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Abstract Exercise modulates the metabolome in urine or
blood as demonstrated previously for humans and animal
models. Using nuclear magnetic resonance (NMR) metab-
olomics, the present study compares the metabolic conse-
quences of an exhaustive exercise at peak velocity (Vp) and
at critical velocity (Vc¢) on mice. Since small-volume sam-
ples (blood and urine) were collected, dilution was neces-
sary to acquire NMR spectra. Consequently, specific
processing methods were applied before statistical analysis.
According to the type of exercise (control group, Vp group
and Vc group), 26 male mice were divided into three
groups. Mice were sacrificed 2 h after the end of exercise,
and urine and blood samples were drawn from each mouse.
Proton NMR spectra were acquired with urine and depro-
teinized blood. The NMR data were aligned with the icoshift
method and normalised using the probabilistic quotient
method. Finally, data were analysed with the orthogonal
projection of latent-structure analysis. The spectra obtained
with deproteinized blood can neither discriminate the con-
trol mice from exercised mice nor discriminate according to
the duration of the exercise. With urine samples, a signifi-
cant statistical model can be estimated when comparing the
control mice to both groups, Vc and Vp. The best model is
obtained according to the exercise duration with all mice.
Taking into account the spectral regions having the highest
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correlations, the discriminant metabolites are allantoin, ino-
sine and branched-chain amino acids. In conclusion, metab-
olomic profiles assessed with NMR are highly dependent on
the exercise. These results show that urine samples are more
informative than blood samples and that the duration of the
exercise is a more important parameter to influence the
metabolomic status than the exercise velocity.
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Introduction

Recently, the metabolic pathways involved during physical
exercise were investigated by the metabolomic methods.
Metabolomics is highly sensitive to environmental factors
including age, pharmacology and toxicology (for review,
see [1]). Therefore, the phenotypic responses of a subject
to exercise may be shown using this method.

Among the analytic techniques implemented for metab-
olomics, mass spectrometry and nuclear magnetic resonance
(NMR) spectroscopy are the most common ones and pro-
vide values for a high number of parameters. Through mass
spectrometry, a highly sensitive technique, metabolites pres-
ent at low concentration may be detected. On the other hand,
the method needs a complex sample preparation protocol.
For several reasons, including the chromatographic and the
ionization methods, a low reproducibility of the measure-
ments is the main pitfall of mass spectrometry. With proton
NMR spectroscopy, the metabolites detected must be at
relatively high concentration in biofluids (more than
10 uM). This limitation is balanced by the high reproduc-
ibility of the technique associated to the linear analytical
response. Moreover, proton NMR sensitivity does not
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depend upon the physical and chemical properties of the
molecules [2]. For most biofluids, no sample pre-processing
is needed. Consequently, metabolomic with NMR is fast and
reliable and may be fully or partially automated.

Both spectroscopy methods have advantages and disad-
vantages and have been used to investigate exercise effects
mainly for humans [3—6] and less frequently in animal
models [7, 8]. However, most studies concerned plasma or
serum. Urine has been rarely used despite the fact that this
biofluid can be non-invasively collected. This positive ar-
gument applies especially for humans. Most previous stud-
ies have compared trained subjects and control ones [5] or
pathological cases with controls [9]. In all cases, exercise
modulates the metabolome, demonstrating that exercise is
one of the major metabolism modulators.

Several protocols have been used to analyse and under-
stand the physiological and biochemical consequences of
physical exercises [10, 11]. Quantification of exercise was
approached, in the first place, with the determination of peak
velocity (Vp) as the maximal speed reached by a subject
during an incremental test [12]. This parameter can be
measured for humans as well as in animal models [13, 14].
More recently, the concept of critical velocity (Vc) was
defined as the asymptotic value of the speed as a function
of run time before exhaustion [15, 16]. The individual value
for V¢ is more informative about the endurance capacity of
the subject than Vp. The Vc measurement needs the imple-
mentation of four different velocities for each subject [17]. It
has been reported that Vc may be the threshold velocity for
the contribution of the anaerobic metabolism and the in-
volvement of a larger proportion of the type Il muscle fibres
[10, 16].

