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Abstract

Skeletal muscle can be ultrastructurally damaged by eccentric exercise, and the damage causes metabolic disrup-
tion in muscle. This study aimed to determine changes in the metabolomic patterns in urine and metabolomic
markers in muscle damage after eccentric exercise. Five men and 6 women aged 19~23 years performed 30 min
of the bench step exercise at 70 steps per min at a determined step height of 110% of the lower leg length, and
stepping frequency at 15 cycles per min. 'H NMR spectral analysis was performed in urine collected from all par-
ticipants before and after eccentric exercise-induced muscle damage conventionally determined using a visual
analogue scale (VAS) and maximal voluntary contraction (MVC). Urinary metabolic profiles were built by multi-
variate analysis of principal component analysis (PCA) and orthogonal partial least square-discriminant analysis
(OPLS-DA) using SIMCA-P. From the OPLS-DA, men and women were separated 2 hr after the eccentric exer-
cise and the separated patterns were maintained or clarified until 96 hr after the eccentric exercise. Subsequently,
urinary metabolic profiles showed distinct trajectory patterns between men and women. Finally, we found
increased urinary metabolites (men: alanine, asparagine, citrate, creatine phosphate, ethanol, formate, glucose, gly-
cine, histidine, and lactate; women: adenine) after the eccentric exercise. These results could contribute to under-

standing metabolic responses following eccentric exercise-induced muscle damage in humans.
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INTRODUCTION

Exercise-induced muscle damage (EIMD) occurs by
unaccustomed physical activity or rapid and excessive
activity (1). EIMD is more commonly associated with
eccentric exercise that lengthens the muscle under tension

rather than concentric exercise that shortens it (2). In the
previous studies, eccentric contractions have shown to
generate more powers (3) and decrease recruitment of
motor units (4) than concentric contraction. In addition, it
has suggested that eccentric action decreases attached
cross-bridges as it increases the muscle fibre length (5).
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Therefore, eccentric contraction can more mechanically
stress out the muscle than concentric contraction and the
mechanical stress can contribute to inducing failure of
febres (6).

EIMD physically causes stiffness, swelling, decreased
force of muscular contraction, and delayed-onset muscu-
lar soreness (7), and it physiologically increases muscle
blood flow, creatine kinase (CK) activity, lactate dehydro-
genase, aldolase, aspartate transferase, and the circulating
concentration of muscular cells such as skeletal troponin I,
myoglobin and myosin in the blood plasma or serum (8-
19). Unlike blood plasma or serum, there is no urinary CK
standard because of the limitation of available informa-
tion for exercise-induced CK increases and renal function
(20). Instead, indexes of pigmenturia such as hematuria,
hemoglobinuria and myoglobinuria are commonly applied
to evaluate rhabdomyolysis in urine from EIMD. Clini-
cally, these change appear from 24 to 48 hr after exercise,
and usually disappear after 72 hr of rest (21). Addition-
ally, EIMD based on urine could be evaluated by creatine/
creatinine ratio, collagen constituents including hydroxy-
proline and hydroxylysine, or uric acid (22). However, the
urinary markers for EIMD are still limited because these
indexes cover the phenotypes that include muscle dis-
eases and renal failure (23).

EIMD-induced muscle is known to result in the release
of cellular components through serial processes, begin-
ning with depleting ATP, causing the leakage of extracel-
lular calcium ions into intracellular space due to both Na-
K-ATPase and Ca**-ATPase pump dysfunction. The leak-
age of the contents of muscular cells into the circulation
can increase intracellular proteolytic enzyme activity and
promote muscle protein degradation and augmented cell
permeability (24,25). Especially, EIMD can be triggered
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by the loss of Ca*" homeostasis and the initiation of the
Ca™ overload because of decreased action of Ca*"-adenosine
triphosphatase (ATPase) during physical activity (26,27).
The disruption of cellular Ca*" balance activates Ca™'-
dependent proteolytic and phospholipolytic pathways which
are related with the removal and repair of the damaged
muscle (28,29). These cellular responses are regarded as a
series of complex events involving increased oxidative stress
and inflammatory and immune responses (6,30). How-
ever, the mechanisms and metabolic processes of EIMD
are not entirely understood.

