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Abstract

Human sustainable space exploration could go further with the development of strategies and preparatory activities. Enormous
scientific work has been done during the 21st century. MARS-500 project is one of unique preparatory activities, and was finished within
520 day isolation on the Earth. The full 520 day MARS mission simulation provided an opportunity to conduct a long-term, isolated
experiment to observe metabolic changes due to people differences and its stability to duration variation. Six volunteers were selected
from Russia, France, ltaly, and China, and their urine specimens were collected in six periods. Then the subtle metabolic variations
were investigated by nuclear magnetic resonance (NMR) at six different periods. We found that the metabotypes of six crews drifted
out from the first period to the farthest third period, then reverted to the nearest sixth period in metabolic space, suggesting a property
of resilience for metabolic phenotype. Furthermore, a set of 20 biomarkers, discriminating great changes in metabolic phenotypes well,
were associated with emotion, muscle turnover, circadian rhythms, energy expenditure, lipid metabolism, oxidative activity, cognitive
performance, and gut-microbial activities. In deeps, to analysis the data from MARS-500 project with two-way ANOVA, an interaction
between factor of people differences and long-term isolation showed that the six crews each had a specific response to 520 days’
isolation. In this picture, accurate healthy management during future human space mission should aim at promoting his or her ability to
revert to his or her stable metabotype under a defined and isolated environment.
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Introduction

Space exploration has received more and more attention in the
world. Meanwhile, humans play the most important role in each space
exploration mission. MARS-500 project is a simulation of a manned
space flight to the red planet, which is a preliminary investigation to
the impact of special space environment on crews in future flight. This
project began on June 3, 2010 and ended on November 4, 2011. The
full 520-day experimental paradigm simulated different phases of a
mission to MARS: a 250-day interplanetary flight from Earth to MARS,
a 30-day orbital stay that includes the MARS landing and a 240-day
interplanetary flight from MARS to Earth. This special simulation
project provided a long-duration social isolation and spatial restriction.
Six volunteers (three Russians, two Europeans and one Chinese) are
involved in this study. So far, several studies related to this project
have been reported. For example, an ethological study was conducted
to investigate the MARS-500 crews in daily life activities [1]. Another
study was aimed to test the effect of different exercise protocols
(endurance/strength orientated) on brain cortical activity and cognitive
performance [2]. Moreover, Natalia Rakova introduced the reverse
experimental approach to reveals infradian rhythmicity in human Na*
balance [3]. Elena Feichtinger had reported the psychological support
programme [4], while A.V. Mardanov conducted the metagenomic
analysis of the dynamic changes in the gut microbiome of the
participants of the MARS-500 experiment [5]. However, to the best of
our knowledge, there has been no report on urinary metabonomics of
these six volunteers which can reveal the metabolic response to a long
isolated environment.

Metabonomics is defined as the quantitative measurement of the
dynamic multi-parametric metabolic response of living systems to
pathophysiological stimuli or genetic modification [6]. Recent studies
have showed that metabonomics can offer a powerful new means for
discovering molecular biomarkers and metabolic pathways that underlie
disease risk [7]. Moreover, obtaining comprehensive, untargeted

metabolic profiles through analyzing complex biofluids (e.g., urine and
plasm) can provide important diagnostic and prognostic information
[8]. Among the biofluids most commonly analyzed in metabolomic
studies, urine appears to be particularly useful, because it is abundant,
readily available, easily stored and can be collected by simple,
noninvasive techniques [9]. Although, persistent alterations induced
by dietary or chronic interventions may also be detected from plasma,
but it just provides a description of the metabolic system at the time
of sampling, and yet some biochemical or pathological changes may
not be specific to external stimuli or genetic modification. By contrast,
information from urine is time-averaged because of its collection and
storage in the bladder [8]. Therefore, urine was selected to conduct
metabolic mapping in many publications [10-12]. Among analytical
techniques used in metabonomics, nuclear magnetic resonance (NMR)
[13] and mass spectroscopy (MS) [14] possessed the dominant status.
As known, NMR has the advantage of being rapid, high reproducibility,
nondestructive to samples, applicable to intact biomaterials and rich
in chemical structural information. In addition, unlike GC-MS and
certain liquid chromatography-mass spectrometry (LC-MS) methods,
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no chemical derivatization or ionization are necessary. NMR is
particularly amenable to detecting polar and uncharged compounds,
such as sugars, amines or relatively small, volatile compounds (such as
formic acid, formaldehyde, acetone, etc.) which are often undetectable
by LC-MS methods.

Initially, genomics and proteomics have shown their potential as
innovative approaches in uncovering the exact pathophysiology, e.g.
Single Nucleotide Polymorphism (SNP) [15]. However, they only
tell us what might have happened, as there are several downstream
regulatory mechanisms. Metabonomics, on the other hand, tells us what
actually did happen [16]. Recently, progresses in analytical strategies
permit us relating metabolic readout of the physiological state of the
human body with genotypes [17,18]. These genetically determined
metabotypes may subscribe the risk for a certain medical phenotype,
the response to a given drug treatment, or the reaction to a nutritional
intervention or environmental challenge [15]. In the present study,
urine from six crews was collected in six periods. Subsequently, we
used '"H-NMR profiles coupled with multivariate statistical analysis
to ascertain and investigate those physiological changes that occurred
in response to stimuli of 520-days isolation which is only conducted
once during human history. To this aim, impactions of the 520-days
isolation on human metabolic characterization were analyzed with
pattern recognition analysis. Furthermore, people differences and its
interactions with 520-days isolation were also interpreted using two-
way ANOVA. The longest longitudinal study (up to 9 years) of the
metabolic phenotype told us that each individual occupies a well-defined
region in the broad metabolic space, within which a limited degree
of allostasis is permitted. Meanwhile, the insurgence of significant
stressful conditions causes a shift of the metabotype to another distinct
region [12]. So an interesting question stands out which ask “how long
will they be able to maintain their original metabotypes and where a
new metabolic space will they drift toward when the 6 volunteers are
subjected into the isolated environment over 520 days.

Materials and Method

MARS-500 experiment

MARS-500 experiment was carried out in the MARS-500
experimental unit, the structure of which contains EU-50, EU-
100, EU-150, EU-250, and simulator of the Martian surface (http://
MARS500.imbp.ru/en/nek.html). The MARS-500 international crews
was composed of three Russians, two Europeans and one Chinese
(n=6). The subjects were all males, aged between 26 years and 38 years.
Their functions during the experiment were commander, physician,
on-board engineer and investigator. They were selected on the basis
of motivation, health and professional background. They were trained
on payloads, simulated space craft systems, coping techniques and
baseline data collection. Food testing and team-building activities
were also an important part of training. This research was conducted
in accordance with the principles expressed in the Declaration of
Helsinki and approved from the local University ethics committee, the
ethic committee of the European Space Agency and the Institutional
Review Board of the Institute for Biomedical Problems (IBMP), and
all Mars500 crew members underwent a thorough clinical examination
prior to participation and gave written informed consent.

Urine collection and storage

The urine specimens were collected in six periods. The first period
corresponds to 10 days before entering the MARS-500 experimental
unit, and this is a preliminary period. The second period is 60-70 days

after entering MARS-500 experimental unit, which is the simulation
period of a flight on the heliocentric orbit up to the Martian vicinity.
The third period is over a range of 159-169 days after entering the
unit-a period keeping on flight after period two. The fourth period
corresponds to 359-369 days after entering the unit, and this period is
a simulation of a flight on the heliocentric orbit up to the Earth vicinity
after the MARS missions was finished. The fifth period corresponds to
439-449 days after entering the unit, and during this period a flight is
simulated close to the gravitational field of the Earth. The sixth period
is over a range of 511-520 days after entering the unit, and this period is
a simulation process of a flight along the spiral path in the gravitational
field of the Earth. In details, the procedure of sampling is shown in
Figure S1. All these information can be gained freely in detail on the
website (http://mars500.imbp.ru/en/ 520_dates.html).

All the urine specimens were collected into sterile tubes (Sterilin,
U.K.) in three excessive mornings and stored at -80 °C immediately for
later analyses. The urine samples (during a period) from different crew
members were collected at different times but all within ten days. The
urine samples from the fourth crew at the first sampling time in period
one and from the sixth crew at the first sampling in period five were
not available. Finally, 106 urine samples were collected. Furthermore,
quality control (QC) aliquots for NMR analysis were prepared by
combining aliquots of urine from randomly selected subgroups of
individuals and had been divided into six batches of the specimens
(each batch has five QC).