For humans, physiological parameters during exercise at
Ve and Vp have been compared. It showed that the two
types of exercise have distinct physiological effects.
However, exercises at V¢ and Vp have not been investigated
from the metabolomic point of view. Studies involving
animal models exercised at Vp or Vc are less frequent.
One reason may be that the physiological data are more
difficult to assess for animals than for humans. Conversely,
in animal models, the metabolome after exercise can be in-
vestigated in urine and blood, and the model can easily be
used for bio-molecular investigation in tissues and organs.

For pre-clinical animal studies, including mice, the
sample volumes that may be collected are frequently
lower than the 500 to 600 upL needed to fill the 5-
mm-diameter NMR tubes. The low sensitivity of NMR
in addition to reduced sample volume may be a barrier
to use NMR spectroscopy in animal studies. Overall,
urine samples are more difficult to collect for animals
than in the case of humans.

We report here the methods we have used to process to a
metabolomic investigation with NMR spectroscopy with
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samples drawn from mice. Considering the small volumes
of blood, it was necessary to enhance the sensitivity to
detect metabolites by elimination of proteins and lipids with
trichloracetic acid. Urine was collected directly from the
bladder. In both cases, the dilution in deuterium dioxide
was necessary to complete the minimal volume to be intro-
duced in NMR tubes. After spectral acquisition, the realign-
ment [18] of spectra compensates the chemical variations
that may be produced by pH and dilution heterogeneity, and
the “Probabilistic Quotient Normalization” [19] took into
account the dilution parameter.

Using these processing methods, the present study deter-
mines whether an acute and exhaustive exercise at Vc and
Vp produces metabolic modulation and whether this dis-
crimination can be obtained using urine or blood metabo-
lome. Moreover, it shows that the metabolome is sensitive to
the duration of the exhaustive exercise.

Materials and method
Animals and measurements of V¢ and Vp

The mice strain is the FVB strain, selected for its high level
of endurance performance on a treadmill, as identified pre-
viously [20]. Females were excluded to avoid possible
effects of gender. The mice were kept in an animal facility
(CERFE, Genopole, Evry, France) in a specific and oppor-
tunist pathogen-free environment and at a temperature of
22 °C with 12/12-h light-dark cycles. The animals were
supplied with water and food ad libitum. The 30 male mice
were separated into six cages of five mice. They were
2 months old for the first tests and 4 months old when
sacrificed. The exercise tests were carried out in the facility.
All protocols were approved by our institution’s Animal
Care and Use Committee and comply with the Council of
Europe’s European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other
Scientific Purposes.

For this study, mice were divided into three groups de-
fined according to the type of exercise performed in a
treadmill (Columbus Instruments, OH, USA), on the test
day. The control group contained ten mice, which performed
no exercise throughout the duration of the experiment. The
critical velocity (Vc) group included seven mice performing
an exhaustive test at their individual V¢, 2 h before sacrifice.
The velocity at peak (Vp) group included 13 mice
performing an exhaustive exercise at maximal speed (Vp)
2 h before sacrifice. The time to attain exhaustion was
measured and reported as the time limit (in minutes) used
further on in the statistical analyses.

Vp was determined for each mouse by an exhaustive
incremental test. After a 10-min rest, the initial speed was
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set at 10 m/min and increased by steps of 3 m/min every
3 min, until exhaustion.

Vc was determined with four tests during 4 days (one test
each day). The mice ran at constant speed during a limited
time of 60 min or less. An exercise was performed with a
different speed each day, respectively at 100, 95, 88 and
80 % of the maximal speed reached during the exhaustive
incremental test. The duration of the course for each test was
noted. The Vc was determined with length and duration of
the course, varying as a linear function. The slope of the
linear regression provides the value of Vc.