The omics is a systemic biology to understand the bio-
logical process for genomes, transcriptomes, proteomes,
and metabolomes in organisms. Metabolomics of the omics
is defined as the scientific study of biochemical processes
involving endogenous metabolites and informs us about
instantaneous and final responses to stresses in various
organisms including humans (31,32). Recently, these metabo-
lomic approaches have been extended to sports science to
identify biomarkers related to changes in physical perfor-
mance, muscle fatigue, and muscle damage caused by
exercise (33).

In this study, we tried to evaluate EIMD and trace its
recovery pattern after eccentric exercise using urinary
metabolites. Our results could contribute to understanding
changes in the metabolomic patterns in urine and to identi-
fying metabolomic markers in muscle damage after eccen-
tric exercise.

MATERIALS AND METHODS

Subjects. Five male subjects (mean + standard devia-
tion, age: 21.20+2.05 years; weight: 73.38 £ 7.52 kg;
height: 173.40 + 4.04 cm; muscle: 34.86 + 1.90 kg; body

Table 1. Physical properties including sex, age, height, body weight, muscle, body fat, and body mass index (BMI) of the individual

subjects were recorded before the eccentric exercise

1D Sex Age (year) Height (cm) Body weight (kg) Muscle (kg) Body fat (kg) Body mass index (BMI)
Subjectl Male 22.00 168.00 67.20 34.30 11.50 23.00
Subject2 Male 23.00 173.00 70.90 33.50 11.90 23.70
Subject3 Male 19.00 172.00 67.20 33.10 13.50 22.70
Subject4 Male 19.00 175.00 76.70 35.60 14.00 25.00
Subject5 Male 23.00 179.00 84.90 37.80 22.30 26.50
Mean 21.20 173.40 73.38 34.86 14.64 24.18
SD 2.05 4.04 7.52 1.90 441 1.57
Subject6 Female 21.00 170.00 56.60 24.70 19.80 19.60
Subject7 Female 20.00 158.00 53.00 23.00 21.00 21.20
Subject8 Female 21.00 164.00 53.60 22.90 22.40 19.90
Subject9 Female 20.00 166.00 56.80 23.00 25.40 20.60
Subjectl0  Female 20.00 158.00 60.70 23.30 18.20 24.30
Subjectll  Female 21.00 157.00 54.50 21.50 28.20 22.10
Mean 20.50 162.17 55.87 23.07 22.50 21.28
SD 0.55 5.31 2.83 1.02 3.71 1.73

SD, standard deviation.
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fat: 14.64 + 4.41 kg; body mass index: 24.18 + 1.57) and 6
female subjects (mean + standard deviation; age: 20.50 £
0.55 years; weight: 55.87 £ 2.83 kg; height: 162.17 £ 5.31
cm; muscle: 23.07 + 1.02 kg; body fat: 22.50 + 3.71; body
mass index: 21.28 + 1.73) were included in the study. Indi-
vidual information is shown in Table 1. All participants
self-reported as being recreationally active (undertaking no
more than 1 hr of “moderate” physical activity per week)
and did not take part in any structured resistance training.
None of the female participants had ever used any form of
estrogen-based contraception. All women reported regu-
lar menstrual cycles, documenting an average cycle length
of 28 + 1 days. Females were tested on the 14th day (self-
reported) of the menstrual cycle to measure estrogen lev-
els at ovulation (34). Exclusion criteria included any resis-
tance training in the last six months, occupation or lifestyle
that required regular heavy lifting or carrying, any known
muscle disorder, the use of dietary supplements (i.e., vita-
min E), and any musculoskeletal injury in the last three
months. All inclusion and exclusion criteria were deter-
mined through participant questionnaire prior to inclusion
within this study. This study was approved by the Ethics
Committee of Dankook University, in accordance with the
ethical standards of the Declaration of Helsinki (DKU
2015-10-005).

