of experimental evidence suggests a relationship between nitric oxide 

biosynthesis and prostaglandin generation and may provide insight into the hemodynamic effects 

induced by supplemental nitrate (34, 35). The interaction effect present in 15-dehydro-prostaglandin E1 

may demonstrate the significance and magnitude of the effect nitrate can have as a vasodilator. As both 

nitrate and PGE1 physiologically function as a vasodilator, the effect of nitrate treatment likely 
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demonstrates a very significant decrease in the demand for upregulation of PGE1 during peak exercise.  

Notably, the significantly lower amounts of PGE1 in nitrated treated fish at rest may also suggest 

potential health implications in a non-exercised state based on the knowledge that vasodilation 

naturally leads to lowered blood pressure, due to the widening of the blood vessels. This would be of 

specific interest to populations who suffer from exercise intolerance and medical conditions resulting in 

systemically high blood pressure. These findings create an opportunity to further investigate the 

identification of other vasodilatory metabolites with regard to exercise and nitrate treatment. 

Mechanisms behind such identifications, as well as the conservation of these changes and mechanisms 

in humans would be of great interest.   

 We found increased abundances of amino acids and related metabolites of proline and 

hydroxyproline. Of these related metabolites, phenylalanyl-4-hydroxyproline, 4-hydroxyprolyl-4-

hydroxyproline, and 4-hydroxyprolylleucune increased significantly in control fish with exercise from 

rest to peak conditions.  This pattern is well supported in the literature wherein protein turnover and 

protein catabolism can help synthesize glucose for energy production during exercise (31). We also 

observed that the proline and hydroxyproline related metabolites  were significantly higher at rest in 

nitrated fish than in controls. Interestingly, these protein derivatives may be associated with 

angiogenesis (16). It is important to note that proline resides in collagen proteins (24). Subsequently, the 

breakdown of collagen has been associated with angiogenesis (36). Thus, the proline-related 

metabolites observed in our data, due to nitrate treatment, may be associated with collagen catabolism 

and angiogenesis. In clinical settings, nitric oxide can be applied at low concentrations to regulate 

angiogenesis (16). Work conducted by Rammos et al., has shown that nitrate supplementation can 

increase the regenerative capacity of the vascular system (37). Thus,  nitrate treatment may  increase 

efficiency of muscle fibers through inducing angiogenesis.  
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   In addition to investigating the mechanisms by which nitrate reduces the oxygen cost of 

exercise, this study served as a proof of reproducibility of the phenotype observed in the Axton paper, 

as well as a whole-body comparison for the analysis of tissue specific metabolic changes. Thus, it is 

essential to acknowledge the several scientific limitations that do not allow us to reject our original 

hypothesis. More specifically, in this experiment, portions of our methodological approaches varied 

from that of the original experiment (26). Some of these variances were unintentional while others were 

intended.  For example, the timing of feeding of the fish prior to exercise was not analogous to the 

original study. Importantly, time between ingesting food and performing exercise can drastically alter 

metabolism and preferential utilization of fuels based on availability. Another difference in methods was 

the size of the column that was used to run samples. In this study we had to scale down to a column that 

would work with small tissue weight, and while this was effective for liver and muscle tissue, and our 

original optimization run, it perhaps caused more variability between samples because of a smaller 

injection volume used to run metabolomics.   

 Another significant difference in this experiment were the age of the fish used. In this 

experiment, the zebrafish were 7 months older in age (16 months in total), while in the Axton study the 

zebrafish were 9 months old (26).  We surmise that the increased age of the fish might cause the effect 

of nitrate treatment to be more pronounced but increased age can also cause increased variation 

between subjects in the same treatment group making it harder to detect significant changes with the 

same sample size (45). It is also important to note that both this study and the Axton study have 

limitations to data interpretation. The metabolic profiles reported were on whole zebrafish, which limits 

organ-specific inferences on treatment effects. Also, it is important to note the routes and periodicities 

of exposure in zebrafish differ from those of humans who receive nitrate from the diet in episodic 

meals. We cannot comment on the mechanisms of nitrate reduction to nitrite and NO in zebrafish, as 

we did not interrogate with antibiotics to address the role of bacterial nitrate reductases,  as well as 
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genetic knockout and/or chemical inhibitors of Nos and Xor enzymes. Future studies on nitrate 

reduction mechanisms in zebrafish could inform our knowledge of the potential sources of NO in the 

model system.     