NMR experiments

Before NMR analysis, urine specimens were prepared by the
addition of phosphate buffer made up in deuterium oxide containing
1 mM  3-(trimethylsilyl)-[2,2,3,3-°H ]-propionic acid sodium
salt (TSP) as an external reference and 2 mM sodium azide as a
bacteriocide. 1-dimensional (1-D) NMR spectra were performed at
298 K on a Bruker Avance III 600 MHz spectrometer (Bruker Biospin,
Rheinstetten, Germany) operating at 600.13 MHz, and a standard
one-dimensional (1D) pulse sequence [recycle delay (RD)-90’-t-90-
t -90"-acquire] free induction decay (FID) was used with 32 times
superposition. Meanwhile, water peak suppression was conducted
during recycle delay (RD) of 2 5, and the mixing time (¢, ) was set to 100
ms. Furthermore, the 90" pulse length was approximately 10 us and the
t, time was set to 4 us. For each specimen, 8 dummy scans were followed
by 128 scans. The spectra were collected into 64 K data points using a
spectral width of 20 ppm. For spectral processing, FIDs were multiplied
by an exponential function corresponding to a line broadening of 0.3
Hz before Fourier transformation. To solve overlap in 1-dimensional
(1-D) NMR spectrum, JRES, 'H J-resolved spectrum; COSY, chemical
shift correlated spectroscopy; TOCSY, total correlation spectroscopy;
HSQC, 'H-*C hetero nuclear single-quantum correlation spectra;
HMBC, 'H-"C heteronuclear multiple bond correlation spectrum.
For the 2D-NMR spectra, water suppression was achieved using
presaturation during the relaxation delay. The TOCSY spectra was
acquired with the spectral widths set to 10.5 ppm in the proton and
carbon dimensions, 2048 x 512 data points and 64 scans per increment
was collected, MLEV-17 pulse for spin locked, and the mixing time (¢, )
was set to 100 ms, For the 'H-"*C HSQC spectra, the spectral widths
were set to 10 and 175 ppm in the proton and carbon dimensions, with
2048 x 512 data points and 320 scans per spectrum.

Data preprocessing

All 1D-NMR spectra were batch preprocessed using MesReNova
10.0.1 (Mestrelab research) professional software (commercial
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available), including automatically phasing with deconvolution
method, baseline correction with polynomial fit and calibration using
3-(trimethylsilyl) propionate-2,2,3,3-d, (TSP; & 0.00) signal. The peaks
corresponding to water (6 4.62-5.17) and urea (8 5.57-6.15) signals were
removed from spectra before further analysis. Then all the ID-NMR
spectra were integrated with 0.004 ppm interval from the region 0.5
ppm to 9.5 ppm. The spectral data were further digitalized onto 106 *
2250 data set with all samples in row and chemical shift (5, metabolites)
in column and finally saved as excel format (xIs). The peak assignment
of 1D-NMR spectra were carried out referring to previous reports [6],
which was further conducted by searching the Human Metabolome
Database (HMDB). For ambiguous peak assignment and overlapped
chemical shift of 1D-NMR spectra, 2D-NMR spectra were used to
confirm the possible identification.

2D spectra were semi-automatically processed using MesReNova
10.0.1, employing a 90° shifted squared sine-bell window function
in both dimensions. The number of data points was set to 2048 (2
k) and zero filled prior to Fourier transform using complex forward
linear prediction. All 2D spectra were manually phase corrected, and
a polynomial baseline correction was applied excluding the region
around the water artifact. All the processed 2D spectra were imported
into MetaboMiner (http://wishart.biology.ualberta.ca/metabominer)
for peak assignment and possible metabolites were confirmed by
literature report and HMDB.

Data analysis

The data matrix was imported into MatLab software (2014a version,
the Mathworks Inc., Natwick, MA) for preprocessing, normalized
by constant sum, Pareto scaling and cubic root transformation. The
data set were further analyzed using SIMCA P+ (V14.0, Umetrics
AB, Umea, Sweden), a widely used statistical NMR data analysis
software. Afterwards, a PCA model was used for overviewing and
explaining ‘clustering’ and trends as well as outliers’ recognition based
on the normalized data set. While all the outliers were excluded, an
orthogonal partial least squares discriminant analysis (O2PLS-DA)
model was built to exclude noises from the inter-individual variation.
The goodness of fit of O2PLS-DA model was further validated by
permutation test with 200 iterations as well as 7 fold cross-validation.
Then VIP value derived from O2PLS-DA model was used to screen
candidate biomarkers which had significantly changed according to
the periods. For metabolites with VIP>1 in the O2PLS-DA model was
further analyzed by the statistical one-way ANOVA analysis with the
significant level alpha being 0.05.

To investigate the metabolic responses to people differences, data
set derived from 1D-NMR were finally imported into MetaboAnalyst
3.0  (http://www.metaboanalyst.ca/MetaboAnalyst) for two-way
analysis. For metabolic biomarkers identified by the above 1D- and 2D-
NMR, their data set was finally imported into R programming language
(version 3.2.1) for correlation structure analysis.

Results and Discussion

'H-NMR peak assignment

Peak assignment is the base of metabotypling, and a total of 43
metabolites were identified as depicted in Figure 1a and 1b. As viewed
from the spectra, several metabolites, e.g., taurine and trimethylamine
N-oxide have coincident peak assignment at partial chemical shift.
Meanwhile, signals of some low abundant metabolites such as
glucose and o-acetylcarnitine were covered by urea and solvent.
These challenges can be partially solved by high-resolution 2D-NMR

spectrum as displayed in Figure S2. a, b, ¢, d, and e (including: JRES,
'H J-resolved spectrum, COSY, chemical shift correlated spectroscopy,
TOCSY, total correlation spectroscopy, HSQC, 'H-"C hetero nuclear
single-quantum correlation spectra, HMBC, 'H-"C heteronuclear
multiple bond correlation spectrum).

Metabolic responses to 520 days’ isolation

Biological changes due to long-term isolation: Data normalization
before modeling is very important in metabolomics studies, because
normalization procedures can remove unwanted sample-to-sample
variation and make features more comparable. Urine "H-NMR spectral
data from the six periods was normalized by different methods, and
then a combination of following methods produced a good data set:
Normalization by peak intensity of creatinine, transformation by
logarithmic function, and Pareto Scaling. The data quality promotion
can be seen by a box plots conjunct with kernel density plots (Figure
S3). As seen by comparing the linear curve on the left which has an
exponential decay character to the transformed curve on the right
which looks reasonably Gaussian, which will exert significant elevation
to the goodness of subsequent modeling (PCA and O2PLS-DA models).

An NMR sample can be considered to be an n-dimensional object,
the coordinate along each dimension being the concentrations of
individual measurable metabolites or more simply the NMR spectral
intensity at each data point or collection of data points. Thus the NMR
spectrum of the urine provides an n-dimensional metabolic fingerprint
of the crews who were restricted in an isolated and predefined
environment, and this metabolic profile is characteristically changed
according to the physiological or psychologic state. Hence we have
turned to computer-based pattern recognition analysis (PR) approaches
to interpret the NMR data obtained in MARS-500 project. One of the
most useful and easily applied PR techniques is principal components
analysis (PCA). Principal components (PCs) are new variables created
from linear combinations of the starting variables with appropriate
weighting coefficients. The properties of these PCs are such that (i) each
PC is orthogonal (uncorrelated) with all other PCs and (ii) the first PC
contains the largest part of the variance of the data set (information
content) with subsequent PCs containing correspondingly smaller
amounts of variance [13]. Thus a plot of the first two or three PCs
gives the “best” representation, and PC maps can be used to visualize
inherent clustering behavior for physiological or psychologic changes
in different periods. As shown in the PCA score plot (Figure S4), no
obvious separation among different period was observed other than a
big variation displayed in samples from the same period, suggesting
inter-individual differences were big to an extent to result incomplete
separation of different period. However, unrelated variation can
withdraw in an orthogonal partial least squares- discriminant analysis
(O2PLS-DA).