Eccentric exercise. To induce muscle damage by
eccentric exercise, the subjects performed a single bout of
30 min of bench-stepping at 60 steps per min at a prede-

termined step height of 110% of the lower leg length (35).
Using the present exercise protocol, the exercise work rate
can be determined using the mass lifted (body mass or
body mass + 10 kg) the step height (110% of the lower leg
length, on average 58 cm), the gravitational constant and
the stepping frequency (15 cycles per min) (36).

Measuring muscle soreness. A visual analogue scale
(VAS) was used to assess the volunteers’ muscle soreness.
In each evaluation, the same researcher instructed the sub-
jects in a standardized manner to perform a sub-maximal
voluntary isometric knee extensor contraction, marking a
vertical line at the scale point that best reflected their mus-
cle soreness. The 100-mm horizontal line of the VAS had
no marks or numbers, only indications of no soreness at
the beginning or extreme soreness at the end of the exer-
cise line. The soreness was quantified using the distance
between the initial point line (0 mm) and the point marked
by the subject (37).

Measurement of muscle strength. Subjects were prop-
erly positioned with the dominant lower limb on the Isoki-
netic Dynamometer Biodex System 3 Pro (Biodex Medical
System, Shirley, NY, USA), following the manufacturer’s
recommendations for evaluating knee flexion-extension
movements. Before each evaluation, a warm-up was per-
formed of 10 concentric knee flexion-extension repeti-
tions at 180° seg”' and maximal range of motion. Muscle
strength was assessed through the highest torque value
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Fig. 1. (A) Schematic diagram of the experimental schedule in the study and (B) changes in visual analogue scale (VAS) and (C)
maximal voluntary contraction (MVC) before the eccentric exercise (Pre) and according to the elapsed time (at 0, 2, 24, 48, 72, and
96 hr) after the eccentric exercise. Values are mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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obtained among three 5-s maximal voluntary contraction
(MVC) at 60° of knee flexion (0° = full knee extension).
Participants received a two-min rest between each MVC to
minimize any possible fatigue effects. Volunteers were
previously instructed to perform maximal force and verbal
encouragement was given by researchers in each MVC (38).

Urine collection. Urine was collected from the sub-
jects before the exercise and again immediately, 2 hr,
24 hr, 48 hr, 72 hr, and 96 hr after the exercise (Fig. 1A).
The urine samples were stored at —70°C until analysis.

"H NMR spectroscopic analysis. After the urine sam-
ples were thawed at 4°C, they were centrifuged to remove
solids. A 600 pL aliquot of the supernatant was added to a
microcentrifuge tube containing 70 uL of D,O solution
with 5 mM DSS and 10 mM imidazole. DSS was used as
the qualitative standard for the chemical shift scale. In
addition, 30 puL of 0.42% sodium azide was added. After
vortexing, this solution was adjusted to pH 6.8, and the
urine sample was analyzed with a nuclear magnetic reso-
nance (NMR) spectrometer within 48 hr. All spectra were
determined using a Varian Unity Inova 600 MHz spec-
trometer at Pusan National University (Busan, Korea) oper-
ating at 26°C. One-dimensional NMR spectra were acquired
with the following acquisition parameters: spectral width
24038.5 Hz, 12.53 min acquisition time, and 128 nt. Addi-
tional conditions were set of a relaxation delay time of
1 s and saturation power of 4 to suppress massive water
peaks. The NMR spectra were reduced to data using the
Chenomx NMR Suit program (ver. 4.6, Chenomx Inc.,
Edmonton, Alberta, Canada). The §0.0~10.0 spectral
region was segmented into regions of 0.04 ppm width to
provide 250 integrated regions in each NMR spectrum.
This binning process endowed each segment with an inte-
gral value that provided an intensity distribution of the
whole spectrum with 250 variables prior to the pattern rec-
ognition analysis. The spectrum region of water (84.5~
5.0) was removed from the analysis to prevent variation in
water suppression efficiency. We also identified and quan-
tified the spectra using the Chenomx NMR Suit Profes-
sional software package ver. 4.6 (Chenomx Inc.). DSS
was used as the concentration reference at a concentration
of 0.5 mM, and 2D NMR analysis was also performed to
validate the identification of endogenous metabolites.
Metabolite concentrations were expressed as relative ratio
values normalized to creatinine concentration, assuming a
constant rate of creatinine excretion in every urine sample.