Sample collection procedure

After exercise and before sacrifice, mice were housed alone
in a cage. Mice were anaesthetized with an intra-peritoneal
injection of pentobarbital (70 mg kg ') and sacrificed by
cervical dislocation. Before sacrifice, blood retrobulbar
sampling was performed from anaesthetized mice. This
sampling method was preferred from jugular sampling be-
cause it is faster and does not necessitate surgical incision.
The whole blood was frozen at —20 °C for preservation.
Before NMR analysis, the total blood was deproteinised
using trichloracetic acid (TCA). Therefore, after blood
thawing, samples were centrifuged to remove the unbroken
cells for 10 min at 1,500 rpm. The supernatant (variable
volumes) was added with TCA (10 puL of 0.9 g/L TCA for
100 uL supernatant). The precipitated proteins were elimi-
nated by centrifugation (15 min, 1,500 rpm). The final
supernatant was frozen at —20 °C. For NMR analysis, the
thawed samples (50 to 150 uL) were introduced into NMR
5-mm tubes and added with deuterium dioxide to reach a
final volume of 700 pL. The blood samples collected and
analysed were n=10 controls, n=6 V¢ and n=13 Vp. One
sample is missing because a too small volume was obtained
after the process.

The urine samples were drawn from the bladder after
animal sacrifice. This procedure was preferred to metabolic
cages in order to obtain the whole volume and cleaner urine
samples. Nevertheless, when the bladder was empty, no
sample could be collected. For this reason, three samples
from the control group and one sample from the Ve group
are missing. Urine samples were frozen at —20 °C. For NMR
analysis, samples (50 to 400 pL) were placed into 5-mm
NMR tubes and added with deuterium dioxide to reach a
final volume of 700 uL. The urine samples analysed are n=
7 controls, n=6 Vc and n=13 Vp.

NMR spectroscopy analysis
Spectra were acquired at 25 °C in Varian® Unity Inova

spectrometer at 500 MHz. The pulse sequence was a single
90° pulse acquisition sequence including residual water

signal suppression with a presaturation pulse (0.03 mW,
2.5 s) during the relaxation delay (4.5 s). The free induction
decays (FIDs) were collected on 32-K data points after 128
transients for 5,000-Hz spectral width.

The FIDs were processed with the MestReNOVA soft-
ware. The Fourier transform was performed with an expo-
nential function producing a 1-Hz line broadening. Spectra
were phased, and the baseline correction was performed
with three points at 0, 5 and 9 ppm. Each spectrum was
calibrated using allantoin signal 5.4 ppm in urine and acetic
acid signal (1.92 ppm) in blood spectra. As pH, ionic
strength and dilution may vary among samples, the spectra
were also aligned using the icoshift method [18].

The spectral region between 0 and 9 ppm was divided
into 9,000 spectral regions of 0.001-ppm width called buck-
ets. Each bucket is labelled with its median chemical shift
value. Water region, between 4.6 and 5 ppm, was excluded.
For blood samples, the restricted region from 0.1 to 4.6 ppm
was divided into 4,500 buckets. Considering the variation of
the sample concentration, the spectra were normalised
according to the “Probabilistic Quotient Normalization”
method [19].

Statistical analyses

A principal component analysis (PCA) was performed using
the statistics SIMCA P+ software (ver. 12, Umetrics AB,
Umea, Sweden) to check any separation of samples into
groups based on NMR signal variability. This method pro-
vides the possibility to detect and to exclude any outliers,
defined as observations situated outside the 95 % confi-
dence region of the model. The PCA analysis of the 29
spectra from blood samples shows two outlier samples. As
no rational reason shows (problem during exercise or sam-
pling, poor quality spectrum), these samples were not with-
drawn from further analyses. The PCA analysis of urine
shows no outlier.