 In conclusion, changes in the metabolic profiles of zebrafish were observed with inorganic 

nitrate treatment and exercise. Thus, the data presented here elucidates potential mechanisms by 

which dietary nitrate functions in producing physiological changes, as well as supports the use of nitrate 

as a means of improving cardiovascular health. This further strengthens the idea that a diet containing 

nitrate rich foods, such as beets, spinach, celery, and others green leafy vegetables could have beneficial 

effects on people—athletes and the general public alike.  Diets rich in nitrate serve many cardiovascular 

and other health benefits, and thus may have important implication for human health and exercise 

performance (38). 
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Table 1: Annotate Metabolites in Zebrafish 

Analyte Ion Mode 
Molecular 
Formula 

m/z 
Error 
(ppm) 

Found 
RT 

(min) 

MS/MS 
match 

Library 

(R)-malate [M-H]- C4H6O5 133.0146 2.823 4.415 yes IROA 

(S)-lactate [M-H]- C3H6O3 89.0248 5.400 5.061 yes IROA 

2-amino-2-methyl-propanoate [M+H]+ C4H9NO2 104.0703 -3.207 4.136 yes IROA 

2-aminoethyl dihydrogen phosphate [M-H]- C2H8NO4P 140.0130 8.555 4.569 yes IROA 

2'-deoxyguanosine 5'-monophosphate [M+H]+ C10H14N5O7P 348.0709 1.578 4.711 yes IROA 

2'-deoxyguanosine 5'-triphosphate [M+H]+ C10H16N5O13P3 508.0029 -0.204 5.988 yes IROA 

2'-deoxyuridine 5'-monophosphate [M+H]+ C9H13N2O8P 309.0478 -1.321 5.181 yes IROA 

3(4-hydroxyphenyl)lactate [M-H]- C9H10O4 181.0512 2.912 12.270 yes IROA 

3,3-diaminopropane [M+H]+ C3H10N2 75.0916 -1.620 3.117 yes IROA 

3',5'-cyclic amp [M-H]- C10H12N5O6P 328.0453 0.270 7.855 yes IROA 

3-aminoisobutanoate [M+H]+ C4H9NO2 104.0703 -3.207 4.143 yes IROA 

3'-cmp [M-H]- C9H14N3O8P 322.0446 0.073 4.249 yes IROA 

3-hydroxybenzaldehyde [M-H]- C7H6O2 121.0298 2.103 17.379 yes IROA 

3-sulfino-l-alanine [M-H]- C3H7NO4S 152.0024 0.882 4.246 yes IROA 

4-aminobutanoic acid [M+H]+ C4H9NO2 104.0703 -3.207 4.136 yes IROA 

4-hydroxybenzaldehyde [M-H]- C7H6O2 121.0298 2.103 17.379 yes IROA 

4-hydroxy-l-proline [M+H]+ C5H9NO3 132.0758 77.738 4.151 yes IROA 

4-pyridoxate [M-H]- C8H9NO4 182.0459 0.017 9.131 yes IROA 

4-quinolinecarboxylic acid [M+H]+ C5H9NO3 132.0758 77.738 4.151 yes IROA 

5-aminolevulinic acid [M+H]+ C10H7NO2 174.0560 6.185 12.355 yes IROA 

5-aminopentanoate [M+H]+ C5H9NO3 132.0758 77.738 4.151 yes IROA 

5'-methylthioadenosine [M+H]+ C5H11NO2 118.0861 -0.909 5.523 yes IROA 

5-oxo-l-proline [M+H]+ C11H15N5O3S 298.0967 -0.338 15.214 yes IROA 

Aconitate [M+H]+ C5H7NO3 130.0503 3.658 7.618 yes IROA 

Adenine [M+H]+ C6H6O6 175.0229 -4.483 4.923 yes IROA 

Adenine hydrochloride [M+H]+ C5H5N5 136.0617 -0.696 8.137 yes IROA 

Adenosine [M+H]+ C5H5N5 136.0617 -0.696 8.137 yes IROA 

Adenosine 3',5'-cyclic monophosphate [M-H]- C10H12N5O6P 328.0458 1.730 8.300 yes IROA 