Principal component analysis (PCA) and orthogonal
partial least square-discriminant analysis (OPLS-DA).
All data were converted from the NMR software format
into Microsoft Excel (Microsoft, Seattle, WA, USA). One-
dimensional NMR spectra data were imported into SIMCA-P

(version 12.0, Umetrics Inc., Kinnelon, NJ, USA) for mul-
tivariate statistical analysis to examine intrinsic variations
in the data set. These data were scaled using centered scal-
ing prior to the PCA and OPLS-DA. For the scaling pro-
cess, the average value of each variable was calculated and
then subtracted from the data. PCA and OPLS-DA score
plots were used to interpret intrinsic variation in the data.

Statistical analyses. The changes in the muscle sore-
ness and MVC over time after the eccentric exercise were
analyzed by a one-way repeated measures ANOVA, fol-
lowed by a Tukey’s post hoc test when a significant time
effect was found to locate the time points that were differ-
ent from the baseline values. All analyses were conducted
with SPSS software (version 20.0, SPSS Inc., Chicago, IL,
USA), and a p <0.05 was considered statistically signifi-
cant. Means and standard deviations of the metabolites
were also calculated using Microsoft Excel. The statisti-
cal significance (p < 0.05, p <0.01, or p <0.001) of appar-
ent differences in metabolite concentrations between
before and after the eccentric exercise were assessed using
analysis of variance, followed by Bartlett’s test (Prism
5.01, GraphPad, San Diego, CA, USA).

RESULTS

Muscle soreness developed after the eccentric exercise,
peaking at 48 to 72 hr later in both male and female sub-
jects (Fig. 1B). The MVC torque decreased at 0 to 48 hr
after the eccentric exercise in the male subjects and 2 hr
later among the female subjects (Fig. 1C). However, the
MVC torque had returned to baseline by 96 hr after the
eccentric exercise in both male and female subjects (Fig.
10).

Through the metabolite analysis for the urine samples,
the PCA showed clear separation of the metabolic pat-
terns between male and female subjects at all time points
(Fig. 2A). Subsequently, the trajectory analysis of PCA
score plots for the metabolic patterns between male and
female subjects can really reflect the sexual differences
from muscle damages to its recovery. From the trajectory
analysis, the metabolomic patterns of male subjects had
changed rapidly from 24 to 72 hr after the eccentric exer-
cise and then gradually restored themselves by 96 hr.
However, the metabolomic patterns of female subjects had
changed conspicuously at only 0 hr after the eccentric
exercise and did not show the restoration that was seen
among the males (Fig. 2B). When OPLS-DA was per-
formed on the metabolites, metabolomic patterns in the
male and female subjects were clearly separated at all time
points (Fig. 2C).