The buckets' integration values were analysed in relation
to the exercise velocity or to the duration of exercise by
orthogonal projection of latent-structure analysis (OPLS)
using in-house Matlab code. Compared to the classical
projection of latent-structure analysis, this method allows
improved interpretation of the spectroscopic variations be-
tween discriminated groups, by removing information of the
NMR signal that has no impact on discrimination. The
ability of the model to explain data and to predict new data
is expressed by the value of the parameters R2 and Q2,
respectively. The value R2=1 indicates a perfect description
of the data by the model, while Q2=1 indicates a perfect
prediction of new data.

The OPLS models were validated using the in-house
Matlab code with a permutation testing (26 permutations).
The aim is to evaluate whether our OPLS models built with
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two groups or the time limit are significantly better than any
other models built with random permutation of the original
groups or time limit values.

To take into account the two possible repartitions of the
mice (control/exercised and time limit), two OPLS analyses
were performed. The first one was computed with a ¥ matrix
corresponding to the two groups, the control group and the
exercised group at Vc and Vp. The second model was
computed with a ¥ matrix corresponding to the time limit
expressed in minutes. Results are visualised by score and
loading plots. Scores are represented as a projection of the
different sample spectra on the predictive (tpred) and the
orthogonal (torth) components of the model. For easier
reading, colours are used depending on the sample group
or the time limit. The loading plot represents the co-variance
between the Y-response matrix and the signal intensity of the
various buckets. Colours are also used in the loading plots
depending on the r, correlation coefficient, between the
corresponding bucket and the Y variable. The buckets with
a correlation coefficient »>0.5 are assigned to the most
probable metabolites, in reference to the spectral assignment
previously performed in the literature [3, 21]. This was done
through analysis of the original spectra at chemical shift
region corresponding to the buckets taking into account
the detailed appearance (multiplet, high-resolution peaks
and broad signals) and comparison to values of adjacent
buckets. On selected urine samples, a 2D correlation spec-
troscopy (COSY) spectrum was acquired to confirm spectral
attributions.

Results
Physiological and exercise performance of mice

The performances of the Vc and Vp group mice are reported
in Table 1. Both V¢ and Vp groups are identical regarding
their weight, oxygen uptake at maximal velocity and their
velocity at Vc and Vp. The time limit sustained for the
exhaustive exercise shows a wider spread for mice exercis-
ing at Vp than for mice exercising at Vc. The blood lactate
reported here was measured 2 min after exercise, and those
values are significantly different from the mean blood lac-
tate concentration before exercise.

Metabolome of control mice and exercised mice

With the blood samples, the OPLS model achieved poor
correlation and predictability coefficients when computed
for discriminating the control samples from those taken after
exercise. With the urine samples, the OPLS model can be
achieved with R2=0.884 and Q2=0.584 as shown in
Fig. 1A. Figure 1B indicates the spectral regions involved
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Table 1 Physiological values during exhaustion exercise at Vc or Vp

Values Ve group (n=7)  Vp group (n=13)

Physiological values

Weight (g) 32.5+£2.9 34.0+£2.4

VOoimax (mL kg™ min") 57+5 53+11

Ve (ms ') 24.2+3.7 26.2+3.3

Vp (ms ") 33.8+11.3 30.3+4.9

Values during exhaustive exercise

Time to exhaustion ~ Min 57.5 6.7
(min) Max 108 93.4

Med 73.6 23.5

Blood lactate, Tper 3.0+0.7 2.3+0.5
(mmol L_l)

Blood lactate, Tyng 6.2+2.9 7.9+3.8
(mmol L™

Velocity (% Vc) 100+£0 120+14

Velocity (% Vp) 75+13 100+0

Time to exhaustion (in minutes) was presented with minimum, maxi-
mal and median values; other parameters are mean + SD