Adenosine 5'-diphosphate [M+H]+ C10H15N5O10P2 428.0365 -0.355 5.330 yes IROA 

Adenosine 5'-diphosphoribose [M-H]- C15H23N5O14P2 558.0649 0.873 4.431 yes IROA 

Adenosine 5'-monophosphate [M+H]+ C10H14N5O7P 348.0709 1.578 4.711 yes IROA 

Adenosine 5'-triphosphate [M+H]+ C10H16N5O13P3 508.0029 -0.204 5.988 yes IROA 

Adenosine-5'-diphosphoglucose [M+H]+ C10H15N5O10P2 428.0365 -0.355 5.330 yes IROA 

Alanine [M+H]+ C3H7NO2 90.0545 -4.502 4.407 yes IROA 

Allothreonine [M+H]+ C4H9NO3 120.0650 -4.449 4.041 yes IROA 

Alpha-d-glucose 1-phosphate [M-H]- C6H13O9P 259.0228 1.346 3.524 yes IROA 

Arginine [M+H]+ C6H14N4O2 175.1186 -1.787 3.936 yes IROA 

Asparagine [M+H]+ C4H8N2O3 133.0605 -1.664 4.030 yes IROA 

Aspartate [M+H]+ C4H7NO4 134.0441 -5.014 5.452 yes IROA 

Azelaic acid [M-H]- C9H16O4 187.0976 0.234 19.962 yes IROA 

Beta-alanine [M+H]+ C3H7NO2 90.0545 -4.502 4.407 yes IROA 

Betaine [M+H]+ C5H11NO2 118.0860 -2.561 6.056 yes IROA 

Beta-nicotinamide adenine 
dinucleotide phosphate 

[M+H]+ C21H28N7O17P3 744.0843 2.140 4.761 yes IROA 

Biotin [M-H]- C10H16N2O3S 243.0821 5.037 18.362 yes IROA 

Bis(2-ethylhexyl)phthalate [M+H]+ C24H38O4 391.2836 -1.640 27.040 yes IROA 

Cis-4-hydroxy-d-proline [M+H]+ C5H9NO3 132.0758 77.738 4.151 yes IROA 

Citrulline [M+H]+ C6H13N3O3 176.1030 0.233 4.122 yes IROA 

CMP [M-H]- C9H14N3O8P 322.0446 0.207 4.190 yes IROA 

Creatine [M+H]+ C4H9N3O2 132.0762 -4.084 4.423 yes IROA 
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Creatine phosphate dibasic 
tetrahydrate 