O2PLS-DA are extensions to the PLS algorithm, which work
by splitting the variation of the predictor variables into two parts:
variation orthogonal (uncorrelated) to the response and variation
correlated to the response. While the predictive accuracy remains
the same as for conventional PLS, by separating the variation in
this way, interpretation of the model can be improved. In PCA, the
model describes the space corresponding to the highest variance of
the data, while in PLS the space corresponds to that with the highest
covariance between the NMR data and the response variable. This is
most easily explained by O2PLS-DA score plot (Figure 2a), which can
be well manifested by the clear separation among the first four periods.
Nonetheless, sample points from the fourth and fifth period overlaid
on each other, and the sixth period lied very close or even mixed to
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Figure 1: Typical 600 MHz 'H-NMR Spectra of Urine from Crew of MARS-500 Project. Numbers indicates the following metabolites: 1: serotonin (Ser); 2: trans-
4-hydroxy-L-proline (Hyp); 3: L-glutamine (GIn); 4: indole-3-acetate (IAA); 5: creatinine (Cn); 6: xanthine (Xa); 7: xanthosine (Xan); 8: glycine (Gly); 9: isovaleric acid
(IVA); 10: o-acetylcarnitine (OAC); 11: threonine (Thr); 12: 3-methyl-2-oxovalerate (MOV); 13: isobutyrate (IB); 14: 3-hydroxybutyrate (3-HB); 15: methylmalonate
(MMA); 16: isoleucine (ile); 17: lactate (Lac); 18: alanine (Ala); 19: N-acetylglutamate (NAG); 20: pyruvate (Py);21: succinate (Suc); 22: a-ketoglutarate (Kg); 23:
citrate (Cit); 24: dimethylamine (DMA); 25: trimethylamine (TMA); 26: glycerophosphorylcholine (GPC); 27: trimethylamine N-oxide (TMAO); 28: taurine (Tau);
29: creatine (Cr); 30: hippurate (Hip); 31: phenylacetylglycine (PAG); 32: 3-Methylhistidine (3-MH); 33: 3-hydroxymandelate (3-HM); 34: Methylhistidine (MH); 35:
melatonin (Mel); 36: salicylurate (Sal); 37: N-methylnicotinamide (NMND); 38: trigonelline (Tri); 39: IMP; 40: NADH; 41: imidazole (Imi); 42: formic acid (For); 43:

oxypurinol (Oxy).
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Figure 2: OPLS-DA Score Plot of the Six Collections over 520 Days. a,
data from different period were marked by varied symbol styles and color
codes: 1st period (red circle), 2nd period (blue box), 3rd period (turquoise
triangle), 4th period (purple inverted triangle), 5th period (blue diamond),
and 6th period (black pentagon); b, Permutations plot for O2PLS-DA Model
with 200 iterations. The green and blue line each represents regression
line of R? and Q? value, then all blue Q*-values to the left are lower than
the original points to the right and the blue regression line of the Q*points
intersects the vertical axis (on the left) below zero, thus strongly indicating
that the original model was valid.

Biomarkers responsible for the big changes caused by 520 days’
isolation: Metabolites associated with the biological changes were
initially screened referring to the VIP value which was derived from
O2PLS-DA model, and these metabolites were further tested by one-
way analysis of variance (ANOVA), followed by post-hoc analyses.
Afterwards, a total of 20 metabolites, as displayed in Table 2, were
significantly changed in their relative concentration and contributed to
discriminate the big biological changes during 520 days’ isolation. The
trends of the 27 metabolites in six periods were therefore performed as
box plots with a significant level adjusted by a p value (Figure 3).

Loadings of O2PLS-DA model and one-way ANOVA analysis
(Table 2) showed that the most contributive and discriminating
biomarker was serotonin (p=1.60 x 10”%, VIP=3.998), and serotonin had

O2PLS-DA model |SS DF MS F p SD
Total corr.! 470 470 1 - - 1
Regression? 159.732 130 1.2287 1.34645 0.01778 1.10847
Residual® 310.268 340 0.91255 - - 0.95528

1, Total corrected: SS of the Y of the training set corrected for the mean. 2,
Regression: fraction of total corrected SS accounted for by the PLS or OPLS
model, here estimated by CV. 3, Residual: difference between total corrected and
regression S8, that is, the fraction of total corrected unaccounted for by the PLS
or OPLS model.

Abbreviations: SS: the sum of squares (SS(d)) and (SS(e)), DF: degree of freedom,
MS: the corresponding mean squares

the fourth or fifth period. On the other hand, a global observation
showed that sample points derived from different periods seemed to
drift out from the first period to the farthest third period step by step,
then restored from the third period to the sixth period which was very
close to the first period but yet clearly separated from each other. The
good validity of O2PLS-DA model was further proved by the plot of
permutation test (Figure 2b) and CV-ANOVA table of 7 fold cross-
validation (Table 1). For instance, viewed from Figure 2b, all blue Q*-
values to the left were lower than the original points to the right and
the blue regression line of the Q*-points intersects the vertical axis (on
the left) below zero. Moreover, cross-validation demonstrated that the
O2PLS-DA model had a p-value of 0.0177764 which is less than 0.05.
These strongly indicating that the original model was valid.

Table 1: CV-ANOVA in the 7-fold Cross-Validated Residuals of Y-Variable.

Biomarkers Ch:r:?fitcal PLS-DA one-way ANOVA?
Slppm viP p.value FDR®

Serotonin (Ser) 3.308 (1) 3.998 | 6.62E-17 1.79E-15
Melatonin(Mel) 7.192 (s) 1.217 >0.05 -
%‘gg; ophosphorylcholine 5 566y 1611 >0.05 ;
4-Hydroxyproline (Hyp) 3.344 (d) 2.651 | 8.83E-05 2.17E-04
L-Glutamine (GIn) 2156 (m) | 2.507 | 8.79E-14  1.19E-12
N-Acetylglutamate (NAG) 2.048 (s) 1.27 2.59E-03 5.00E-03
Creatine (Cr) 3936(s) 1191 | 1.17E-05  3.93E-05
O-Acetylcarnitine (OAC) 2.148 (s) 2.09 1.53E-07 8.24E-07
?M“é\e;;hy"z'°x°"a'erate 0.832(d) = 1.223 | 225E-02  2.76E-02
Methylmalonate (MMA) 1.120 (d) 152 | 1.19E-02 161E-02
Xanthine (Xa) 7.876(s)  2.387 | 3.26E-03  5.86E-03
Isovaleric acid (IVA) 2200(d) | 2.104 | 1.82E-10  1.64E-09
Succinate (Suc) 2.410 (s) 1.01 1.50E-02 1.93E-02
Citrate (Cit) 2.532 (t) 1.156 | 2.25E-03  4.67E-03
a-Ketoglutarate (Kg) 2.460 (t) 1.445 | 477E-03  8.05E-03
Glycine (Gly) 3560 (s) | 2.248 | 4.94E-08  3.33E-07
Alanine (Ala) 1.484 (d) 1.225 >0.05 -
Threonine (Thr) 3.724 (m) | 2.042 | 1.13E-06  5.07E-06
é\,’\l',\’/‘l",\leé;‘y'“'cm'”am'de 8936 (d) 1965 7.75E-03  1.16E-02
3-hydroxymandelate ;.4 (q) 1238 7.86E-05  2.17E-04
(Hym)

Taurine (Tau) 3.344(t) | 2.651 | 8.83E-05  2.17E-04
Hippurate (Hip) 3980 (d) = 1.115 | 6.66E-03  1.06E-02
Indole-3-acetate (IAA) 7492(d) = 2633 | 156E-03 3.51E-03
?J;’g"’xybenz"'c acd  7770(d) | 1717 >0.05 -
Imidazole (Imi) 8.340 (s) 1.226 >0.05 -

Table 2: Summary of Metabolites with VIP > 1 in the PLS-DA Model of the Six

Crews over Different Periods.
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Figure 3: Line and Bar Plots of Different Biomarkers Conjunction with a Significant Level. Significant level between two continuous period: *p<0.05, **p<0.01
and ***p<0.001; comparing with period two: #*p<0.05, #p<0.01 and ##p<0.001; and comparing period six with period one: °p<0.05, °p<0.01 and °p<0.001. One-way
ANOVA with posthoc Bonferroni test). Data of sleep time was derived from the first volunteer and this data was provided by Ke Lv, et al.

been proved to be a biochemical messenger and regulator. Nonetheless, different stimuli, for instant, tension, aggressive behavior and rhythmic
serotonin in the nervous system acts as a local transmitter at synapses, motor patterns [19]. In addition, the trends of serotonin had been
and as a paracrine or hormonal modulator of circuits upon diffusion, described by a boxplot (Figure 3a) with the six periods being the time
allowing a wide variety of "state-dependent” behavioral responses to axis. Viewed from Figure 3a, the relative concentration of serotonin
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markedly increased from the 1st period to the 2nd where it reached
the largest, resulting in the appearance of inflection point. Practically,
in the MARS-500 simulation programme, the six crews were sent from
outside to the MARS-500 experiment unit from the first period to the
second. Thus, it is reasonable to believe that such a large change in their
living environment could cause a great increase in the concentration
of serotonin. Subsequently, the relative concentration of serotonin
went through a rapid decrease from the second to the end. Thus may
be a flexibility of the subjects. Particularly, Wang Y, et al. [20], had
conducted a questionnaire-based investigation of emotional responses
and psychological adaptation over 520 days’ isolation, and results had
demonstrated an obvious bias on valence rating for unpleasant stimuli
with time (p<0.05), thus may explain the elevation of serotonin at
period two. Furthermore, the presence of increased psychosocial issues
caused by long-term isolation had been proved by many researches
[21-26]. Thus these results suggested that physiological problems are
very serious in an isolated environment.