VOmax (ML kg™ min~" ) maximal oxygen uptake, Ve (m s ') critical
velocity, Vp (m s~') peak velocity, blood lactate, T, bey (mmol L")
blood lactate concentration before exercise, blood lactate, 7,4
(mmol L ) blood lactate concentration at the end of the VOj .«
plateau

in the calculation of the OPLS model (intensity of the
ordinate) and coloured according to their correlation. The
model is validated by the permutation test. The spectral
regions with correlation over 0.5 are listed in Table 2 with
their possible assignments to metabolites. Those regions
correspond mainly to fumarate (6.53 ppm), allantoin
(5.4 ppm) and several peaks in the region where inosine
(3.85 ppm) and glycerol (3.75 and 4.10 ppm correlated in
COSY spectrum) are usually assigned, which are positively
correlated to exercise, whereas trimethylamine (2.91 ppm) is
negatively correlated to exercise. One resonance at
2.18 ppm could not be assigned and showed no correlation
in the 2D COSY spectrum.

Metabolome as determined by time limit of the exhaustive
exercise

The OPLS models were computed with the time limit taken
as the Y matrix. In the case of blood samples, the model
cannot significantly discriminate the different times.
Whereas, with urine samples, this ¥ matrix with time limit
achieved the best model with R2=0.9 and Q2=0.625. The
score plot is shown in Fig. 2A. The model is validated by the
permutation test. The regions of spectra with the highest
correlations are coloured in yellow to red in the loading plot
of Fig. 2B.
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Several regions are highly correlated to the model (Table 3)
corresponding to metabolites previously reported in human
and murine urine samples such as allantoin (5.40 ppm), glu-
tamine (2.30 ppm with corresponding correlated signals in 2D
spectrum) or branched-chain amino acids and their metabo-
lites (below 1 ppm). At 3.31 ppm, a triplet cannot be attribut-
ed. It may correspond to inositol, but the correlations cannot
be retrieved in 2D COSY spectrum.

Discussion
This study was conducted to discriminate the metabolomics

consequences of different types of acute exercise. The exer-
cise load was adapted by measuring the Vc and Vp for each

Chemical shift (ppm)

animal. The exercise was performed at a velocity chosen
according to individual performances. The results show that
exercise modulates the urine metabolome when control mice
are compared to exercised ones. As mice ran until exhaus-
tion, the time limit is also an individual parameter which is
related to urine metabolome.

To obtain these discriminations with a mouse model, the
metabolomic investigation was performed with urine and
with deproteinized blood. The statistical analyses show that
the discrimination is obtained with urine and not with the
blood-derived samples. Urine is the biofluid directly issued
from kidney functioning (filtration, secretion and reabsorp-
tion). Consequently, urine contains water-soluble metabolites
produced in excess during physiological or pathological pro-
cesses. Therefore, it may be that high amounts of metabolites
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Table 2 List of peaks with correlation coefficient over 0.5 from the
OPLS loading plot obtained when comparing control mice and Vc/Vp
mice

Chemical Multiplicity Metabolite Label r

shift (ppm)

2.18 s 1 —-0.502
2.39 m Glutaric acid 2 0.615
2.91 s Trimethylamine 3 —-0.578
3.10 S Malonic acid 4 0.595
3.75 s Glycerol 8 0.634
3.84 d Inosine 9 0.613
5.40 S Allantoin 10 0.740
6.53 S Fumarate 11 0.616

Multiplicity: s singulet, d doublet, m multiplet; Metabolites’ assign-
ments and label in the loading plot: » correlation coefficient

Fig. 2 a Score plot of the

produced during exercise are detected preferentially in urine
rather than in blood, considering the high homeostasis in the
latter biofluid.