[M-H]- 
C4H10N3O5P 210.0288 1.390 4.420 

yes 
IROA 

Creatinine [M+H]+ C4H7N3O 114.0656 -5.515 5.011 yes IROA 

Cuda [M+H]+  342.2832 -11.16 24.432 yes IROA 

Cystathionine [M+H]+ C7H14N2O4S 223.0751 1.863 4.015 yes IROA 

Cytidine [M-H]- C9H13N3O5 242.0800 7.157 4.410 yes IROA 

Cytidine 5'-diphosphocholine [M+H]+ C14H26N4O11P2 489.1144 -0.442 4.880 yes IROA 

Dehydroascorbate [M-H]- C6H6O6 173.0092 0.234 4.665 yes IROA 

Deoxycarnitine [M+H]+ C7H15NO2 146.1173 -1.469 8.737 yes IROA 

D-glucose-6-phosphate [M-H]- C6H13O9P 259.0228 1.346 3.524 yes IROA 

D-pantothenic acid [M-H]- C9H17NO5 0.0000 0.000 0.000 yes IROA 

D-ribose 5-phosphate [M-H]- C5H11O8P 229.0126 3.217 3.559 yes IROA 

Elaidic acid [M-H]- C18H34O2 281.2484 -0.665 25.746 yes IROA 

Ethanolamine phosphate [M-H]- C2H8NO4P 140.0130 8.555 4.569 yes IROA 

Flavin adenine dinucleotide [M-H]- C27H33N9O15P2 784.1501 0.272 15.809 yes IROA 

Fructose 1,6-biphosphate [M-H]- C6H14O12P2 338.9885 -0.808 4.665 yes IROA 

Galactitol [M+H]+ C6H14O6 183.0853 -5.750 5.281 yes IROA 

Gluconic acid [M-H]- C6H12O7 195.0509 -0.828 4.226 yes IROA 

Glucose [M-H]- C6H12O6 179.0565 2.131 3.900 yes IROA 

Glutamic acid [M-H]- C5H9NO4 146.0460 0.783 4.081 yes IROA 

Glutamine [M+H]+ C5H10N2O3 147.0761 -2.388 4.048 yes IROA 

Glutarate [M-H]- C5H8O4 131.0350 0.110 8.812 yes IROA 

Glutathione [M+H]+ C10H17N3O6S 308.0907 -1.348 5.119 yes IROA 

Glyceric acid [M-H]- C3H6O4 105.0192 -1.048 4.263 yes IROA 

Glycerol 2-phosphate [M-H]- C3H9O6P 171.0068 2.139 3.617 yes IROA 

Glycine [M+H]+ C2H5NO2 76.0392 -0.734 4.005 yes IROA 

Guanine [M+H]+ C5H5N5O 152.0563 -2.762 6.820 yes IROA 

Guanosine [M+H]+ C10H13N5O5 284.0994 1.429 7.289 yes IROA 

Guanosine 5'-monophosphate [M+H]+ C10H14N5O8P 364.0658 1.553 4.536 yes IROA 

Hippurate [M+H]+ C9H9NO3 180.0655 0.051 17.739 yes IROA 

Histamine [M+H]+ C5H9N3 112.0869 -0.389 3.949 yes IROA 

Histidine [M+H]+ C6H9N3O2 156.0766 -0.961 3.948 yes IROA 

Homoserine [M+H]+ C4H9NO3 120.0650 -4.449 4.041 yes IROA 

Hypotaurine [M+H]+ C2H7NO2S 110.0269 -1.561 4.014 yes IROA 

Hypoxanthine [M+H]+ C5H4N4O 137.0459 0.712 7.765 yes IROA 

Indole-3-acetate [M+H]+ C10H9NO2 176.0690 -9.104 19.335 yes IROA 

Inosine [M-H]- C10H12N4O5 267.0744 3.454 7.219 yes IROA 

Inosine 5'-monophosphate [M-H]- C10H13N4O8P 347.0413 4.302 4.811 yes IROA 

Isocitric acid [M-H]- C6H8O7 191.0208 5.404 4.686 yes IROA 

Isoleucine [M+H]+ C6H13NO2 132.1013 -4.502 6.007 yes IROA 

Kynurenic acid [M+H]+ C10H7NO3 190.0507 4.424 17.158 yes IROA 

Kynurenine [M+H]+ C10H12N2O3 209.0916 -2.381 11.225 yes IROA 

L-aminocyclopropane-1-carboxylate [M+H]+ C10H12N2O3 209.0920 -0.430 11.645 yes IROA 