To evaluate metabolites which contribute to metabolo-
mic patterns for each group, variable importance plots
(VIPs) were derived from the OPLS-DA between male
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Fig. 2. (A) Comparisons of metabolic patterns between male and female subjects according to the elapsed time after the eccen-
tric exercise. Principal Components Analysis (PCA) before the eccentric exercise (Pre) (R°X: 0.653; Q% 0.0614) and PCA at 0 hr (imme-
diately after the eccentric exercise) (R’X: 0.608; Q% 0.107), at 2 hr (R*X: 0.61; Q% —0.0429), 24 hr (RX: 0.58; Q” 0.0539), 48 hr (R’X:
0.563; Q% —0.141), 72 hr (R*X: 0.506; Q% —0.21), and 96 hr (R*X: 0.665; Q* 0.188) after the eccentric exercise, compared between
males and females, respectively. (B) Trajectory analysis using the principal components analysis (PCA) (RX: 0.681; Q” 0.547) based
on mean data for 'H NMR of urine samples of the subjects according to elapsed time (at 0, 2, 24, 48, 72, and 96 hr) after the eccen-
tric exercise. (C) The score plots showing that the clustering are completely separated in male (R*X: 0.551; R%Y: 0.191; Q% —0.0411)
and female (R?X: 0.483; RY: 0.158; Q% —0.192) using the Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA).

pISSN: 1976-8257  elSSN: 2234-2753



204

H.-J. Jang et al.

Table 2. VIP scores showed that list of metabolites which contributed to separation of the clustering in male (R°X: 0.551; R*Y:
0.191; Q% -0.0411) and female (R°X: 0.483; R?Y: 0.158; Q% —0.192) by OPLS-DA

Male Female
Var ID (Primary) Male.VIP[1] Male?\'fli’zﬁfcvSE Var ID (Primary) Female.VIP[1] Femalle:ais[?]CVSE
Glycine 4571 0.761416 Glycine 4.62347 4.53764
Citrate 3.23447 1.35125 Hippurate 3.81074 2.41106
Formate 2.13353 0.717861 Taurine 2.67864 6.68557
Creatine phosphate 2.11266 1.64716 Histidine 2.65182 5.56657
Alanine 1.99812 0.587374 Adenine 2.64272 4.37275
Guanidoacetate 1.92338 1.63802 Ethanolamine 1.90545 2.09334
Trimethylamine N-oxide 1.79513 2.1608 Creatine phosphate 1.8096 3.79375
Histidine 1.72022 1.37944 Citrate 1.62474 8.11127
Taurine 1.67516 1.49017 cis-Aconitate 1.14701 0.80235
Ethylene glycol 1.45479 0.546222 Formate 0.988822 245472
Lactate 1.23411 0.53149 Dimethylamine 0.951277 1.99825
Glutamine 1.17523 0.857112 Ethanol 0.90434 0.993288
Glucose 1.1471 0.39031 Glucose 0.834976 2.38004
Asparagine 1.13309 0.735665 Lactate 0.789613 2.56846
Ethanol 1.05674 0.422716 Alanine 0.787954 1.05048
Arginine 0.970961 0.626348 Trimethylamine N-oxide 0.787139 5.26624
Adenine 0.902511 0.662068 3-Hydroxyisovalerate 0.770134 0.771259
Glycerol 0.851086 0.462209 Propylene glycol 0.764305 1.44092
N,N-Dimethylglycine 0.836798 0.282404 Dimethyl sulfone 0.757325 0.716034
Trigonelline 0.819964 0.686261 Methylmalonate 0.755935 1.13527
Acetate 0.817444 0.280176 Lactose 0.67113 1.44531
Dimethyl sulfone 0.799348 0.448651 3-Indoxylsulfate 0.643779 0.992767
Malonate 0.777858 0.727546 Xylose 0.638257 1.18835
Trimethylamine 0.765254 0.379615 N6-Acetyllysine 0.637389 0.650881
Lactose 0.72369 0.515311 1-Methylnicotinamide 0.635111 1.28124
Xylose 0.71229 0.695227 Trigonelline 0.566073 1.59381
Methanol 0.697198 0.199636 3-Hydroxybutyrate 0.507793 0.909552
4-Aminobutyrate 0.676836 0.506111 Malonate 0.499509 1.15068
3-Indoxylsulfate 0.669647 0.762088 Thymol 0.4972 0.976628
Propylene glycol 0.655221 0.465205 Glutamate 0.478324 0.547958
Isobutyrate 0.633856 0.08158 N,N-Dimethylglycine 0.460773 0.609594
Anserine 0.633435 0.151005 N-Nitrosodimethylamine 0.438651 2.31928
Aspartate 0.621186 0.627908 4-Hydroxybenzoate 0.433857 0.902987
N-Nitrosodimethylamine 0.583811 0.567109 Succinylacetone 0.419752 0.521925
Creatine 0.578945 0.598633 2-Hydroxyphenylacetate 0.41534 0.742998
3-Hydroxyisovalerate 0.569219 0.392871 Succinate 0.387387 0.797767
Glutaric acid 0.566226 0.289886 Trimethylamine 0.368037 0.644605
monomethyl ester

