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Abstract

Objective: Among experimental animal models, horses are the most adaptable to exercise and this ability has been extensively studied. Research on
equine exercise physiology is mostly focused on genetics, and few integrated studies have focused on equine metabolomics. This study were conducted
to analyze metabolites in plasma, urine, and sweat samples collected from Jeju pony and thoroughbred horses before and after exercise. In this study,
we analyze the various equine samples using NMR (nuclear magnetic resonance) spectroscopy.

Methods: 'H NMR spectroscopy analysis were conducted with equine plasma, urine, and sweat samples collected from Jeju pony and thoroughbred
horses before and after exercise. Relative metabolite levels between three types of were compared under exercise stimuli and by breeds.

Results: A total 26, 39, and 36 metabolites were identified in each of plasma, sweat, and urine samples, respectively, of both thoroughbred and Jeju pony.
A total 3, 12, 15 metabolites were exclusively detected in plasma, sweat, and urine samples, respectively, and 15 metabolites were detected in all samples
at the same time. In addition, total 8 and 5 metabolites were detected after exercise in plasma and urine samples. Additionally, we obtained 16, 6, and 30
metabolites in plasma, urine, and sweat by breeds.
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Introduction function. During exercise, blood-borne glucose, creatine phosphate,

glycogen, free fatty acids, and lactate which is known as external

Horses are the most adaptable experimental animal models to molecular substrates were used to produce ATP in muscle. The

exercise and, as such, are the most suitable for studying its effects. . . .
importance of these external molecular substrates in exercise

Moreover, studies focused on exercise physiology in horses can provide metabolism is mostly affected by exercise rate and duration, but

valuable basic information for understanding underlying mechanisms can also be affected by the type of exercise itself, as well as diet and

associated with exercise in humans. For this reason, further research . . .
> environmental factors [9]. In addition, other energy mechanisms may

on exercise physiology is necessary [1]. However, although studies be needed depending on the degree and duration of exercise [10].

focused on improving the athletic performance of horses have not had

much success, economic trait -related genes have recently received In a previous study, we investigated a metabolic mechanism activated

greater attention [2-4]. In addition, equine tissue derived cells are by physical activity using 'H nuclear magnetic resonance (NMR)

being used in studies on the functional validation of these genes [5,6]. spectroscopy in thoroughbred horses [11]. Specifically, we profiled

exercise specific metabolome in muscles and plasma. However, the

In recent years, multivariate analyses, so called multi-omics metabolic mechanism during exercise has not yet been analyzed in urine

(genomics, ~ epigenomics, transcriptomics, ~metabolomics, ~and and sweat, which are much easier to collect than plasma and muscle.

proteomics) have been used to explain the biological mechanisms

in numerous animals. Metabolites are the final biological products In this study, the metabolite profiling of the sweat, plasma, and

of cellular processes in cells, tissues, organs, or organisms [7]. urine in various equine breeds under exercise stimulus was analyzed by

Quantification of metabolomes can explain several biological 'HNMR spectroscopy. Based on the results, commonly or specifically

phenomena along with other omics studies released metabolites were identified from various equine biopsied

specimen. Subsequently, metabolic pathways associated with obtained

Exercise has a powerful effect on the body metabolism [8]. metabolites were investigated. The present study could contribute to a
Repetitive and unilateral contraction of muscles associated with better understanding of metabolic fluctuations caused by exercise in
frequent exercise training is a suitably strong stimulus of physiologic thoroughbred and Jeju pony.
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Materials and Methods

Animals

In this study, samples were gathered from five Thoroughbred and
five Jeju pony. The study design was approved by the Pusan National
University-Institutional Animal Care and Use Committee (Approval
Number: PNU-2015-0864).

Horse Sampling

Jeju pony and Thoroughbred horse samples of sweat, plasma,
and urine were collected in a stable setting and following exercise (30
min). A 15 mL syringe was used to obtain blood samples, which were
then transferred to heparin tubes and centrifuged at 5,000 rpm for
15 min to extract the plasma. Sweat samples were obtained only after
exercise. In case of urine, obtained sample was centrifuged to remove
solids. Supernatant of centrifuged urine samples was added to a 1.5
ml tube which, is containing D20 (deuterium oxide) solution, DSS(
dextran sulphate sodium), and 10 mM imidazole. In addition, 0.42%
sodium azide was added. Obtained plasma samples and sweat samples
were stored at -20°C, and urine samples were stored at -70°C until
conducting NMR spectroscopy.