Melatonin is implicated in the regulation of the circadian
rhythms of several biological functions, including the sleep-wake
cycle. In particular, melatonin regulates the sleep-wake cycle by
chemically causing drowsiness and lowering the body temperature
[27]. A tendency chart demonstrates a negative association between
melatonin and sleep time at each period and one exception-period
five (Figure 3b), that is an increase in relative intensity of melatonin
when the sleep time had deceased, and this might be an adaption of
organism. In addition, a decrease in sleep time at period two may be
caused by differences in living conditions and increase at period three
maybe regard as an adaptation. Whereas, a sustaining decrease in the
last three periods might be caused by bad physiological problems.
Changing in circadian rhythms under an isolated environment has
also been reported in many publications [28-30]. It has been shown
that sleep time had decreased for people when they were pooled
into an isolated and predefined space. These changing in circadian
rhythms may account for bad emotion, such as lonely, tension, and
depression.

Variation in the relative concentration of metabolites including
4-hydroxyproline, L-glutamine, creatinine, and N-acetylglutamate
might reflect a change in muscle mass. 4-hydroxyproline is a major
component of the protein collagen and declining levels of urinary
4-hydroxyproline are indicative of muscle loss [31]. L-glutamine
occupies a major proportion of free intracellular amino acids in the
total pool of muscle [32], and degradation level of muscle protein
is associated with content of free amino acids like L-glutamine. The
catabolism of amino acids results in the production of ammonia
(NH?), which is converted into urea in the liver via the urea cycle.
Whereas, carbamyl phosphate synthetase 1 (GPS) catalyzes the initial
and rate limiting step of the urea cycle and is vital for the regulation
of the pathway [33], but its allosteric activator N-acetylglutamate
(NAG), is essential for the function of CPS in the urea cycle [34]. All
in all, decreasing in urinary N-acetylglutamate was an indicative of low
activity of urea cycle, and that might be caused by low muscle mass.
So, decreasing in urinary N-acetylglutamate may be a signal of decline
in total muscle protein. Creatinine or creatine is a breakdown product
of creatine phosphate in muscle [35]. Viewed from Figure 3¢ and 3d,
L-glutamine, creatinine, and N-acetylglutamate had a reduction in a
holistic level comparing with the 1st period (Gln: p=2.91 x 10”% Cn:
p=2.48 x 10°% NAG: p=0.00097), and this reduction exhibits extremely
huge for 4-hydroxyproline (p=0.0048) and L-glutamine (1.13 x 10°¥)
when comparing the fourth period with the third, suggesting a decrease
in muscle mass after 520 days’ isolation.

Altered excretion of urinary tricarboxylic acid cycle [36]
intermediates, including citrate, succinate, and a-ketoglutarate,
might indicate changes in energy expenditure during the isolation.
Especially at the third point, a significant increase (p=0.0064)
in citrate was observed comparing with the second point (Figure
3e). Increased urinary excretion of tricarboxylic acid cycle
(TCA) intermediates indicates a decreased cellular utilization of
these intermediates [37] in crews at period three. Nonetheless,
a-ketoglutarate had significant decreased at period two (p=0.0005)
and period six (p=0.0005), comparing with the initial point.
Succinate exhibited no significant differences between two
sequential periods but only increased at period six when compare
with period two (p=0.0053). These conflicts might be caused by
bypassing pathways like amino acid metabolism.

Asetofmetabolitesincludingglycine, threonineand methylmalonate
reflected a change in protein metabolism. Methylmalonate is a vital
intermediate in the metabolism of fat and protein [38], and it had a
same trend as urinary free amino acid (glycine, threonine). Viewed
from Figure 3f, all these three metabolites had a significant increase
in period two (p<0.05), and decreased in latter four period till all of
them had a same level as initial point in period six. Increasing urinary
excretion of these metabolites might be associated with increased
consumption of endogenous protein.

O-Acetylcarnitine is a transporter that facilitates movement of
acetyl CoA into the matrices of mammalian mitochondria during
the oxidation of fatty acids [39]. Isovaleric acid is a fatty acid which
is related with uptake of polyunsaturated fatty acids [40]. View from
Figure 3g, O-acetylcarnitine had a continuous reduction from the
first period to the sixth period, and it decreased in a very significant
level (6.36 x 107) at the end point comparing with the initial point,
suggesting that energy produced from lipid oxidation decreased at the
last three periods. Isovaleric acid increased markedly at period two
(p=7.81 x 10°) and also decreased at period four observably (p=0.0002).
This might be caused by dietary items. Indeed, dietary composition in
the first three periods is different from that of the last three periods
during MARS-500 project. Foods consumed during the first three
periods were provided by German, while foods consumed in the last
three periods were self-chosen. Differences in excretion of isovaleric
acid might be due to a change in intake of nutrients. Increased urinary
excretion of xanthine (Figure 3h), the product of purine metabolism
demonstrate an increasing level of intracellular reactive oxygen species
(ROS), because ROS can cause increased degradation of adenosine
monophosphate into xanthine [41].

N-methylnicotinamide is an intermediate involving in nicotinic
acid pathway [42], and it had a significant (p=0.0107) elevation
comparing the six period with the first period (Figure 3i), suggesting a
cognitive dysfunction after the 520 days’ isolation. 3-Hydroxymandelate
is a metabolite of catecholamine [43] and it has a notable elevation in the
last three periods comparing with the second period (p<0.01). Taurine
can serve as a neurotransmitter in the brain and have a positive effect
in promoting human cognitive performance [44]. Urinary taurine
had increased at the second period (p=0.0483) and reduced during
the last three periods (p<0.01). Reduction in relative concentrations
of 3-hydroxymandelate and taurine during the last three periods
might also manifest a weakening in cognitive performance, which was
stressed by long-term isolation. Furthermore, it had also been reported
that the crews in MARS-500 project had a decrement in their cognitive
performance during the 520 days’ isolation [45,46]. Moreover, another
several studies conducted on isolated environment also have evidence
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of weakening in cognitive performance [47,48]. However, exercise has
been proven to have some protective effects for cognitive performance
[46].

Alterations in gut microbial-host co-metabolites including indole-
3-acetate and hippurate might indicate changes in gut microbial
activities [49], in which, indole-3-acetate had a persistent elevation
from period one to period six, but only showed significant differences at
period six in contrast with period one (p=0.0012). However, hippurate
showed markedly increasing at period two (p=0.0004) and decreased
during later three periods, but increased at period six. These results
suggested that 520 days’ isolation had an effect on human gut microbial
activities. Meanwhile, a metagenomic analysis of the dynamic changes
of the composition of the intestinal microbiome of five participants of
the MARS-500 experiment had shown that significant changes in the
compositions of the microbiomes occurred just 14-30 days after the
beginning of the experiment as well as a tendency toward a reversion
of the microbiomes to their initial composition was observed two
weeks after the end of the experiment, but complete recovery was not
achieved [5].

Taken together, isolation environment gives a variety of stress
load to human and finally impacts on human psychological and
physiological indexes in multiple way (such as emotion, lipid
metabolism, and gut microbial activities). Moreover, aside from
MARS-500 project, a number of similar expeditions under isolated
and confined environments have found evidence of decrement in the
variables of cognitive performance [50], mood states [25], locomotor
function [47], circadian rhythm and sleep [29], etc. However, results
presented here therefore raised another questions: Did crews from
MARS-500 project present the same responses for these psychological
and physiological indexes?