The use of deproteinized blood presents the advantage of
eliminating the broad signals of large molecules in NMR
spectra. The large humps in spectra produced by bulk pro-
teins and lipoproteins decrease the detection threshold of
signals arising from low concentration species. This is par-
ticularly critical when signals are split into several multiplets
in cases such as glutamine or leucine and isoleucine.
Nevertheless, it has to be considered that in these samples,
the metabolites may arise from plasma as well as from the
intracellular compartment of blood. Deproteinized blood
was previously used in metabolomic studies in relation with
physical exercise [22]. The ultrafiltration method used in
this previous study could not be implemented with the

OPLS model obtained with the a 100
time limit (in minutes, coloured N =26 | 1
scale). b OPLS loading plot. 80 = 150
Variations of metabolites are
represented using a line plot 60
between 0.5 and 6 ppm. ®
Positive signals correspond to 40 O—il—..—q —_
metabolites at increased / °® \ 100 =
concentrations in urine of mice 20 3 g
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Conversely, negative signals iy 0 © §
correspond to metabolites 20 ) ® ;
present at increased B o 50 £
concentrations in urine of 40 =
control mice and short time e
limit. The colours correspond to 60 lo
the r correlation coeftficient.
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according to metabolite ~_ |
assignments presented in -100
Table 3 -80 -60 -40 -20 0 20 40 60 80 Y
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Table 3 List of peaks with correlation coefficient over 0.5 from the
OPLS loading plot obtained when comparing the time limit

Chemical shift Multiplicity Metabolite Label r
(ppm)

0.87-0.93 m BCAA 1 0.690
1.88 d Glutaric acid 2 0.607
2.30 t Glutamine 3 0.682
2.39 t Glutaric acid 4 0.535
3.10 s Malonic acid 5 0.775
3.31 t 6 0.729
3.75 s Glycerol 7 0.567
3.85 s Inosine 8 0.603
4.10 s Glycerol 9 0.520
5.40 S Allantoin 10 0.608

Multiplicity: s singulet, d doublet, m multiplet; metabolites’ assign-
ments and label in the loading plot: » correlation coefficient, BCAA
branched-chain amino acids

reduced sample volume collected in mice (less than 1 mL
for whole blood, most of the time). The TCA precipitation
method allowed the recovery of a larger sample volume than
the ultracentrifugation technique with the cost of a 10 %
dilution with the TCA solution. NMR tubes have to be
completed to 700 pL, introducing another dilution of sam-
ples. For this reason, the probabilistic quotient normalisation
[19] was preferred to the overall integral normalisation most
frequently used. The method was described as more robust
to compensate the dilution effects in urine. Consequently,
probabilistic quotient normalisation is the most appropriated
method to normalise the dilution effect produced by volume
compensation with deuterium oxide.

This normalisation was also necessary for urine samples.
As all urine samples, the metabolite concentration varies
according to the renal function and/or water uptake. In
addition, in the present study, the small volume of urine
collected had to be compensated with deuterium oxide ad-
dition. Moreover, several urine samples contain high
amounts of 3-hydroxybutyrate which resonances at
1.18 ppm and 4.01 ppm dominate the spectra. The relative
normalisation of the buckets through the total integration
ratio produces a relative emphasis of this ketone body me-
tabolite for the samples containing a high level of 3-
hydroxybutyrate. For this reason, the probabilistic quotient
normalisation was also preferred for urine.

In NMR spectra, the chemical shifts of metabolite reso-
nances are modulated by variations of pH, concentrations of
salts and ions with magnetic effects. In the samples used
here, these effects are also enhanced by the different dilution
with varying amounts of deuterium oxide. In the urine
sample, the chemical shift variations required the peaks'
realignment. Therefore, the icoshift method was used.

Whereas, OPLS models were also calculated before the
peak alignment, and similar correlation and predictive coef-
ficients were obtained, the loading plots presented unphased
loads, misleading the interpretation of the variation. These
models were finally not used. With aligned spectra, the
buckets belonging to identical multiplets are clearly phased
in the loading plot. In deproteinized blood, the chemical
shifts were not varying as much as in urine, probably be-
cause the acidic treatment imposed a low pH to all samples.
Nevertheless, a similar realignment process was used to
maintain identical processing methods for both types of
samples. Finally, with these post-acquisition processing,
the data were easier to interpret for blood and urine spectra.