Nuclear Magnetic Resonance Spectroscopy

Plasma, urine, and sweat samples were 'H NMR spectroscopy
analyzed. Briefly, plasma, urine, and sweat samples were used with
D20 containing the reference material TSP (trimethylsilylpropionate)
before NMR measurement. We conducted high-resolution magic
angle spinning NMR for plasma samples, with a spinning rate of 2,050
Hz. Water peak and macromolecular peak signals were removed using
the Carr-Purcell-Meiboom-Gill pulse sequence for analysis of plasma,
sweat, and urine samples. Used to eliminate signals from water peaks
and macromolecular peaks. Measured spectrum data were optimized
by Chenomx NMR Suite 7.1 (Chenomx Inc., Edmonton, AB, Canada),
and statistical analysis were conducted by SIMCAp+12.0 (Umetrics,
Umea, Sweden) software. In this study, we measured the absolute
concentrations of the metabolites in various equine samples. Relative
concentrations were determine, and amount of metabolites present in
the samples were calculated by multivariate statistical analysis method.

Statistical Analysis

A T-test and One-way ANOVA analysis of variance was conducted

to determine significance levels. Data were shown as mean + standard
deviation of mean. One-way ANOVA analysis of variance followed by
Duncan multiple test was used to compare before and after exercise
training results and used for each sample of thoroughbreds and Jeju pony.

Results

Comparison of Metabolic Patterns in Thoroughbred and
Jeju Pony Before and After Exercise

In our previous study, we conducted 'H NMR spectroscopy
analysis with various equine tissue samples (plasma, muscle, and urine)
following exercise [11]. In this study, we obtained plasma, urine, sweat
samples from both thoroughbred and Jeju pony following exercise, as
well as before exercise, and conducted "H NMR spectroscopy analysis
(Figure 1A). We obtained a very large quantity of metabolomics data.
A total of 26, 39, and 36 metabolites were identified in plasma (Figure
1B), sweat (Figure 1C), and urine samples (Figure 1D), respectively. To
assess which metabolites were significantly released after exercise, we
compared samples obtained before and after exercise in thoroughbred
and Jeju pony. Glutamate, glutamine, glutathione, lactate, and pyruvate
were detected in the Jeju pony plasma samples and betaine, citrate,
glucose, glutamate, glutamine, glutathione, histidine, isoleucine,
leucine, phenylalanine, proline, and valine were significantly released
in plasma of thoroughbred horses (Supplementary Table 1). In urine
samples, trimethylamine were identified in Jeju pony and 2-oxovalerate,
3-aminoisobutyrate, alanine, citrulline, glucose, glutamine, glutarate,
methylsuccinate, ~ N-isovaleroylglycine, =~ N-phenylacetylglycine,
proline, pyruvate, taurine, threonine, tryptophan, and urea were
significantly released in thoroughbred horses (Supplementary Table
2). Notably, sweat samples were difficult to collect before exercise; as
such, only those collected after exercise were used (Supplementary
Table 3). In addition, we analyzed metabolites that were specifically
released in each tissue (Table 1). A total of 3, 12, and 15 metabolites
were identified in plasma, sweat, and urine, respectively.

Metabolite Set Enrichment Analyses Based on Exercise Status

Enrichment analyses of the overlapped metabolites among plasma,
urine, and sweat were conducted by MetaboAnalyst 5.0 [12], and total
41 pathways were identified (Table 2). Among various pathways, the
glucose-alanine cycle, glycine and serine metabolism, and alanine
metabolism were the most significantly expressed after exercise.

Table 1: Tissue specific metabolites in both of Thoroughbred and jeju pony.

Clustering Total |Metabolites
Plasma Only 3 Glutathione, Malonate, Ornithine
Sweat Onl 12 2-Hydroxybutyrate, Acetoin, Choline, Formate, Fumarate, Glycerate, Homoserine, Mannose, N-Methylhydantoin, Phenylacetate, Pyroglutamate,
W
Y Urocanate
Urine Onl 15 2-Oxovalerate, 3-Aminoisobutyrate, 3-Hydroxyisovalerate, Acetoacetate, Citrulline, Dimethylamine, Glutarate, Hippurate, Methylsuccinate,
rine On
Y N-Isovaleroylglycine, N-Phenylacetylglycine, Succinate, Trimethylamine, Trimethylamine N-oxide, Tryptophan
Acetate, Alanine, Betaine, Citrate, Creatine, Glucose, Glutamate, Glycerol, Glycine, Histidine, Isoleucine, Lactate, Leucine, Lysine, Proline, Pyruvate,
Plasma and Sweat 22 . . . R .
Serine, Threonine, Tyrosine, Valine, myo-Inositol
i Acetate, Alanine, Arginine, Benzoate, Creatine, Creatinine, Glucose, Glycine, Isoleucine, Lactate, Leucine, Phenylalanine, Proline, Pyruvate, Taurine,
Sweat and Urine 20 ; . . .
Threonine, Tyrosine, Urea, Valine, myo-Inositol
N Acetate, Alanine, Creatine, Glucose, Glutamine, Glycine, Isoleucine, Lactate, Leucine, Phenylalanine, Proline, Pyruvate, Threonine, Tyrosine, Valine,
Plasma and Urine 16 K
myo-Inositol
Plasma, Sweat, and Urine 15 Acetate, Alanine, Creatine, Glucose, Glycine, Isoleucine, Lactate, Leucine, Phenylalanine, Proline, Pyruvate, Threonine, Tyrosine, Valine, Myo-Inositol
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Figure 1: Venn diagram showing shared and unique metabolites (A), and heatmap analysis of the differentially expressed metabolites (B-D) in the plasma, sweat, and urine. Red and green