People differences and its cross-talk with 520-days isolation

Six volunteers each occupy a well-defined region in the broad
metabolic space, and they may have their specific alterations in
responding to 520 days’ isolation environment. Figure 4a and 4b shows
the important features identified by two-way ANOVA analysis, where
a p value less than 0.05 were considered as significant. As seen by Figure
4b, there were five biomarkers (gentisate, hippurate, trans-aconitate,
melatonin, and 2-octenoate) that discriminated the six volunteers at a
significant level, among of which, 3 of them (hippurate, trans-aconitate,
melatonin) were also significant in factor time (days that had sustained
in the MARS-500 module), but only hippurate (host-gut microbial co-
metabolite) is not in the set of factor interactions, suggesting that six
subjects each might have a different gut microbial organ, yet this organ
showed consistent variation during 520 days’ isolation. Another two
(trans-aconitate, and melatonin) were also significant associated with
factor interactions. In contrary with hippurate, urinary excretion of
these two metabolites was different among every subject and changing
at different directions during the isolation. Namely, each of the six
subjects was different in energy expenditure and biological rhythm,
and these two physiological status manifested diverse shift for each
subject during isolation. Thus might explain the conflicts in variation
tendency for succinate, a-ketoglutarate, and citrate which has been
mentioned above. On the other hand, 2-octenoic acid only lied in the
intersection of people differences and interactions, and this metabolite
was significant in discriminating different people but had not notably
alteration during isolation. However, differences in urinary excretion
of 2-octenoic acid might be magnified by subtle effect of isolation,
and this was why 2-octenoic acid just existed in intersection of people
differences and interactions. Moreover, 2-octenoic acid is a normal

organic acid produced by hepatic microsomal oxidation of aliphatic
aldehydes [51] and changes in urinary excretion of it might reflect a
differentliver response to isolation. In addition, there were 3 biomarkers
(biotin, 4-hydroxy-3-methoxymandelate, Nicotinamide N-oxide) were
significant in the intersection of time and interaction, and among of
them, biotin is associated with neurological manifestations [52], and
4-hydroxy-3-methoxymandelate, Nicotinamide N-oxide had been
shown to be associating with cognitive performance [53,54]. Differences
in these three metabolites shed light on that cognitive performance
was not markedly deferred between the six subjects but the subjects
each presented a different response to 520 days’ isolation in cognitive
performance. Finally, inosine was only located in the set of interaction
without any intersection, and inosine degradation of purines and
purine nucleosides to uric acid and in pathways of purine salvage [55],
this suggesting that inosine originally had no significant differences
among the six subjects and didn’t markedly influenced by isolation,
but it presented significant different levels among six subjects, which

Summary of Two-way ANOVA Results

a

People Time

%

Interaction 1307

Time

People differences

gentisate

trans-aconitate

2-octenoate

Interactions

Figure 4: Important Features Selected by two-way ANOVA. Each
circle represents a factor (people differences or time since isolation) which
have great effects on data variation or the major patterns associated with
interaction. a, numbers in this figure refers to the significant chemical shift;
b, metabolites assigned according to chemical shift in a.
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was affect by long term isolation, suggesting that long-term isolation
might have enhanced levels of intracellular reactive oxygen species. All
in all, intersections of those significant biomarkers were indicative of
individual cross-talk with the long-term isolation.

Correlation structure of biomarkers

The correlation structure of biomarkers that descripted the state
of organs in the human body will eventually lead to a functional
understanding of the underlining biological changes. So, inter-
correlations of endogenous biomarkers can infer multi-organic
interactions determined variants in metabolic phenotype that exhibit
large effect sizes. As presented in Figure 5, a positive association of
serotonin, 4-hydroxyproline, and L-glutamine might reflect emotion
affecting muscle mass [56]. Accordingly, strong correlation was also
observed between glycine and metabolites from lipid metabolism, both
of which may be transformed into Acetyl-CoA in latter TCA cycle. In
addition, there were a strong positive correlation between taurine and
the mentioned two groups of metabolites, suggesting that emotion,
degradation of muscle protein, and lipid metabolism had a similar
response to 520 days’ isolation. Taken together, this correlation shed
light on a global physiological regulation of the six crews in coping with
isolated environment.

Correlation structures between urinary metabolites can be used to
map the most affected pathway by isolation at a global level. As shown
in Figure 6, as a chronic stress, 520 days’ isolation caused release of
neurotransmitter (e.g., serotonin) in brain which further leaded to
activation of related enzyme through secretion of hormone. Active

enzyme therefore increased degradation of muscle or inherent protein
and produced free amino acid (e.g., 4-hydroxyproline, and L-glutamine;
glycine, alanine, and taurine) for tissue updating. However, imbalance
between income and consumption of muscle protein caused decreased
extraction of urinary 4-hydroxyproline, and L-glutamine, suggesting a
decline in muscle mass. Furthermore, the stress also caused decrease
in production of energy by -oxidation of lipid, which can be inferred
by decreasing in urinary extraction of O-acetylcarnitine which plays
an important role in S-oxidation of lipid. Nevertheless, heart activities
occupied a main proportional of energy produced by f-oxidation of
lipid, and decrement in -oxidation of lipid may indicate a decrease in
heart activities [57]. Moreover, errors in fat utilization can lead to brain
deterioration like that of Reye's syndrome, gradually worsening muscle
weakness [58]. Under this background, we firstly proposed another
pathway which described a connection between human emotion and
degradation of muscle protein or -oxidation of lipid and this proposal
need many experimental evidences.

Correlations between metabolic profiles and psychological
perturbations

520 days’ isolation environment is a chronic stress to the six crews,
and a significant drift is observed to the subjects in metabolic space
(Figure 2a). Namely, metabolic phenotypes of the subjects drift out
from the first period to the farthest at third period, then gradually
restored from the third to the six periods. However, there still was gap
between the end point and initial point. This suggesting a property
of resilience for metabolic phenotypes, which was in accordance
with previous findings [10]. However, under the totally isolated and
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confined conditions in the MARS-500 habitat over 520 days, organisms
adapted themselves to these perturbations by metabolic control [59]
to meet those changing demands, resulting in a shift in metabotypes
to the preferred metabolic state that an organism aimed to attain,
which exhibited altered concentrations or populations in metabolites
(Table 2). Strikingly, emotion was the most susceptible factor during
the isolation. Feichtinger et al. [4] had shown in their publication that
private communication was very important to the crews’ psychological
state during 520 days’ isolation. However, it yet lacks of underlying
physiological proofs. In contrary, we have found that serotonin might
be served as the biomarker of psychological state, and metabolic control
may be a new strategy in psychological state monitoring. Furthermore,
other groups of biomarkers which were indicative of muscle turnover,
circadian rhythms, energy expenditure, lipid metabolism, oxidative
activity, cognitive performance, and gut-microbial activities may
provide a more comprehensive insight into human state [1-5].

In addition, people differences played an important role in responding
to isolated environment, which has been well descripted by the results
of two-way ANOVA (Figure 4b). In this study, we have presented
those six crews each had their own gut-microbes, but their microbes
exhibited a consistent response to the isolated environment. In contrast,
different crews have been proven to be different in response of cognitive
performance and circadian rhythms to the stress of isolation. What’s
more, alterations of some metabolites (like inosine) that did not contribute
to people differences had been magnified by isolation, although these
metabolites did not significantly discriminate the days for isolation.

Eventually, correlation structure of metabolic biomarkers from
different pathway may reveal an interaction between different organs.
In present study, biomarker which is indicative of emotion has a strong
correlation with that of degradation of muscle protein and f3-oxidation
of lipid. There are some publications proving that emotion can impact
on human cognitive performance [48] and gut-microbial activities [60].
Therefore, it is reasonable to know the correlation in emotion, cognitive
performance, and gut-microbial activities. However, impactions of
emotion on degradation of muscle protein and f-oxidation of lipid
may pick up much interest in future experiment, especially under
isolated conditions.

Conclusion

NMR spectroscopy-based metabonomics [61] is undoubtedly able
to provide a comprehensive and untargeted insight into the metabolic
homeostasis of the human body, then it therefore subscribes the risk
for environmental challenges. Based on metabolic profiles, this study
demonstrated that when human faced with multiple challenges living
under totally isolated and confined conditions, the final metabolic
phonotypes had changed although they exerted some degree of
resilience. In addition, people difference might play an important
role in response to the isolation as trams-aconitate and melatonin
discriminated both people differences and time after 520 days’ isolation
starting (Figure 4). So, our strategies in promoting human healthy
state during future space mission should aim at practice of precision
medicine [62,63]. Namely, reinforcing the human performance to
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revert to his or her specific metabotype through personalized health
care. In short, metabolic strategies provide us a new window into
healthy promotion during future space mission.

Acknowledgement

This project was supported by the State Key Lab of Space Medicine

Fundamentals and Application, Astronaut center of China. We gratefully
acknowledge State Key Lab of Space Medicine Fundamentals and Application for
financial support (SMFA11A03), as well as Natural Science Foundation of China
(Contract No. 81202612).

References

1.

o

Tafforin C (2013) The MARS-500 crew in daily life activities: An ethological
study. Acta Astronaut 91: 69-76.

Schneider S, Abeln V, Popova J, Fomina E, Jacubowski A, et al. (2013) The
influence of exercise on prefrontal cortex activity and cognitive performance
during a simulated space flight to MARS (MARS500). Behav Brain Res 236:
1-7.

Rakova N, Juttner K, Dahlmann A, Schroder A, Linz P, et al. (2013) Long-term
space flight simulation reveals infradian rhythmicity in human Na+ balance. Cell
Metab 17: 125-131.