Lauroylcarnitine [M+H]+ C4H7NO2 102.0548 -1.859 4.052 yes IROA 

Ll-2,6-diaminoheptanedioate [M+H]+ C19H37NO4 344.2788 -2.009 23.138 yes IROA 

Lumichrome [M-H]- C12H10N4O2 241.0735 1.515 21.895 yes IROA 

Lysine [M+H]+ C6H14N2O2 147.1126 -1.594 3.513 yes IROA 

Malate [M-H]- C4H6O5 133.0145 1.722 4.469 yes IROA 

Maleic acid  [M-H]- C4H4O4 115.0045 7.030 5.061 yes IROA 

Meso-tartaric acid [M-H]- C4H8O7 167.0214 10.103 5.470 yes IROA 

Methionine [M+H]+ C5H11NO2S 150.0581 -1.468 5.345 yes IROA 

Methylmalonate [M-H]- C4H6O4 117.0197 3.109 6.618 yes IROA 

N alpha-acetyl-l-lysine [M+H]+ C8H16N2O3 189.1235 0.573 5.015 yes IROA 

N(pai)-methyl-l-histidine [M+H]+ C7H11N3O2 170.0921 -2.017 4.022 yes IROA 

N-acetyl-dl-serine [M+H]+ C5H9NO4 148.0597 -4.799 5.092 yes IROA 

N-acetyl-l-aspartic acid [M-H]- C6H9NO5 174.0416 4.780 5.707 yes IROA 
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N-acetyl-l-phenylalanine [M-H]- C11H13NO3 206.0826 1.823 18.629 yes IROA 