shadings represent higher and lower relative expression levels, respectively.
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Figure 2: Significant difference of metabolites in plasma by exercise in Jeju pony (A) and Thoroughbreds (B). *p<0. 1, **p<0.05, **p<0.01, ***p<0.001. All values expressed in mM as mean + SD.

Differentially Released Metabolites that Responded to
Exercise in Plasma and Urine

A total of 15 metabolites, including acetate, alanine, and creatine,
were observed in all sample types (plasma, urine, and sweat) (Table
1). For these metabolites, release pattern analysis after exercise was
conducted in plasma and urine (Table 3). Lactate and pyruvate were
significantly identified in the plasma of Jeju pony (Figure 2A) and
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six metabolites (glucose, isoleucine, leucine, phenylalanine, proline,
and valine) were significantly identified in the thoroughbreds plasma
samples (Figure 2B). In thoroughbred horses, most metabolites
doubled after exercise, with glucose showing the biggest increase.
Interestingly, metabolites that significantly increased after exercise
in Jeju pony were showed a decreasing trend in thoroughbred horses
after exercise. In addition, metabolic analysis was conducted in urine
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Table 2: Enriched metabolite pathway among plasma, urine and sweat.

Total Expected Hits Raw p Holm p FDR
Glucose-Alanine Cycle 13 0.19 3 0.000667 0.0654 0.05
Glycine and Serine Metabolism 59 0.864 5 0.00103 0.1 0.05
Alanine Metabolism 17 0.249 3 0.00153 0.147 0.05
Gluconeogenesis 35 0.513 3 0.0126 1 0.308
Pyruvate Metabolism 48 0.703 3 0.0296 1 0.426
Glutamate Metabolism 49 0.718 3 0.0312 1 0.426
Glutathione Metabolism 21 0.308 2 0.0358 1 0.426
Arginine and Proline Metabolism 53 0.776 3 0.0383 1 0.426
Transfer of Acetyl Groups into Mitochondria 22 0.322 2 0.0391 1 0.426
Warburg Effect 58 0.85 3 0.0483 1 0.429
Glycolysis 25 0.366 2 0.0495 1 0.429
Valine, Leucine and Isoleucine Degradation 60 0.879 3 0.0526 1 0.429
Phenylalanine and Tyrosine Metabolism 28 0.41 2 0.0608 1 0.453
Urea Cycle 29 0.425 2 0.0647 1 0.453
Ammonia Recycling 32 0.469 2 0.0771 1 0.499
Amino Sugar Metabolism 33 0.483 2 0.0814 1 0.499
Galactose Metabolism 38 0.557 2 0.104 1 0.599
Lactose Degradation 9 0.132 1 0.125 1 0.68
Pyruvaldehyde Degradation 10 0.146 1 0.138 1 0.711
Thyroid hormone synthesis 13 0.19 1 0.176 1 0.86
Phosphatidylinositol Phosphate Metabolism 17 0.249 1 0.223 1 1
Ethanol Degradation 19 0.278 1 0.246 1 1
Catecholamine Biosynthesis 20 0.293 1 0.258 1 1
Lactose Synthesis 20 0.293 1 0.258 1 1
Threonine and 2-Oxobutanoate Degradation 20 0.293 1 0.258 1 1
Carnitine Synthesis 22 0.322 1 0.28 1 1
Cysteine Metabolism 26 0.381 1 0.322 1 1
Inositol Phosphate Metabolism 26 0.381 1 0.322 1 1
Selenoamino Acid Metabolism 28 0.41 1 0.342 1 1
Citric Acid Cycle 32 0.469 1 0.381 1 1
Inositol Metabolism 33 0.483 1 0.39 1 1
Aspartate Metabolism 35 0.513 1 0.409 1 1
Fatty Acid Biosynthesis 35 0.513 1 0.409 1 1
Porphyrin Metabolism 40 0.586 1 0.452 1 1
Sphingolipid Metabolism 40 0.586 1 0.452 1 1
Propanoate Metabolism 42 0.615 1 0.469 1 1
Methionine Metabolism 43 0.63 1 0.477 1 1
Tryptophan Metabolism 60 0.879 1 0.598 1 1
Bile Acid Biosynthesis 65 0.952 1 0.629 1 1
Tyrosine Metabolism 72 1.05 1 0.668 1 1
Purine Metabolism 74 1.08 1 0.678 1 1
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Table 3: Expression pattern of plasma metabolites overlapped among plasma, urine and sweat.