Valine 0.552121 0.175912 Glutamine 0.365716 1.09904
N6-Acetyllysine 0.504685 0.167541 Creatine 0.362578 2.06171
2-Hydroxy-3-methylvalerate ~ 0.496476 0.164713 Aspartate 0.352493 1.07166
1-Methylnicotinamide 0.494685 0.392253 Betaine 0.335485 2.18197
Acetone 0.491547 0.206371 1,3-Dimethylurate 0.332024 1.22418
2-Oxoglutarate 0.472701 0.509611 Methionine 0.327067 0.488806
Ethanolamine 0.462338 1.06293 Histamine 0.308111 1.28022
3-Methyl-2-oxovalerate 0.445005 0.238199 Valine 0.299257 0.582553
2-Octenoate 0.424973 0.389413 Uracil 0.283379 0.710501
trans-Aconitate 0.423043 0.556248 Arginine 0.280329 1.10447
Choline 0.415968 0.218118 4-Aminobutyrate 0.269595 1.09926
cis-Aconitate 0.407804 0.55756 Asparagine 0.253733 0.725486
Betaine 0.398263 0.887558 Glutaric acid 0.24793 0.491761

monomethyl ester
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Table 2. Continued
Male Female
Var ID (Primary) Male.VIP[1] Male?\.fl%ﬁ?CVSE Var ID (Primary) Female.VIP[1] Femalle..fl’}éft’s[?]cvSE
2-Hydroxybutyrate 0.351128 0.294334 Methanol 0.238896 0.379045
Methionine 0.331838 0.538283 Leucine 0.231152 0.483716
1,3-Dimethylurate 0.323249 0.235596 Choline 0.221929 0.439599
Glutarate 0.316202 0.418292 Pyruvate 0.211881 0.941236
Acetoacetate 0313934 0.481351 4-Hydroxy-3- 0.207803 0.61239
methoxymandelate
1,3-Dihydroxyacetone 0.309266 0.183771 N-Phenylacetylglycine 0.199173 1.17539
N-Phenylacetylglycine 0.309063 0.811053 2-Hydroxyisobutyrate 0.19341 0.483164
2-Oxoisocaproate 0.305994 0.113296 3-Phenyllactate 0.185375 0.63094
Leucine 0.296766 0.435264 N-Acetylglucosamine 0.176375 0.593308
Glutamate 0.293844 0.86197 Cytidine 0.158637 0.403555
Epicatechin 0.292327 0.116411 Isobutyrate 0.151427 0.541375
Xanthosine 0.2846 0.127379 2-Hydroxybutyrate 0.145103 1.04791
Succinylacetone 0.271647 0.350153 Guanidoacetate 0.129694 2.71269
Thymol 0.254143 0.323742 Epicatechin 0.128747 0.282884
Succinate 0.246905 0.304167 Xanthosine 0.125117 0.316036
Acetylsalicylate 0.236725 0.424659 Anserine 0.113301 0.458756
Pyruvate 0.199842 0.297075 2-Oxoglutarate 0.113046 0.558352
4-Hydroxybenzoate 0.18721 0.277188 Uridine 0.09736 0.39164
2-Hydroxyphenylacetate 0.18137 0.122769 Acetoacetate 0.096019 0.524509
Histamine 0.176062 0.73845 2-Octenoate 0.092254 0.589411
Methylmalonate 0.162552 0.489295 Glutarate 0.087717 0.924993
Uridine 0.159729 0.175195 Carnitine 0.087113 0.662933
N-Acetylglucosamine 0.156865 0.21566 2-Hydroxy-3- 0.076218 0.777415
methylvalerate
4-Hydroxy-3- 0.15036 0.216263 Ethylene glycol 0.049435 1.09843
methoxymandelate