Feichtinger E, Charles R, Urbina D, Sundblad P, Fuglesang C, et al. (2012)
MARS-500-A testbed for psychological crew support during future human
exploration missions. Aerospace Conference 2012 IEEE 1-17.

Mardanov AV, Babykin MM, Beletsky AV, Grigoriev Al, Zinchenko VV, et al.
(2013) Metagenomic Analysis of the Dynamic Changes in the Gut Microbiome
of the Participants of the MARS-500 Experiment, Simulating Long Term Space
Flight. Acta Naturae 5: 116.

Nicholson JK, Lindon JC, Holmes E (1999) 'Metabonomics": understanding
the metabolic responses of living systems to pathophysiological stimuli
via multivariate statistical analysis of biological NMR spectroscopic data.
Xenobiotica 29: 1181-1189.

Holmes E, Loo RL, Stamler J, Bictash M, Yap IK, et al. (2008) Human metabolic
phenotype diversity and its association with diet and blood pressure. Nature
453: 396-400.

Nicholson JK, Holmes E, Kinross JM, Darzi AW, Takats Z (2012) Metabolic
phenotyping in clinical and surgical environments. Nature 491: 384-392.

Emwas AH, Luchinat C, Turano P, Tenori L, Roy R, et al. (2015) Standardizing
the experimental conditions for using urine in NMR-based metabolomic studies
with a particular focus on diagnostic studies: a review. Metabolomics 4: 872-894.

. Veronica G, Edoardo S, Leonardo T, Michael A, Claudio L (2015) Allostasis
and resilience of the human individual metabolic phenotype. J Proteome Res
14: 2951-2962.

11. He X, Slupsky CM (2014) Metabolic Fingerprint of Dimethyl Sulfone (DMSQO2)

in Microbial-Mammalian Co-metabolism. J Proteome Res 13: 5281-5292.

12. Tomassini A, Vitalone A, Marini F, Pratico G, Sciubba F, et al. (2015) '"H NMR-

Based Urinary Metabolic Profiling Reveals Changes in Nicotinamide Pathway
Intermediates Due to Postnatal Stress Model in Rat. J Proteome Res 13: 5848-
5859.

13. Lindon JC, Nicholson JK, Holmes E, Everett JR (2000) Metabonomics:

metabolic processes studied by NMR spectroscopy of biofluids. Concepts
Magn Reson 12: 289-320.

14. Struck-Lewicka W, Kordalewska M, Bujak R, Mpanga AY, Markuszewski M,

et al. (2015) Urine metabolic fingerprinting using LC—MS and GC-MS reveals
metabolite changes in prostate cancer: A pilot study. J Pharm Biomed Anal
111: 351-361.

15. Gieger C, Geistlinger L, Altmaier E, Hrabe de Angelis M, Kronenberg F, et

al. (2008) Genetics meets metabolomics: a genome-wide association study of
metabolite profiles in human serum. PLoS Genet 4: e1000282.

16. Bjerrum JT, Nielsen OH, Hao F, Tang H, Nicholson JK, et al. (2009)

~

Metabonomics in ulcerative colitis: diagnostics, biomarker identification, and
insight into the pathophysiology. J Proteome Res 9: 954-962.

.Hedjazi L, Gauguier D, Zalloua PA, Nicholson JK, Dumas ME, et al. (2015)
mQTL.NMR: an integrated suite for genetic mapping of quantitative variations
of '"H NMR-based metabolic profiles. Anal Chem 87: 4377-4384.

20.

2

=

22.

2

w

24,

25.

26.

2

<

28.

2

©

30.

3

=

32.

3

w

34.

3

(32}

36.

3

J

38

39.

40.

. Setoh K, Terao C, Muro S, Kawaguchi T, Tabara Y, et al. (2015) Three

missense variants of metabolic syndrome-related genes are associated with
alpha-1 antitrypsin levels. Nat Commun 6:7754.

. De-Miguel FF, Trueta C (2005) Synaptic and extrasynaptic secretion of

serotonin. Cell Mol Neurobiol 25:297-312.

Wang Y, Jing X, Lv K, Wu B, Bai Y, et al. (2014) During the Long Way to Mars:
Effects of 520 Days of Confinement (Mars500) on the Assessment of Affective
Stimuli and Stage Alteration in Mood and Plasma Hormone Levels. PLoS ONE
9: e87087.

.Kanas N, Sandal G, Boyd JE, Gushin VI, Manzey D, et al. (2009) Psychology

and culture during long-duration space missions. Acta Astronaut 64: 659-677.

Gabriel G, van Baarsen B, Ferlazzo F, Kanas N, Weiss K, et al. (2012) Future
perspectives on space psychology: Recommendations on psychosocial and
neurobehavioural aspects of human spaceflight. Acta Astronaut 81:587-599.

. Palinkas LA, Reedy KR, Shepanek M, Smith M, Anghel M, et al. (2007)

Environmental influences on hypothalamic—pituitary—thyroid function and
behavior in Antarctica. Physiol Behav 92: 790-799.

Palinkas LA, Houseal M (2000) Stages of change in mood and behavior during
a winter in Antarctica. Environ Behav 32: 128-141.

Bolmont B, Thullier F, Abraini JH (2000) Relationships between mood states
and performances in reaction time, psychomotor ability, and mental efficiency
during a 31-day gradual decompression in a hypobaric chamber from sea level
to 8848 m equivalent altitude. Physiol Behav 71: 469-476.

Palinkas LA, Suedfeld P (2008) Psychological effects of polar expeditions.
Lancet 371: 153-163.

. Boutin JA, Audinot V, Ferry G, Delagrange P (2005) Molecular tools to study

melatonin pathways and actions. Trends Pharmacol Sci 26:412-419.

Stampi C (2004) Sleep and circadian rhythms in space. J Clin Pharmacol 34:
518-534.

. Mallis MM, DeRoshia CW (2005) Circadian rhythms, sleep, and performance in

space. Aviat Space Environ Med 76: B94-B107.

Basner M, Dinges DF, Mollicone D, Ecker A, Jones CW, et al. (2013) Mars
520-d mission simulation reveals protracted crew hypokinesis and alterations
of sleep duration and timing. Proc Natl Acad Sci USA 110: 2635-2640.

. Nogueira ADC, Vale RG, Gomes AL, Dantas EH (2011) The effect of muscle

actions on the level of connective tissue damage. Res Sports Med 19: 259-270.

First P, Albers S, Stehle P (1986) Stress-induced intracellular glutamine
depletion. The potential use of glutamine-containing peptides in parenteral
nutrition. Beitr Infusionther Klin Ernahr 17: 117-136.

. Dercksen M, ljlst L, Duran M, Mienie LJ, van Cruchten A, et al. (2014) Inhibition

of N-acetylglutamate synthase by various monocarboxylic and dicarboxylic
short-chain coenzyme A esters and the production of alternative glutamate
esters. Biochim Biophys Acta 1842: 2510-2516.

Meijer AJ, Lof C, Ramos IC, Verhoeven AJ (1985) Control of ureogenesis. Eur
J Biochem 148: 189-196.

. Kiriyama S (2012) Biological quality of dietary protein and urinary nitrogen

metabolites.

Krebs HA, Lowenstein JM (1960) The tricarboxylic acid cycle. Metabolic
pathways 1: 129-203.

. Seyfried F, Li JV, Miras AD, Cluny NL, Lannoo M, et al. (2012) Urinary

phenotyping indicates weight loss-independent metabolic effects of Roux-en-Y
gastric bypass in mice. J Proteome Res 12: 1245-1253.

.Xu J, Cheng KK, Yang, Z, Wang C, Shen G, et al. (2015) 'H NMR

Metabolic Profiling of Biofluids from Rats with Gastric Mucosal Lesion
and Electroacupuncture Treatment. Evidence-Based Complementary and
Alternative Medicine 501: 801691.

Sun R, Zhang J, Yin L, Pu Y (2014) Investigation into variation of endogenous
metabolites in bone marrow cells and plasma in C3H/He mice exposed to
benzene. Int J Mol Sci 15: 4994-5010.

Provenzano JC, Rbgas IN, Tavares LFD, Neves BC, Siqueira JF (2015) Short-
chain Fatty Acids in Infected Root Canals of Teeth with Apical Periodontitis
before and after Treatment. J Endod 41:831-835.