Jeju Horse Thoroughbreds
Metabolites N
Before (Mean +SE) mM | After (Mean +SE) mM p value Before (Mean +SE) mM | After (Mean +SE) mM pvalue
Acetate 13.30 £1.77 16.44 £1.49 0.259 17.10+3.49 15.20+1.38 0.633
Alanine 15.26 £1.35 17.09 £1.82 0.49 16.39+2.46 10.78+3.18 0.248
Creatine 3.53 £0.32 3.52 £0.22 0.979 2.75+041 1.79 £ 0.43 0.186
Glucose 118.24 £9.10 98.81 £5.52 0.141 104.00 £ 15.69 51.79 £9.07 0.0352"
Glycine 26.46 +2.95 23.95 +2.58 0.583 31.44+7.79 14.75 £ 2.62 0.107
Isoleucine 2.30+£0.19 2.00+0.24 0.4 2.46 £ 040 1.18 £ 0.30 0.0512°
Lactate 20.31£2.14 32.04 + 1.57 0.00418™ 18.22 £3.18 1594 £ 4.46 0.719
Leucine 7.33+£0.22 6.62 + 0.46 0.243 7.53 £ 1.09 3.79+£0.78 0.0372"
Phenylalanine 2.02+0.10 2.06 £ 0.20 0.895 2.30£0.30 1.23+0.27 0.0436"
Proline 8.38+0.73 8.76 + 0.47 0.704 11.48 £ 1.95 541+ 142 0.0549"
Pyruvate 0.87 £ 0.12 1.40 £ 0.15 0.0388" 0.94+0.16 0.64+0.11 0.21
Threonine 11.06 + 1.94 10.60 + 1.84 0.88 16.51 £ 2.96 9.29 +3.14 0.172
Tyrosine 2.75+0.27 2.51+0.34 0.635 3.54+0.46 2.25+0.57 0.133
Valine 8.68 + 0.75 8.27 + 1.05 0.781 11.32 £2.17 5.45+0.79 0.0527"
MyofIn()Sitol 2.73+0.29 2.45+0.15 0.475 3.38+£0.53 2.35+0.94 0.418
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Figure 3: Significant difference of metabolites in urine by exercise in Thoroughbreds. *p<0. 1, **p<0.05, **p<0.01, ****p<0.001. All values expressed in mM as mean + SD.

samples after exercise (Figure 3). In contrast with the plasma results,
significant changes in the release of metabolites in urine were only
found in the samples from thoroughbred horses. Alanine, glucose,
proline, pyruvate, and threonine were significantly identified after

exercise.

Comparison of Metabolites between Equine Breeds

(Thoroughbred and Jeju Pony)

In addition, we compared the metabolites between thoroughbred
and Jeju pony under exercise stimuli (Tables 4-7). A greater difference
was found between the metabolites released by the two breeds after
exercise than before exercise in all sample types. Citrate and histidine
were significantly released before exercise (Figure 4A), and 16
metabolites, including betaine and citrate, were significantly released
after exercise in plasma in both breeds (Figure 4B). Among them,
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citrate values tripled in samples collected after exercise in both breeds
and betaine and pyruvate showed largest difference between species
(Figure 4B). In urine samples, six metabolites, including creatine and
creatinine, showed significant differences between breeds (Figure 5).
The release of taurine and myo-inositol was significantly different
by more than 3.5-fold between breeds before exercise (Figure 5A)
and five metabolites (creatine, creatinine, trimethylamine N-oxide,
urea, and myo-inositol) were significantly different after exercise
(Figure 5B). Creatine, urea, and myo-inositol more than doubled
their values in urine samples after exercise (Figure 5). Although sweat
samples were difficult to collect before exercise, we still analyzed
sweat metabolite patterns after exercise. Among 39 metabolites, 30,
including 2-hydroxybutyrate, showed significant differences between
species (Table 6). Interestingly, most detected metabolites had a higher
value in Jeju pony than in thoroughbred horses.