N-acetylneuraminate [M-H]- C11H19NO9 308.0992 1.571 4.264 yes IROA 

N-acetylserotonin [M+H]+ C12H14N2O2 219.1131 1.560 18.212 yes IROA 

NAD [M+H]+ C21H27N7O14P2 664.1161 -0.467 5.737 yes IROA 

Ne,NE,NE-trimethyllysine [M+H]+ C9H20N2O2 189.1598 0.184 4.662 yes IROA 

Nicotinamide [M+H]+ C6H6N2O 123.0548 -4.053 9.021 yes IROA 

N-methyl-d-aspartic acid [M+H]+ C5H9NO4 148.0603 -0.858 4.062 yes IROA 

N-methyl-l-glutarate [M+H]+ C6H11NO4 162.0760 -0.575 4.212 yes IROA 

Norleucine [M+H]+ C6H13NO2 132.1018 -1.148 8.279 yes IROA 

Norvaline [M+H]+ C5H11NO2 118.0861 -0.909 5.523 yes IROA 

O-acetyl-l-serine [M+H]+ C5H9NO4 148.0601 -2.216 4.066 yes IROA 

O-phospho-dl-serine [M+H]+ C3H8NO6P 186.0163 0.752 3.958 yes IROA 

Ophthalmic acid [M-H]- C11H19N3O6 290.1350 1.208 5.480 yes IROA 

Palmitate [M-H]- C16H32O2 255.2332 0.776 25.457 yes IROA 

Phenylalanine [M-H]- C9H11NO2 164.0718 0.588 8.761 yes IROA 

Phosphocholine chloride [M+H]+ C5H14NO4P 184.0729 -2.543 4.428 yes IROA 

Phosphocreatine [M-H]- C4H10N3O5P 210.0288 1.390 4.427 yes IROA 

Pipecolic acid [M+H]+ C6H11NO2 130.0862 -0.416 6.172 yes IROA 

Proline [M+H]+ C5H9NO2 116.0700 -4.926 4.636 yes IROA 

Putrescine [M+H]+ C4H12N2 89.1070 -3.216 3.395 yes IROA 

Pyridoxine [M+H]+ C4H12N2 89.1070 -3.216 3.395 yes IROA 

Retinoate [M+H]+ C20H28O2 301.2158 -1.384 25.611 yes IROA 

Riboflavin [M+H]+ C17H20N4O6 377.1453 -0.756 18.768 yes IROA 

Ribose [M-H]- C5H10O5 149.0457 0.889 4.308 yes IROA 

Salicylic acid [M-H]- C7H6O3 137.0247 2.100 20.821 yes IROA 

Sarcosine [M+H]+ C3H7NO2 90.0545 -4.502 4.407 yes IROA 

Serine [M+H]+ C3H7NO3 106.0497 -1.503 4.010 yes IROA 

Spermidine [M+H]+ C7H19N3 146.1650 -1.427 3.157 yes IROA 

Spermine [M+H]+ C10H26N4 203.2230 0.130 3.573 yes IROA 

Sphinganine [M+H]+ C18H39NO2 302.3055 0.374 23.263 yes IROA 

Stachyose hydrate [M-H]- C24H42O21 665.2151 0.830 3.985 yes IROA 

Suberic acid [M-H]- C8H14O4 173.0832 7.223 18.371 yes IROA 

Succinate [M-H]- C4H6O4 117.0197 3.109 6.494 yes IROA 

Sucrose [M-H]- C12H22O11 341.1091 0.512 4.223 yes IROA 

Taurine [M-H]- C2H7NO3S 124.0076 1.444 3.974 yes IROA 

Theophylline [M-H]- C7H8N4O2 179.0552 -12.76 18.041 yes IROA 

Threonine [M+H]+ C4H9NO3 120.0650 -4.449 4.041 yes IROA 

Thymidine [M-H]- C10H14N2O5 241.0844 6.030 10.553 yes IROA 

Thymine [M+H]+ C5H6N2O2 127.0501 -1.167 10.200 yes IROA 

Tocopherol [M+H]+ C29H50O2 431.3884 0.068 27.075 yes IROA 

Trans-4-hydroxyproline [M-H]- C5H9NO3 130.0510 0.185 3.976 yes IROA 

Trigonelline [M+H]+ C7H7NO2 138.0548 -1.061 8.955 yes IROA 

Tryptophan [M+H]+ C11H12N2O2 205.0966 -2.565 11.439 yes IROA 

Tyrosine [M+H]+ C9H11NO3 182.0805 -3.610 5.514 yes IROA 

Urate [M-H]- C5H4N4O3 167.0212 0.979 5.381 yes IROA 

Uridine [M-H]- C9H12N2O6 243.0619 -1.614 6.018 yes IROA 

Uridine 5'-diphosphate [M-H]- C9H14N2O12P2 402.9946 -0.878 4.715 yes IROA 

Uridine 5'-diphospho-n-
acetylgalactosamine 

[M-H]- C17H27N3O17P2 606.0749 0.989 4.557 yes IROA 

Uridine 5'-diphospho-n-
acetylglucosamine 

[M-H]- C17H27N3O17P2 606.0749 0.989 4.573 yes IROA 

Uridine-5-monophosphate [M-H]- C9H13N2O9P 323.0288 0.779 4.308 yes IROA 

Urocanate [M+H]+ C6H6N2O2 139.0505 1.998 7.154 yes IROA 

Valine [M+H]+ C5H11NO2 118.0861 -0.909 5.523 yes IROA 

Xanthine [M+H]+ C5H4N4O2 153.0405 -1.178 7.692 yes IROA 

Cytidine M-H C9H13N3O5 242.0798 6.399 5.821 yes Prog. 
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(2Z)-3,7-Dimethyl-2,6-octadien-1-yl 3-
oxobutanoate 

M+Na-2H C14H22O3 259.1303 -5.370 10.873 yes Prog. 

3-Hydroxy-2-oxepanone M-H C6H10O3 129.0554 -2.294 11.232 yes Prog. 

porphobilinogen M-H C10H14N2O4 225.0883 1.072 15.258 yes Prog. 

Glyceollin M+FA-H C19H16O3 337.1076 -1.954 16.099 yes Prog. 

Tert-butyl N-[(3R,6R,10Z,15R)-15-
(hydroxymethyl)-2,5-dioxo-3-propan-
2-yl-1,4-diazacyclopentadec-10-en-6-
yl] carbamate 

M+Na-2H C42H57N5O9 796.3851 -6.764 16.357 yes Prog. 

4,5-Dihydroniveusin A M+FA-H C20H28O8 441.1766 0.051 20.116 yes Prog. 

Chitobiose M+Na-2H C23H31FO6 443.1875 5.517 20.236 yes Prog. 