Metabolomics
ISSN: 2153-0769 JOM an open access journal

Volume 5 « Issue 4 « 1000155


http://www.sciencedirect.com/science/article/pii/S0094576513001513
http://www.sciencedirect.com/science/article/pii/S0094576513001513
http://www.ncbi.nlm.nih.gov/pubmed/22944515
http://www.ncbi.nlm.nih.gov/pubmed/22944515
http://www.ncbi.nlm.nih.gov/pubmed/22944515
http://www.ncbi.nlm.nih.gov/pubmed/22944515
http://www.ncbi.nlm.nih.gov/pubmed/23312287
http://www.ncbi.nlm.nih.gov/pubmed/23312287
http://www.ncbi.nlm.nih.gov/pubmed/23312287
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6187396&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F6178851%2F6186985%2F06187396.pdf%3Farnumber%3D6187396
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6187396&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F6178851%2F6186985%2F06187396.pdf%3Farnumber%3D6187396
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6187396&url=http%3A%2F%2Fieeexplore.ieee.org%2Fiel5%2F6178851%2F6186985%2F06187396.pdf%3Farnumber%3D6187396
http://www.ncbi.nlm.nih.gov/pubmed/24303207
http://www.ncbi.nlm.nih.gov/pubmed/24303207
http://www.ncbi.nlm.nih.gov/pubmed/24303207
http://www.ncbi.nlm.nih.gov/pubmed/24303207
http://www.ncbi.nlm.nih.gov/pubmed/10598751
http://www.ncbi.nlm.nih.gov/pubmed/10598751
http://www.ncbi.nlm.nih.gov/pubmed/10598751
http://www.ncbi.nlm.nih.gov/pubmed/10598751
http://www.nature.com/nature/journal/v453/n7193/full/nature06882.html
http://www.nature.com/nature/journal/v453/n7193/full/nature06882.html
http://www.nature.com/nature/journal/v453/n7193/full/nature06882.html
http://www.nature.com/nature/journal/v491/n7424/full/nature11708.html
http://www.nature.com/nature/journal/v491/n7424/full/nature11708.html
http://link.springer.com/article/10.1007%2Fs11306-014-0746-7
http://link.springer.com/article/10.1007%2Fs11306-014-0746-7
http://link.springer.com/article/10.1007%2Fs11306-014-0746-7
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00275
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00275
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00275
http://www.ncbi.nlm.nih.gov/pubmed/25245235
http://www.ncbi.nlm.nih.gov/pubmed/25245235
http://www.ncbi.nlm.nih.gov/pubmed/25299838
http://www.ncbi.nlm.nih.gov/pubmed/25299838
http://www.ncbi.nlm.nih.gov/pubmed/25299838
http://www.ncbi.nlm.nih.gov/pubmed/25299838
http://onlinelibrary.wiley.com/doi/10.1002/1099-0534(2000)12:5%3C289::AID-CMR3%3E3.0.CO;2-W/abstract
http://onlinelibrary.wiley.com/doi/10.1002/1099-0534(2000)12:5%3C289::AID-CMR3%3E3.0.CO;2-W/abstract
http://onlinelibrary.wiley.com/doi/10.1002/1099-0534(2000)12:5%3C289::AID-CMR3%3E3.0.CO;2-W/abstract
http://www.ncbi.nlm.nih.gov/pubmed/25684700
http://www.ncbi.nlm.nih.gov/pubmed/25684700
http://www.ncbi.nlm.nih.gov/pubmed/25684700
http://www.ncbi.nlm.nih.gov/pubmed/25684700
http://www.ncbi.nlm.nih.gov/pubmed/19043545
http://www.ncbi.nlm.nih.gov/pubmed/19043545
http://www.ncbi.nlm.nih.gov/pubmed/19043545
http://www.ncbi.nlm.nih.gov/pubmed/19860486
http://www.ncbi.nlm.nih.gov/pubmed/19860486
http://www.ncbi.nlm.nih.gov/pubmed/19860486
http://www.ncbi.nlm.nih.gov/pubmed/25803548
http://www.ncbi.nlm.nih.gov/pubmed/25803548
http://www.ncbi.nlm.nih.gov/pubmed/25803548
http://www.ncbi.nlm.nih.gov/pubmed/26174136
http://www.ncbi.nlm.nih.gov/pubmed/26174136
http://www.ncbi.nlm.nih.gov/pubmed/26174136
http://www.ncbi.nlm.nih.gov/pubmed/16047543
http://www.ncbi.nlm.nih.gov/pubmed/16047543
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0087087
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0087087
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0087087
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0087087
http://www.sciencedirect.com/science/article/pii/S0094576508003883
http://www.sciencedirect.com/science/article/pii/S0094576508003883
http://www.sciencedirect.com/science/article/pii/S0094576512003232
http://www.sciencedirect.com/science/article/pii/S0094576512003232
http://www.sciencedirect.com/science/article/pii/S0094576512003232
http://www.ncbi.nlm.nih.gov/pubmed/17628620
http://www.ncbi.nlm.nih.gov/pubmed/17628620
http://www.ncbi.nlm.nih.gov/pubmed/17628620
http://www.ncbi.nlm.nih.gov/pubmed/11542941
http://www.ncbi.nlm.nih.gov/pubmed/11542941
http://www.ncbi.nlm.nih.gov/pubmed/17655924
http://www.ncbi.nlm.nih.gov/pubmed/17655924
http://www.ncbi.nlm.nih.gov/pubmed/15992934
http://www.ncbi.nlm.nih.gov/pubmed/15992934
http://onlinelibrary.wiley.com/doi/10.1002/j.1552-4604.1994.tb04996.x/abstract
http://onlinelibrary.wiley.com/doi/10.1002/j.1552-4604.1994.tb04996.x/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15943202
http://www.ncbi.nlm.nih.gov/pubmed/15943202
http://www.pnas.org/content/110/7/2635.abstract
http://www.pnas.org/content/110/7/2635.abstract
http://www.pnas.org/content/110/7/2635.abstract
http://www.ncbi.nlm.nih.gov/pubmed/21988268
http://www.ncbi.nlm.nih.gov/pubmed/21988268
http://www.ncbi.nlm.nih.gov/pubmed/3120690
http://www.ncbi.nlm.nih.gov/pubmed/3120690
http://www.ncbi.nlm.nih.gov/pubmed/3120690
http://www.ncbi.nlm.nih.gov/pubmed/23643712
http://www.ncbi.nlm.nih.gov/pubmed/23643712
http://www.ncbi.nlm.nih.gov/pubmed/23643712
http://www.ncbi.nlm.nih.gov/pubmed/23643712
http://www.ncbi.nlm.nih.gov/pubmed/3979393
http://www.ncbi.nlm.nih.gov/pubmed/3979393
http://www.ncbi.nlm.nih.gov/pubmed/23336719
http://www.ncbi.nlm.nih.gov/pubmed/23336719
http://www.ncbi.nlm.nih.gov/pubmed/23336719
http://www.hindawi.com/journals/ecam/2015/801691/
http://www.hindawi.com/journals/ecam/2015/801691/
http://www.hindawi.com/journals/ecam/2015/801691/
http://www.hindawi.com/journals/ecam/2015/801691/
http://www.ncbi.nlm.nih.gov/pubmed/24658442
http://www.ncbi.nlm.nih.gov/pubmed/24658442
http://www.ncbi.nlm.nih.gov/pubmed/24658442
http://www.ncbi.nlm.nih.gov/pubmed/25799538
http://www.ncbi.nlm.nih.gov/pubmed/25799538
http://www.ncbi.nlm.nih.gov/pubmed/25799538

Citation: Chen P, Yu Y, Dong H, Li H, Huang J, et al. (2015) Urinary Metabolic Profiling of ‘MARS-500 Project’ with Nuclear Magnetic Resonance
Spectroscopy. Metabolomics 5: 155. doi:10.4172/2153-0769.1000155

Page 12 of 12

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Miraloglu M, Kurutas EB, Ciragil P (2014) Biological variations of Xanthine
oxidase and myeloperoxidase in sterile human urine. Advance Laboratory
Medicine International 4: 9-16.

Kesisoglou F, Rossenu S, Farrell C, Van Den Heuvel M, Prohn M, et al. (2014)
Development of In Vitro—In Vivo Correlation for Extended-Release Niacin
After Administration of Hypromellose-Based Matrix Formulations to Healthy
Volunteers. J Pharm Sci 103: 3713-3723.

Midgley JM, Couch MW, Crowley JR, Williams CM (1979) Identification and
quantitative determination of o- and m-hydroxymandelic acid in human urine.
Biomed Mass Spectrom 6:485-490.

Lee JK, Ang WH, Ng JW, Fan PW, Teo YS, et al. (2014) Effects of a
carbohydrate-electrolyte solution on cognitive performance following exercise-
induced hyperthermia in humans. J Int Soc Sports Nutr 11: 1-7.