Table 4: Expression pattern of urine metabolites overlapped among plasma, urine and sweat.
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Metabolites Jeju Horse Thoroughbreds

Before (Mean + SE) mM | After (Mean + SE) mM p value Before (Mean + SE) mM | After (Mean + SE) mM p value
Acetate 0.56 £ 0.14 0.41 £0.10 0.366 0.38£0.12 0.43 £0.09 0.778
Alanine 0.04 £0.01 0.06 £ 0.02 0.573 0.03 £0.01 0.05£0.01 0.0707*
Creatine 0.43 £0.32 0.09 £0.02 0.331 0.11 + 0.04 0.17 £0.03 0.285
Glucose 0.43 +0.08 0.61 +0.10 0.285 0.27 £0.05 0.64 +0.09 0.00719***
Glycine 6.45 +4.42 0.39+0.10 0.207 0.15+0.04 0.23+£0.08 0.388
Isoleucine 0.06 £0.01 0.08 +£0.01 0.165 0.05+0.01 0.11+£0.03 0.107
Lactate 0.12 £ 0.04 0.13 +0.02 0.92 0.07 £ 0.02 0.13+£0.03 0.108
Leucine 0.08 £0.01 0.12 £ 0.02 0.308 0.10 £ 0.03 0.16 £0.03 0.16
Phenylalanine 0.48 £0.10 0.43 +0.08 0.793 0.31+£0.10 0.54+0.11 0.158
Proline 0.49 £0.08 0.68 +£0.17 0.2 0.32+£0.08 0.60 £0.10 0.076*
Pyruvate 0.11 £0.02 0.14 £ 0.05 0.71 0.08 £0.02 0.15+0.02 0.0676*
Threonine 0.34£0.10 0.19 £ 0.04 0.244 0.16 £ 0.04 0.29 £0.05 0.0783*
Tyrosine 0.48 £0.13 0.50 £0.11 0.924 0.36 £0.10 0.63+0.11 0.114
Valine 0.06 £0.01 0.08 £0.01 0.349 0.07 £0.02 0.12+0.03 0.177
Myo-Inositol 1.00 £0.19 1.15+0.16 0.288 0.27 £ 0.06 0.41 + 0.06 0.166

Table 5: Metabolite comparison between Thoroughbreds and jeju pony in plasma.
Metabolites Before (Mean + SE) mM After (Mean + SE) mM
TH JH p value TH JH p value

Acetate 17.10 £+ 3.49 13.30 £ 1.77 0.409 15.02 £ 1.38 16.44 = 1.49 0.55
Alanine 16.39 £ 2.46 15.26 £ 1.35 0.729 10.78 £3.18 17.09 +1.82 0.162
Betaine 3.73 £ 1.06 3.59+0.17 0.908 1.41 £0.34 3.17+£0.16 0.003***
Citrate 2.99 +0.36 4.09 +0.33 0.081** 1.48 +0.33 4.51+0.37 0.0006*+**
Creatine 2.75+0.41 3.53+0.32 0.213 1.79 £ 0.43 3.52+0.22 0.012**
Glucose 104.00 * 15.69 118.24 +9.10 0.502 51.79+£9.70 98.81 £5.52 0.005***
Glutamate 9.08 +1.46 11.01 £ 0.67 0.315 4.07 £0.67 7.18+£0.71 0.022**
Glutamine 10.07 £ 1.89 9.98 £0.98 0.971 3.88+0.50 7.61 £0.49 0.001+**
Glutathione 24.70 + 4.59 21.68 £1.19 0.584 12.90 £3.15 17.66 + 1.52 0.259
Glycerol 3.28 £0.50 4.39+0.27 0.118 2.64+0.94 3.79+0.15 0.311
Glycine 3144 +7.79 26.46 £2.95 0.607 14.75 £ 2.62 23.95+2.58 0.06*
Histidine 13.92 £2.01 8.56 £0.92 0.0621** 6.57 £ 1.55 8.70 £0.97 0.329
Isoleucine 2.46 +0.40 2.30+0.19 0.759 1.18 £ 0.30 2.00 £0.24 0.089*
Lactate 18.22£3.18 2031 £2.14 0.639 15.94 + 4.46 32.04 £ 1.57 0.016**
Leucine 7.53 £1.09 7.33+£0.22 0.877 3.79+£0.78 6.62 £ 0.46 0.024**
Lysine 59.40 £ 17.18 19.49 £ 991 0.11 39.78 £ 16.49 16.19 £ 8.54 0.289
Malonate 322+0.42 3.98 £0.45 0.302 1.82£0.58 3.19+£0.28 0.094*
Ornithine 6.46 +2.44 10.88 +£3.31 0.364 3.35+0.82 9.22+3.22 0.152
Phenylalanine 2.30+£0.30 2.02+0.10 0.455 1.23 £0.27 2.06 £0.20 0.056*
Proline 1148 +1.95 8.38+0.73 0.219 541+1.42 8.76 £ 0.47 0.081*
Pyruvate 0.94 £0.16 0.87 £0.12 0.775 0.64 +0.11 1.40 £0.15 0.00625***
Serine 18.34 £ 3.74 15.52 +0.96 0.532 10.33 £3.30 14.46 + 1.86 0.357
Threonine 16.51 +£2.96 11.06 + 1.94 0.205 9.29+3.14 10.60 + 1.84 0.756
Tyrosine 3.54+0.46 2.75+£0.27 0.222 2.25+0.51 2.51+£0.34 0.718
Valine 11.32£2.17 8.68 £0.75 0.335 5.45+0.79 8.27 £1.05 0.0917*
myo-Inositol 3.38+0.53 2.73+£0.29 0.362 2.35+0.94 245+0.15 0.927
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Table 6: Metabolite comparison between Thoroughbreds and jeju pony in Urine.