12-O-2Z,4E-Octadienoyl-4-
deoxyphorbol 13-acetate 

M+Na-2H C29H44O9 557.2731 -0.148 20.873 yes Prog. 

10-Hydroxymorroniside M+FA-H C17H26O12 441.1592 -3.806 21.321 yes Prog. 

Ergocornine M+Na-2H C31H39N5O5 582.2715 3.078 21.579 yes Prog. 

1-O-{(2E,4E,6E,8E)-3,7-Dimethyl-9-
[(1R,6R)-2,2,6-trimethyl-7-
oxabicyclo[4.1.0]hept-1-yl]-2,4,6,8-
nonatetraenoyl}-alpha-L-
talopyranuronic acid 

M+FA-H C26H36O9 537.2337 -0.851 21.647 yes Prog. 

S-[(4R,5S,6E,8E,10Z,13Z,16Z)-1-
Carboxy-4-hydroxy-6,8,10,13,16-
nonadecapentaen-5-yl]-L-
cysteinylglycine 

M+FA-H C25H38N2O6S 539.2496 12.774 21.732 yes Prog. 

22.56_403.1031 m/z M-H C20H20O9 403.1031 -0.890 22.562 yes Prog. 

(2S)-2-[(4R,5S)-8-(1-cyclohexenyl)-5-
[[cyclopropylmethyl(methyl)amino]me
thyl]-4-methyl-1,1-dioxo-4,5-dihydro-
3H-6,1l^{6},2-benzoxathiazocin-2-yl]-
1-propanol 

M+FA-H C25H38N2O4S 507.2601 14.451 23.140 yes Prog. 

24.44_465.3219 m/z M+FA-H C26H44O4 465.3219 -0.612 24.441 yes Prog. 

Lys-Pro M+H-H2O C11H21N3O3 226.154 -2.134 10.812 yes Prog. 

Hydroxyhexanoycarnitine M+H C13H25NO5 276.180 -2.297 12.430 yes Prog. 

Isobutyryl carnitine M+H C11H21NO4 232.154 -1.705 12.769 yes Prog. 

13.38_413.1405m/z M+Na C17H26O10 413.141 -3.294 13.378 yes Prog. 

4-Hydroxyprolyl-4-hydroxyproline M+H-H2O C10H16N2O5 227.102 -3.893 15.419 yes Prog. 

4-Hydroxyprolylleucine M+H-H2O C11H20N2O4 227.138 -2.577 16.441 yes Prog. 

3-hydroxy-cis-5-octenoylcarnitine M+H C15H27NO5 302.196 -2.355 16.577 yes Prog. 

O-pimelyl-L-carnitine M+H C14H25NO6 304.175 -2.673 16.798 yes Prog. 

Hexanoylcarnitine M+H C13H25NO4 260.185 -3.342 17.785 yes Prog. 

3-hydroxyoctanoylcarnitine M+H C15H29NO5 304.211 -1.922 17.888 yes Prog. 

15-dehydro-prostaglandin E1 M+Na C20H32O5 375.212 -6.887 18.354 yes Prog. 

Phenylalanyl-4-hydroxyproline M+H-H2O C14H18N2O4 261.123 -2.652 18.389 yes Prog. 

O-heptanoylcarnitine M+H C14H27NO4 274.201 -1.467 18.527 yes Prog. 

Octanoylcarnitine M+H C14H27NO4 274.201 -2.533 19.335 yes Prog. 

3-hydroxydecanoylcarnitine M+H-H2O C15H29NO5 286.200 -2.586 19.472 yes Prog. 

9-Decenoylcarnitine M+H C15H29NO4 288.216 -2.369 20.413 yes Prog. 

(24S)-5beta-cholestane-
3alpha,7alpha,12alpha,24,26-pentol 

M+H C17H33NO5 332.242 -2.027 20.481 yes Prog. 

25.75_313.2610m/z M+H C17H31NO4 314.232 -1.370 21.329 no Prog. 

3.31_345.9009m/z M+H NA 328.898 NA 3.305 no Prog. 