Those spectral post-acquisition manipulations produce
straightforward interpretable loading plots as presented in
Figs. 1 and 2. The intensity of the loads is the co-variance of
the two matrixes, and this shows that the highest signals in
spectra are those used for model calculation such as 3-
hydroxybutyrate, oxo-glutarate, citrate and taurine.
Nevertheless, those metabolites are not those with the high-
est correlations when groups or time limit are compared.
The peaks correlated with the Y matrix correspond to lower-
intensity signals in the spectra. It is also noteworthy that
opposite to what is frequently described for humans, lactate
signal is not a predominant resonance in the urine and blood
spectra. Moreover, this metabolite is not found increased
after exercise. This absence of lactate accumulation (in
blood) or elimination (in urine) signifies the divergent met-
abolic pathways involved when acute exhaustive exercise is
imposed to mice compared to what occurs in humans.
Nevertheless, the delay (2 h) between the end of the exhaus-
tive exercise and the blood sampling may be another reason.

The computed OPLS models obtained here showed that
the determinant parameter to modulate the metabolome is
rather the duration of exercise than the velocity itself. This
phenomenon may be related to the variability of physical
performance in both groups as reported in Table 1. The
velocities imposed to the mice, Vc and Vp, are, on the
whole, rather close as Vp is 120 % of Vec. Therefore, both
exercises may be considered as acute exercise at exhaustion.

Some of the metabolites were correlated in both comput-
ed OPLS models. This is the case of allantoin and inosine,
which are increased in exercising animal urine when com-
pared to control ones, and this increase is related to the time
limit. Allantoin is a product of the purine catabolism formed
in the liver, lung, spleen or kidney. It has been reported to be
increased after exercise in urine of animals and humans as
an effect of oxidative metabolism of adenine nucleotides.
Allantoin excretion is increased by physical exercise in
human blood [23, 24]. The murine models are able to
produce this catabolite, while in human urine, this catabolite
has been investigated in relation with other markers of
oxidative stress [24]. In the exercise until exhaustion used
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here with mice, this metabolite elimination is correlated to
the time limit, suggesting that the oxidative metabolism is
involved in the exhaustion attained by mice. Inosine is also
participating in the purine metabolic pathway and is also
elevated in urine with increased length of exercise. The
increase of this metabolite could be found in the region
around 3.9 ppm in the spectra, but the other resonances of
aromatic proton (8.2 and 8.3 ppm) are not correlated with
time limit, neither are those of aromatic protons of hypo-
xanthine. In other studies concerning human urine after
acute exercise [3, 21, 25], hypoxanthine was a more sensi-
tive metabolite to exercise than inosine.

For both OPLS models, the presence of glutarate is also
correlated with exercise and the time limit. In studies of
physical exercise, glutarate is not usually reported as a
metabolic signature whereas its oxidised metabolite, oxo-
glutarate, participating in the Krebs cycle is frequently mod-
ulated with exercise [26, 27]. In the case of the animal
model used here, despite a high level of oxo-glutarate in
urine, the reduced metabolite, glutarate, is found higher after
exercise, most likely showing a different turnover of the
oxidative metabolism in mice. Malonic acid is another car-
boxylic acid found increased in both models under the effect
of exercise. Malonic acid in urine is usually described in
human urine in the case of genetic metabolic disease [28]
with an impaired energy metabolism.