Before (Mean + SE) mM

After (Mean + SE) mM

Metabolites

TH JH p value TH JH p value
2-Oxovalerate 0.09 +0.02 0.12+£0.03 0.378 0.22 £0.05 0.14 +0.03 0.338
3-Aminoisobutyrate 0.28 +0.07 0.29 £0.07 0.882 0.48 +0.08 0.41+0.12 0.851
3-Hydroxyisovalerate 0.06 £ 0.01 0.04 +0.00 0.34 0.10 = 0.02 0.08 £ 0.04 0.971
Acetate 0.38£0.12 0.56 £ 0.14 0.362 0.43 £ 0.09 0.41+0.1 0.946
Acetoacetate 0.17 £ 0.05 0.18 £ 0.04 0.949 0.47 £0.20 0.21 +£0.04 0.231
Alanine 0.03 +£0.01 0.04 £0.01 0.103 0.05 +0.01 0.06 +0.02 0.628
Arginine 0.29 £0.10 0.43 £0.12 0.397 0.32 +0.08 0.60 0.2 0.246
Benzoate 0.07 £0.02 5.73+3.49 0.143 0.05+0.01 0.06 +0.01 0.937
Citrulline 0.30 £ 0.07 0.41 +0.07 0.298 0.58 +0.10 0.61 £0.15 0.735
Creatine 0.11 £0.04 0.43+0.32 0.342 0.17 £0.03 0.09 £0.02 0.0719*
Creatinine 11.73 +3.30 11.90 +2.37 0.968 17.00 £2.32 8.84+2.61 0.0733*
Dimethylamine 0.13£0.03 0.18 £ 0.03 0.272 0.16 £ 0.03 0.20 £ 0.03 0.34
Glucose 0.27 £ 0.05 0.43 +£0.08 0.146 0.64 £ 0.09 0.61£0.1 0.928
Glutamine 0.37 £0.09 0.54 +0.08 0.217 0.70 £0.13 0.53+£0.1 0.502
Glutarate 0.08 +0.02 0.12+£0.02 0.299 0.19 £0.05 0.13 £0.03 0.585
Glycine 0.15 £ 0.04 6.45 +4.42 0.191 0.23 £0.08 0.39£0.1 0.205
Hippurate 26.02 +8.77 19.32£3.47 0.498 53.58 +15.38 35.04 +7.85 0.381
Isoleucine 0.05 £ 0.01 0.06 +0.01 0.814 0.11£0.03 0.08 +0.01 0.313
Lactate 0.07 +0.02 0.12 +0.04 0.266 0.13+0.03 0.13 +£0.02 0.976
Leucine 0.10 £ 0.03 0.08 £0.01 0.553 0.16 £ 0.03 0.12+£0.02 0.405
Methylsuccinate 0.14 + 0.04 0.15 £ 0.02 0.814 0.30 £ 0.07 0.21 £0.05 0.474
N-Isovaleroylglycine 0.10 +0.02 0.13 £0.03 0.502 0.16 £ 0.01 0.14 £ 0.03 0.831
N-Phenylacetylglycine 5.94 +1.38 7.40 + 1.50 0.494 10.96 + 1.83 8.63+1.34 0.524
Phenylalanine 0.31+0.10 0.48 £0.10 0.264 0.54 £0.11 0.43 +£0.08 0.687
Proline 0.32+0.08 0.49 +0.08 0.198 0.60 +0.10 0.68 £0.17 0.466
Pyruvate 0.08 +0.02 0.11 £0.02 0.44 0.15 £ 0.02 0.14 £ 0.05 0.998
Succinate 0.03 +0.01 0.04 +0.01 0.197 0.05 +0.01 0.03 +0.01 0.419
Taurine 0.23 £ 0.06 0.86 +0.23 0.0312** 0.78 £0.17 1.16 £ 0.41 0.738
Threonine 0.16 £ 0.04 0.34+0.10 0.127 0.29 £ 0.05 0.19 £ 0.04 0.3
Trimethylamine 0.03 £0.01 0.04 +0.01 0.138 0.04 £ 0.00 0.02+0 0.198
Trimethylamine N-oxide 0.15 £ 0.05 0.20 +0.06 0.553 0.11 £0.02 0.22 £0.03 0.025**
Tryptophan 0.26 +0.07 0.29 £0.03 0.69 0.50 +0.09 0.47 £0.08 0.973
Tyrosine 0.36 £0.10 0.48 £0.13 0.512 0.63 £0.11 0.50 £0.11 0.636
Urea 84.58 +16.17 79.19 +9.54 0.782 17325+ 11.44 103.46 +9.89 0.00177***
Valine 0.07 + 0.02 0.06 + 0.01 0.842 0.12+0.03 0.08 +0.01 0.322
Myo-Inositol 0.27 £ 0.06 1.00 £ 0.19 0.0062" 0.41 £ 0.06 1.15+0.16 0.00639™
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Table 7: Metabolite comparison between Thoroughbreds and jeju pony in Sweat.