6.37_233.1124m/z NA NA 233.112 NA 6.371 no Prog. 

26.50_450.3774m/z NA NA 450.377 NA 26.496 no Prog. 

27.02_522.4348m/z NA NA 522.435 NA 27.018 no Prog. 

27.47_594.4925m/z NA NA 594.492 NA 27.466 no Prog. 

15.49_249.0837m/z NA NA 249.084 NA 15.487 no Prog. 

17.56_389.2290m/z NA NA 389.229 NA 17.565 no Prog. 
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18.32_346.2328m/z NA NA 346.233 NA 18.320 no Prog. 

19.64_254.0991m/z NA NA 254.099 NA 19.644 no Prog. 

19.75_288.2164m/z NA NA 288.216 NA 19.747 no Prog. 

20.51_432.2792m/z NA NA 432.279 NA 20.514 no Prog. 

21.43_316.2477m/z NA NA 316.248 NA 21.432 no Prog. 

21.47_358.2583m/z NA NA 358.258 NA 21.466 no Prog. 

21.78_538.2396m.z M+H, 
M+Na 

NA 
539.247 

NA 
21.776 no Prog. 

21.83_540.2566m/z M+H-
H2O, M+H 

NA 
541.262 

NA 
21.828 no Prog. 

21.86_316.2484 m/z NA NA 316.248 NA 21.863 no Prog. 

21.88_360.2739 m/z NA NA 360.274 NA 21.880 no Prog. 

21.91_358.2584 m/z NA NA 358.258 NA 21.914 no Prog. 

22.45_884.6070 m/z NA NA 884.607 NA 22.454 no Prog. 

24.65_416.3285 m/z M+H-
H2O, M+H 

NA 417.335 NA 24.647 no Prog. 

25.21_1045.7210 m/z NA NA 1045.721 NA 25.215 no Prog. 

3.94_547.1384 m/z M-H2O-H, 
M+Na-2H 

NA 568.1551 NA 3.938 no Prog. 

15.02_354.0863 m/z NA NA 354.0863 NA  no Prog. 

19.20_294.1389 m/z NA NA 294.1389 NA 19.202 no Prog. 

19.98_423.2247 m/z NA NA 423.2247 NA 19.977 no Prog. 

24.49_497.3483 m/z NA NA 497.3483 NA 24.493 no Prog. 

25.07_552.2236 m/z NA NA 552.2236 NA 25.067 no Prog. 

20.86_278.1437 m/z NA NA 278.1437 NA 20.855 no Prog. 

21.51_320.1543 m/z NA NA 320.1543 NA 21.511 no Prog. 

21.70_391.1908 m/z NA NA 391.1908 NA 21.698 no Prog. 

22.50_427.1972 m/z NA NA 427.1972 NA 22.495 no Prog. 

24.26_386.3056 m/z M+Na-2H, 
M+FA-H 

NA 407.2803 NA 24.256 no Prog. 
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Figure 8.  Normalized abundances of metabolites involved with protein catabolism and/or the urea cycle, after 21-26 days of control 

or nitrate treatment and sampled under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured 

using LC-MS/MS. Statistical significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate 

significant differences between specific groups as determined by t-tests, * indicates q < 0.05, **** indicates q < 0.0001. 
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Figure 9.  Normalized abundances of other nitrate effected metabolites, after 21-26 days of control or nitrate treatment and sampled 

under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured using LC-MS/MS. Statistical 

significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate significant differences between 

specific groups as determined by t-tests, * indicates q < 0.05, ** indicates q < 0.01. 
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Figure 10.  Normalized abundances of other exercised altered metabolites, after 21-26 days of control or nitrate treatment and 

sampled under rest, peak, and post exercise conditions (n = 8-9 fish / condition). Metabolites were measured using LC-MS/MS. 

Statistical significance was determined by a 2-way ANOVA where p < 0.05 and q < 0.05. Stars and lines indicate significant differences 

between specific groups as determined by t-tests, * indicates q < 0.05. 
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