Uracil 0.138542 0.513323 1,3-Dihydroxyacetone 0.038835 0.125192
Cytidine 0.093631 0.210719 3-Methyl-2-oxovalerate 0.0363 0.423631
3-Phenyllactate 0.090093 0.440311 Acetate 0.031847 0.547257
Hippurate 0.088477 0.852423 2-Oxoisocaproate 0.031675 0.367915
Carnitine 0.081513 0.355035 trans-Aconitate 0.027163 0.679173
2-Hydroxyisobutyrate 0.056391 0.169117 Acetone 0.023618 0.385497
Dimethylamine 0.048648 0.689478 Glycerol 0.023313 0.720811
3-Hydroxybutyrate 0.029112 0.16385 Acetylsalicylate 0.013139 0.32408

VIP, variable important plots.

Bold box indicates major metabolites which have more than VIP score 1 by the OPLS-DA.

Table 3. List of sex-specific and common metabolites from the major metabolites (VIP scores > 1) in male and female

Clustering Total Urinary metabolites

Male only 10 Alanine, asparagine, ethanol, ethylene glycol, formate, glucose,
glutamine, guanidoacetate, lactate, trimethylamine n-oxide

Female only 4 Adenine, cis-aconitate, ethanolamine, hippurate

Overlap between male and female 5 Citrate, creatine phosphate, glycine, histidine, taurine

and female subjects. Total 82 metabolites were scored to
reflect their importance for the metabolomic patterns
between male and female subjects (Table 2). When VIP
scores were confined to > 1 from the VIPs to select more
convincing metabolites, 10 and 4 metabolites were found
in males and females and 5 metabolites were commonly

found in both males and females (Table 3).

From the statistical analysis, 10 of the selected 15
metabolites in male subjects had increased significantly
after the eccentric exercise, most between 24 and 72 hr
later. Alanine, formate, and glycine had commonly increased
between 24 hr and 72 hr, whereas asparagine, citrate, etha-
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nol, glucose, histidine, and lactate only increased 48 hr
later. In addition, creatine phosphate increased 24 hr later
(Fig. 3A). In contrast, among the females, only adenine
from the selected 9 metabolites had increased signifi-
cantly 2 hr after the eccentric exercise (Fig. 3B).

DISCUSSION

Exercise-induced muscle damage that is closely related
with eccentric exercise leads to increased intramuscular
proteins in the blood (e.g., creatine kinase) (39) and the
delayed onset of muscle soreness (40) but decreased mus-
cle strength and range of motion (41). Researchers in pre-
vious studies have measured VAS and MVC to assess
muscle soreness and muscle strength, respectively (38,42).
In the current study, muscle soreness in both males and
females increased after the eccentric exercise and dis-
tinctly decreased beginning 72 hr later, and the patterns
were similar between the men and the women (Fig. 1B).
In addition, male MVC torque decreased rapidly at 0 hr
after the eccentric exercise and steadily recovered from 2
to 96 hr later, and female MVC torque decreased only at
0 hr after the exercise (p <0.05); however the recovery
patterns were similar in both groups (Fig. 1C). These
results suggested that the subjects responded to EIMD in a
sex-dependent manner.