Metabolites Before (Mean + SE) mM
TH JH p value

2-Hydroxybutyrate 0.05 £0.01 0.28 +£0.08 0.0505*
Acetate 1.06 £ 0.42 2.15+£0.29 0.331
Acetoin 0.00 + 0.00 0.05+0.00 1.07e-05****
Alanine 0.14 £ 0.05 1.40 £ 0.37 0.0281**
Arginine 0.06 +0.02 1.06 +0.48 0.108
Benzoate 0.03 +0.01 0.26 +0.10 0.095*
Betaine 0.01 £0.00 0.06 £ 0.02 0.0602*
Choline 0.00 £ 0.00 0.01 £ 0.00 0.00326***
Citrate 0.49 £ 0.06 8.16 + 3.08 0.0693*
Creatine 0.03 £0.01 0.18 £0.01 0.000221+**
Creatinine 0.07 £0.03 0.12 £0.04 0.532
Formate 0.18 £0.04 0.49 £0.02 0.00646***
Fumarate 0.01 £0.00 0.05£0.01 0.0561*
Glucose 0.17 £ 0.06 1.55+0.36 0.0223**
Glutamate 0.08 £0.01 0.45+0.08 0.00996***
Glycerate 0.07 £0.02 0.31 £0.02 0.00222*%%*
Glycerol 0.10 £ 0.02 1.18 £0.20 0.00578***
Glycine 0.14 £ 0.05 1.70 £ 0.47 0.0299**
Histidine 0.02 £ 0.00 0.63 £0.41 0.215
Homoserine 0.06 +0.01 0.33+£0.12 0.114
Isoleucine 0.03 £0.01 0.20 £ 0.06 0.0457**
Lactate 043 +£0.14 5.90 +1.92 0.0519*
Leucine 0.04 £0.01 0.23 £0.06 0.0324**
Lysine 0.02 £0.01 0.19 £ 0.06 0.057*
Mannose 0.10+0.03 0.16 £ 0.01 0.0367**
N-Methylhydantoin 0.00 + 0.00 0.03 +0.01 0.0339**
Phenylacetate 0.02 +0.00 0.07 +0.03 0.129
Phenylalanine 0.02 +0.00 0.21 +£0.06 0.0362**
Proline 0.06 £ 0.01 0.19 £ 0.04 0.0648*
Pyroglutamate 0.15 £ 0.05 1.61 +0.58 0.0639*
Pyruvate 0.10 £0.03 0.84 £0.01 1.44e-05**
Serine 0.18 £ 0.06 2.77 £ 1.41 0.138
Taurine 0.02 £ 0.00 0.08 £0.01 0.000513***
Threonine 0.04 £0.01 0.53 £0.27 0.15
Tyrosine 0.02 £ 0.00 0.13 £0.04 0.0503*
Urea 10.05 +1.98 7.93 £3.51 0.894
Urocanate 0.04 £0.01 0.24 £ 0.06 0.0283**

Valine 0.04 £0.01 0.26 £0.08 0.0506*

Myo-Inositol 0.06 £0.01 0.25 £ 0.04 0.0134**
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Figure 4: Significant difference of metabolites in plasma between breeds (Jeju pony and Thoroughbreds) before (A) and After exercise (B).

expressed in mM as mean + SD.
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Figure 5: Significant difference of metabolites in urine between breeds (Jeju pony and Thoroughbreds) before (A) and after exercise (B). *p<0. 1, **p<0.05, ***p<0.01, ***p<0.001. All values

expressed in mM as mean + SD.