Belavy DL, Gast U, Daumer M, Fomina E, Rawer R, et al. (2013) Progressive
Adaptation in Physical Activity and Neuromuscular Performance during 520d
Confinement. PLoS One 8: e60090.

Sandal GM, Leon G, Palinkas LA (2007) Human challenges in polar and space
environments. Life in Extreme Environments 399-414.

Reed HL, Reedy KR, Palinkas LA, Van Do N, Finney NS, et al. (2001)
Impairment in cognitive and exercise performance during prolonged Antarctic
residence: effect of thyroxine supplementation in the polar triiodothyronine
syndrome. J Clin Endocrinol Metab 86: 110-116.

Eddy DR, Schiflett SG, Schlegel RE, Shehab RL (1998) Cognitive performance
aboard the life and microgravity spacelab. Acta Astronaut 43: 193-210.

Nyangale EP, Mottram DS, Gibson GR (2012) Gut microbial activity,
implications for health and disease: the potential role of metabolite analysis. J
Proteome Res 11: 5573-5585.

Palinkas LA, Keeton KE, Shea C, Leveton LB (2011) Psychosocial
Characteristics of Optimum Performance in Isolated and Confined
Environments.

Guneral F, Bachmann C (1994) Age-related reference values for urinary
organic acids in a healthy Turkish pediatric population. Clin Chem 40: 862-866.

52.

53.

54.

55.

56.

57.

58.

59

60.

61.

62.

63.

Bottin L, Prud’hon S, Guey S, Giannesini C, Wolf B, et al. (2015) Biotinidase
deficiency mimicking neuromyelitis optica: Initially exhibiting symptoms in
adulthood. Mult Scler 21:1604-1647.

Raw I, Schmidt BJ, Merzel J (1984) Catecholamines and congenital pain
insensitivity. Braz J Med Biol Res 17:271-279.

Mrochek JE, Jolley RL, Young DS, Turner WJ (1976) Metabolic response of
humans to ingestion of nicotinic acid and nicotinamide. Clin Chem 22:1821-
1827.

Bhattacharyya S, Bakshi R, Logan R, Ascherio A, Macklin E, et al. (2014) Oral
Inosine Persistently Elevates Plasma Antioxidant Capacity in Early Parkinson’s
Disease (S37. 009). Neurology 82: S37. 009.

Theorell T, Harms-Ringdahl K, Ahlberg-Hulten G, Westin B (1990) Psychosocial
job factors and symptoms from the locomotor system--a multicausal analysis.
Scand J Rehabil Med Suppl 23: 165-173.

Vescovo G, Ravara B, Gobbo V, Dalla Libera L (2005) Inflammation and
perturbation of the I-carnitine system in heart failure. Eur J Heart Fail 7:997-
1002.

Peluso G, Petillo O, Margarucci S, Grippo P, Melone MA, et al. (2005)
Differential carnitine/acylcarnitine translocase expression defines distinct
metabolic signatures in skeletal muscle cells. J Cell Physiol 203:439-4346.

. Sajitz-Hermstein M, Nikoloski Z (2013) Structural control of metabolic flux.

PLoS Comput Biol 9:e1003368.

Stilling RM, Dinan TG, Cryan JF (2014) Microbial genes, brain & behaviour—
epigenetic regulation of the gut-brain axis. Genes Brain Behav 13: 69-86.

Lenz EM, Bright J, Wilson ID, Morgan SR, Nash AFP (2003) A 'H NMR-based
metabonomic study of urine and plasma samples obtained from healthy human
subjects. J Pharm Biomed Anal 33: 1103-1115.

Mirnezami R, Nicholson J, Darzi A (2012) Preparing for precision medicine. N
Engl J Med 366: 489-491.

Fan TWM (1996) Metabolite profiing by one-and two-dimensional NMR
analysis of complex mixtures. Prog Nucl Magn Reson Spectrosc 28: 161-219.

Metabolomics
ISSN: 2153-0769 JOM an open access journal

Volume 5 « Issue 4 « 1000155


http://www.scopemed.org/?mno=150883
http://www.scopemed.org/?mno=150883
http://www.scopemed.org/?mno=150883
http://www.ncbi.nlm.nih.gov/pubmed/25256703
http://www.ncbi.nlm.nih.gov/pubmed/25256703
http://www.ncbi.nlm.nih.gov/pubmed/25256703
http://www.ncbi.nlm.nih.gov/pubmed/25256703
http://www.ncbi.nlm.nih.gov/pubmed/534686
http://www.ncbi.nlm.nih.gov/pubmed/534686
http://www.ncbi.nlm.nih.gov/pubmed/534686
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221684/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221684/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4221684/
http://www.ncbi.nlm.nih.gov/pubmed/23555896
http://www.ncbi.nlm.nih.gov/pubmed/23555896
http://www.ncbi.nlm.nih.gov/pubmed/23555896
http://link.springer.com/chapter/10.1007%2F978-1-4020-6285-8_25
http://link.springer.com/chapter/10.1007%2F978-1-4020-6285-8_25
http://www.ncbi.nlm.nih.gov/pubmed/11231986
http://www.ncbi.nlm.nih.gov/pubmed/11231986
http://www.ncbi.nlm.nih.gov/pubmed/11231986
http://www.ncbi.nlm.nih.gov/pubmed/11231986
http://www.ncbi.nlm.nih.gov/pubmed/11541924
http://www.ncbi.nlm.nih.gov/pubmed/11541924
http://www.ncbi.nlm.nih.gov/pubmed/23116228
http://www.ncbi.nlm.nih.gov/pubmed/23116228
http://www.ncbi.nlm.nih.gov/pubmed/23116228
http://ston.jsc.nasa.gov/collections/trs/_techrep/TM-2011-216149.pdf
http://ston.jsc.nasa.gov/collections/trs/_techrep/TM-2011-216149.pdf
http://ston.jsc.nasa.gov/collections/trs/_techrep/TM-2011-216149.pdf
http://www.ncbi.nlm.nih.gov/pubmed/8087979
http://www.ncbi.nlm.nih.gov/pubmed/8087979
http://www.ncbi.nlm.nih.gov/pubmed/26203071
http://www.ncbi.nlm.nih.gov/pubmed/26203071
http://www.ncbi.nlm.nih.gov/pubmed/26203071
http://www.ncbi.nlm.nih.gov/pubmed/6085021
http://www.ncbi.nlm.nih.gov/pubmed/6085021
http://www.ncbi.nlm.nih.gov/pubmed/135660
http://www.ncbi.nlm.nih.gov/pubmed/135660
http://www.ncbi.nlm.nih.gov/pubmed/135660
http://www.neurology.org/content/82/10_Supplement/S37.009
http://www.neurology.org/content/82/10_Supplement/S37.009
http://www.neurology.org/content/82/10_Supplement/S37.009
http://www.ncbi.nlm.nih.gov/pubmed/1962160
http://www.ncbi.nlm.nih.gov/pubmed/1962160
http://www.ncbi.nlm.nih.gov/pubmed/1962160
http://www.ncbi.nlm.nih.gov/pubmed/16227137
http://www.ncbi.nlm.nih.gov/pubmed/16227137
http://www.ncbi.nlm.nih.gov/pubmed/16227137
http://www.ncbi.nlm.nih.gov/pubmed/15515015
http://www.ncbi.nlm.nih.gov/pubmed/15515015
http://www.ncbi.nlm.nih.gov/pubmed/15515015
http://www.ncbi.nlm.nih.gov/pubmed/24367246
http://www.ncbi.nlm.nih.gov/pubmed/24367246
http://www.ncbi.nlm.nih.gov/pubmed/24286462
http://www.ncbi.nlm.nih.gov/pubmed/24286462
http://www.ncbi.nlm.nih.gov/pubmed/14656601
http://www.ncbi.nlm.nih.gov/pubmed/14656601
http://www.ncbi.nlm.nih.gov/pubmed/14656601
http://www.ncbi.nlm.nih.gov/pubmed/22256780
http://www.ncbi.nlm.nih.gov/pubmed/22256780
ftp://ftp.cigs.unimo.it/pub/CIGS/SOFTWARE/downloads/didattica/Corso_NMR_2008/bruker/Metabolite_profiling.PDF
ftp://ftp.cigs.unimo.it/pub/CIGS/SOFTWARE/downloads/didattica/Corso_NMR_2008/bruker/Metabolite_profiling.PDF

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction 
	Materials and Method 
	MARS-500 experiment 
	Urine collection and storage 
	NMR experiments 
	Data preprocessing 
	Data analysis 

	Results and Discussion 
	1H-NMR peak assignment 
	Metabolic responses to 520 days’ isolation 

	Conclusion
	Acknowledgement 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	References