When comparing the exercised mice to control ones, the
elimination of fumarate was increased. Fumarate is partici-
pating in the oxidative metabolism as included in the Krebs
cycle. A higher elimination shows the modulation of this
metabolic pathway with exercise but without effect of the
time limit. In relation to the oxidative metabolism, the time
limit was correlated with the increased elimination of the
branched-chain amino acids (BCAA: valine, leucine and
isoleucine) and their oxidised metabolites such as oxo-
isovalerate. The BCAA provide substrate for the Krebs
cycle through the oxidation of glutamate into oxo-
glutarate. These compounds are produced by proteolysis
and especially from the muscle proteins. Intermediate
metabolites in this metabolic pathway are oxo-glutarate
and glutamate, the latter being increased with exercise du-
ration. Their increase with the duration of exercise proves
their accumulation by protein breakdown during exercise.
The involvement of protein catabolism in relation with
exercise duration highlights the protein metabolism in-
volved with long-term exercise in mice while the lipid
catabolism markers are not increased after exercise. The
lipid metabolites namely the ketone bodies found in urine,
3-hydroxybutyrate, acetate and acetoacetate, were not dis-
criminating variables. The glycerol resonances identified in
spectra at 3. 75 and 4.1 ppm may be those included in
several lipid metabolites. This is the only lipid metabolite
increased after exercise.
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Most of the metabolomic investigations about exercise
effects are performed on plasma or serum. Two studies were
performed with human subject urine, showing that interval
training protocols with different resting intervals [21] or
with trained or untrained subjects [3] produced distinct
metabolomic profiles. This is an important matter in trans-
ferring the urine metabolomic investigation to humans con-
sidering that sampling urine is less invasive than sampling
blood. In this animal model study, both biofluids could be
sampled. The results confirm that NMR metabolomics per-
formed on urine samples is sensitive to metabolic modula-
tion after exercise.

Physical exercise was suggested as a therapeutic tool for
several chronic pathologies including cardiac pathology, obe-
sity or diabetes. In these cases, the intensity of exercise to
performed is a major point to assess the efficiency without risk
or inconvenience for the patients [9]. The specificity of the
physical activity may be crucial to modify the physiological
and biological profiles of patients. On the other hand, the
metabolomic effects of exercise revealed metabolic dysfunc-
tioning in muscle tissue for patients with chronic obstructive
pulmonary disease (COPD) [29]. These results were obtained
in clinical studies. The investigation of the biological process
underlying the effects and/or consequences of a physical
exercise necessitates an integrative approach. Integrative bi-
ology supposes that several types of biofluids and tissues are
available which is easier in animal models than for humans for
ethical reason. As an example, with mice undergoing physical
exercise, blood and urine may be collected for metabolomic
studies as well as tissue samples such as skeletal muscles for
molecular biology and biochemistry assays.

On the whole, the metabolites detected in mice urine are
very similar to those detected in human urine by Pechlivanis et
al. [21]. However, the modulation of the metabolite levels in
urine found in humans is different from those found for our
mice model. Moreover, the type of exercise imposed in
Pechlivanis’ study was an intermittent acute training, and the
length of intervals between acute exercise sessions had con-
sequences on the urine metabolome of subjects. In the case of
the present study, we prove that the duration of one acute
exercise sustained by mice can affect urine metabolome. The
metabolic pathways used in this animal model obviously
differ from those for humans. Nevertheless, animal models
are necessary to investigate the biological process of physical
training. For this reason, the pre-clinical studies may be wide-
ly informative about the biological consequences of exercise,
in particular with an integrative point of view.

Conclusion

The use of an animal model shows that an acute physical
exercise sustained until exhaustion is able to modify the
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metabolome when compared to control mice. This metab-
olomic study proves that analysis of urine is more discrim-
inating than the analysis of deproteinized blood.

Moreover, the exercise velocity sustained by each animal
is adapted to its own capacity. With this individual-adapted
exercise protocol, metabolomics demonstrated that metabol-
ic adaptations are depending on the exercise duration rather
than the velocity.

These results were obtained with a specific processing
method including spectral alignment and probabilistic quo-
tient normalisation before the multivariate statistical analy-
sis. Consequently, our report shows that mice models may
be important for investigation of exercise protocols designed
to overcome chronic pathologies. The pre-clinical models
allow a complete integrative investigation from physiologi-
cal to metabolic experimentation before the transfer in hu-
man clinical cases. The results obtained on urine samples
are encouraging to pursue in this direction as urine samples
are non-invasively and easily obtainable.
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