Discussion

Almost 60 million horses currently exist on the planet. In addition
to providing important services such as transport, meat, leather, and
ploughing force and in the majority of developing countries, horses
are mainly used for sports and leisure activities in most developed
countries [13]. Therefore, as one of their most important economic
traits, most research conducted in horses focuses on improving
their athletic abilities [14,15]. However, although their physical and
physiological adaptations receive much attention [16], targeted genes
and metabolites or underlying mechanisms associated with exercise
are still understudied.

The advances in metabolic analysis technology that have
been carried out allow the assessment of the physiological state of
individuals [17] and prediction of their condition [18]. Therefore,
metabolomics demonstrates various biological responses to
environmental influences, genetic, transcriptomic, and proteomic,
[19-21]. Because of these advantages, metabolic analysis is widely
used to explore metabolic patterns [22] or to discover new biomarkers
through physical changes associated with diseases or environmental

changes [21,23].
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Although previous studies have investigated the metabolic
changes caused by exercise, most only analyzed skeletal muscle [24]
and were further limited by their small sample size and little expansive
metabolite platform [25]. Previous metabolic studies on exercise
mainly focus on the effect of exercise in various tissues [26,27], and
studies on the discovery of biomarkers, which are affected by the
athletic ability of individuals, are relatively poorly performed. Jang
et al., 2017, the basis of this study, conducted a metabolic analysis
in skeletal muscle, plasma, and urine samples after exercise [11].
In this study, we performed a metabolic analysis in plasma, urine,
and sweat samples of thoroughbred and Jeju pony by exercise. In
addition, we demonstrated the influence of exercise and breed in
metabolite levels. We obtained a large amount of metabolite data
that were released after exercise. Among 15 metabolites that were
commonly detected in plasma, urine, and sweat, the levels of lactate,
pyruvate, glucose, isoleucine, leucine, phenylalanine, proline, and
valine showed significantly changes after exercise in plasma samples
(Figure 2), and the levels of alanine, glucose, proline, pyruvate, and
threonine had significantly changed after exercise in urine samples
(Figure 3). These results are in line with those of previous studies [11].
The metabolites observed in samples collected after exercise were all
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associated with the tricarboxylic acid (TCA) cycle, with some being
intermediate products. Alanine, aspartate, and glutamate metabolism
and aminoacyl-tRNA and arginine biosynthesis related metabolic
pathways are activated by acute exercise [28]. These results suggest
that several metabolic pathways that utilize skeletal muscle substrate
are regulated after exercise, and previous studies reported that this
occurs in various tissues [29,30].

During exercise, muscle glycogen, its main source of energy, is
altered to glucose and subsequently to pyruvate via glycolysis [31]. The
pyruvate converted by glycolysis can enter TCA and glucose-alanine
cycles or be converted to lactate [32]. During aerobic exercise, muscle
glycogen can be used to produce ATP through glycolysis; however,
when anaerobic exercise like a sprint is conducted, the muscles cannot
use oxygen for glycolysis [33]. Therefore, muscle glycogen (glucose) is
altered to lactate through anaerobic glycolysis [33]. Then, the lactate
is released to the bloodstream and transferred to the kidneys and liver
[34]. In the liver, lactate is altered to pyruvate through gluconeogenesis
[35]. In addition, when amino acids are used for energy in extrahepatic
tissues, pyruvate derived from the glycolysis is used as an amino
group receptor to form alanine, a non-essential amino acid [36]. The
produced alanine is transferred to the liver through the bloodstream
and converted to either pyruvate for gluconeogenesis via the glycose-
alanine cycle or to glutamate, which then goes through the urea cycle.
Collectively, the detected metabolites in equine plasma and urine
including glucose, alanine, and lactate were altered to pyruvate and
used for energy production. Therefore, the metabolites discovered in
this study can be used as a reasonable indicator to measure athletic
ability and exercise fatigue.

In conclusion, we compared metabolite presence between
thoroughbreds and Jeju pony after exercise and analyzed enriched
metabolic pathways of commonly detected metabolites in all samples
(plasma, urine, and sweat). Our results could help improve our
understanding of exercise fatigue and find regulation markers for
fatigue reduction. Further research is necessary to combine these
results with other omics data and reveal the function of metabolic
markers.
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