Notably, PCA metabolomic pattern results also differed
between males and females without the eccentric exercise
(Fig. 2A). A number of studies have shown sex differ-
ences in muscle damage and repair processes (30). Other
studies, however, have reported that these sex-different
responses to muscle-damaging exercise are related to poor
study design and that there may be little or no difference
between males and females in the responses under elabo-
rated conditions (43,44). Furthermore, the previous metab-
olomic research has shown distinct baseline metabolomic
patterns between males and females (45,46), and the hor-
mone fluctuations related to menstruation could directly or
indirectly affect responses to exercise-induced muscle dis-
ruption (47). In our results, the metabolomic patterns among
the females were more dispersed than were the metabolo-
mic patterns in the men (Fig. 2A). Collectively, the differ-
ences in the metabolomic patterns between the male and
female subjects suggest origins in innate sex differences
rather than effects from muscle damage.

In the metabolomic trajectory pattern using PCA, the
mean pre-exercise values among the men shifted rapidly
at 24 hr and reached their maximums at 48 hr after the
eccentric exercise, appearing to then return to the pre-
exercise values by 96 hr later. In contrast, the shift in the
female mean reached its maximum during pre-exercise,
following which the women’s shift patterns were more
erratic than those of the men (Fig. 2B). From these results,
we suggest that metabolic changes in men following mus-

cle damage reach their maximum at 48 hr after eccentric
exercise and that these changes stabilize to their pre-exer-
cise values more slowly than do conventional VAS and
MVC.

In metabolomic approaches, creatine kinase and the related
metabolites such as creatine and creatine phosphate have
been widely considered biomarkers for muscle damage
(30). The creatine phosphate circuit, which shows the
rephosphorylation of creatine in mitochondria using ATP,
together form the core of an energy network in both the
cytosol and mitochondria of tissues that demand high
energy such as the muscles and the brain (48). In addition,
muscles take in glucose from the circulating blood to pro-
duce energy, and the glucose in the muscles degrades to
pyruvate through glycolysis. Subsequently, pyruvate gen-
erates acetyl-CoA to form citrate through the tricarbox-
ylic acid cycle or is converted to alanine or lactate through
serial processes. Recently, citrate synthase activity was
validated as a biomarker for mitochondrial density in skel-
etal muscle (49). Meanwhile, the transmitted alanine and
lactate are transferred from muscles to liver by blood cir-
culation to resynthesize glucose. From the energy metabo-
lism processes, alanine and lactate increase in the body’s
circulation system (50). Thus, alanine, citrate, creatine phos-
phate, glucose, and lactate could be evaluated as markers
that are correlated with energy production after energy
consumption by exercise.

Intensive and prolonged exercise has also been correlated
with the generation of free radicals and with oxidative
damage to cellular constituents (51,52). One study showed
that histidine in microbes could be utilized as a source of
antioxidant to cells (53). This result implies that histidine
in the body could contribute to relieving oxidative stress
from exercise. Muscle damage also involves inflamma-
tory responses in the body (54). Previously, glycine infu-
sion has been shown to have a cytoprotective effect against
ischemia-reperfusion injury (55,56), and recent studies have
indicated that glycine could be an effective anti-inflamma-
tory agent that preserves muscle function (57,58). There-
fore, histidine and glycine could be considered indirect
EIMD markers.

Asparagine, ethanol, and formate were also increased
after the eccentric exercise. Formate and ethanol in microbes
have in particular been reported for anaerobic energy pro-
duction, including glucose metabolism under anaerobic
conditions or fermentation after pyruvate formation (59-
61). However, the roles of these metabolites after EIMD
are still unclear.

In conclusion, we found changes in urinary metabolo-
mic patterns after participation in eccentric exercise and
increased levels of specific metabolites from 24 to 72 hr,
which suggested involvement in muscle damage or recov-
ery. These results also suggested that the endogenous
metabolites increased more among men following EIMD
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and that further study is needed among females in order to
understand possible interferential effects of female hor-
mones such as estrogen.
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