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Abstract

Multiple sclerosis (MS) and neuromyelitis optica spectrum disorder (NMOSD) are inflamma-
tory diseases of the central nervous system. Although several studies have characterized
the metabolome in the cerebrospinal fluid (CSF) from MS and NMOSD patients, compara-
tive analyses between them and between the relapse and the remission of each disease
have not been performed. Both univariate and multivariate analyses were used to compare
"H-NMR spectra of CSF from MS, NMOSD, and healthy controls (HCs). The statistical anal-
ysis showed alterations of eight metabolites that were dependent on the disease. Levels of
2-hydroxybutyrate, acetone, formate, and pyroglutamate were higher and levels of acetate
and glucose were lower in both MS and NMOSD. Citrate was lower in MS patients, whereas
lactate was higher in only NMOSD specifically. The shared feature of metabolic changes
between MS and NMOSD may be related to altered energy metabolism and fatty acid bio-
synthesis in the brain. Another analysis to characterize relapse and remission status
showed that isoleucine and valine were down-regulated in MS relapse compared to MS
remission. The other metabolites identified in the disease comparison showed the same
alterations regardless of disease activity. These findings would be helpful in understanding
the biological background of these diseases, and distinguishing between MS and NMOSD,
as well as determining the disease activity.

Introduction

Multiple sclerosis (MS) is the most common autoimmune demyelinating disease of the central
nervous system (CNS) affecting more than two million people around the world [1]. MS is a
complicated disease with many different immune cells involved in its pathogenesis; T cells in
particularly are the most recognized cell type in CNS lesions [2]. Histopathologically, MS is
characterized by inflammation of the CNS, demyelination, and glial scarring. Although the
exact cause remains elusive, MS is considered to arise in genetically susceptible individuals
with environmental factors influencing disease penetrance [3]. Neuromyelitis optica (NMO),
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another inflammatory autoimmune disease of the CNS, is characterized by severe and recur-
rent optic neuritis and longitudinal extensive transverse myelitis [4]. Even though NMO was
traditionally considered a variant of MS, it is now considered a distinct disease based on its
unique biological features. The discovery of a disease-specific immunoglobulin G antibody
(NMO-IgG) that selectively binds aquaporin-4, the most abundant water channel in the CNS
[5, 6], has led to an increased understanding of NMO and broadened the clinical and neuroim-
aging spectrum of NMO [7, 8]. Accordingly, the International Panel for NMO Diagnosis
(IPND) proposed new diagnostic criteria to cover the full spectrum of disease and suggested
use of the unifying term, NMO spectrum disorder (NMOSD) [9].

Diagnosis of MS and NMOSD is based on observed clinical signs and symptoms, in combi-
nation with supporting magnetic resonance imaging (MRI) and laboratory tests [9, 10]. Because
both MS and NMOSD have characteristic clinical courses with episodes of relapse and remis-
sion and share some features, the discrimination of these two diseases is often challenging, espe-
cially in the early stages. Nonetheless, it is essential to make an early, accurate diagnosis as some
MS disease modifying therapies appear to worsen NMOSD [11, 12]. Thus, biological characteri-
zation of the diseases may be a major concern for in-depth understanding of disease status and
predictive test at early stage of MS and NMOSD.

Metabolomics is the systematic study of chemical processes involving metabolites in a bio-
logical system. Metabolites represent the end products in a cell, tissue, organ, or organism.
Metabolic profiling can provide an immediate indication of the physiology of the biological
system being examined [13]. Nuclear magnetic resonance (NMR) spectroscopy-based metabo-
lomics is an important metabolomic tool, having the advantages of being quantitative and
highly reproducible. Applications of NMR based metabolomics have increased in recent years
and it is now widely used in areas such as toxicology, ecology, and epidemiology. It is a valu-
able and powerful platform that simultaneously provides insight into find out insights into the
pathogenesis and mechanisms of a disease [14-18].

Although several studies have characterized the metabolites in the serum [19-23], CSF [20,
24-28] and urine [29] from MS patients, to date a comparative analysis between relapse and
remission episodes have not been performed. Because of the heterogeneity of MS disease as
well as chemometric and technical limitations, the previously reported metabolic profiles were
inconsistent. In the present study, we aimed to identify similar and different metabolic features
between MS and NMOSD and to identify those metabolites that might characterize disease
activity (relapse and remission) using an NMR based metabolomics approach. We compared
the metabolite profile of CSF specimens obtained from healthy controls (HCs), MS, and
NMOSD patients. The statistical analysis of variables from NMR spectra provided several key
disease-specific and disease activity-specific metabolites.

Materials and methods
Patients and CSF samples

CSF samples from 50 patients with MS and 57 patients with NMOSD from the National
Cancer Center were analyzed. Control CSF samples were obtained from 17 HCs who under-
went lumbar puncture to rule out meningitis. Because the CSF sampling of healthy controls
by lumbar puncture is not easy process, the structure of the cohorts have unbalanced classes.
The demographic and clinical data of these patients, including gender, age, dates of sam-
pling, and Expanded Disability Status Scale (EDSS) score, were collected retrospectively
with information regarding disease status (relapse/remission). Diagnoses of MS or NMOSD
were based on the 2010 McDonald criteria and the 2015 International Panel for NMO diag-
nosis (IPND) criteria, respectively [9, 10]. Demographic and clinical characteristics are
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Table 1. Demographic and clinical characteristics of the patients.

Number of patients
Female to male (n)
Age of onset mean / SD" (range)
Age at sampling mean / SD (range)

EDSS ~ Median (range)
Activity of disease (n)

“SD, standard deviation
"*NA, not applicable
"""EDSS, Expanded disability status scale

https://doi.org/10.1371/journal.pone.0181758.t001

control MS NMOSD
17 50 57
13: 4 33:17 51:6
NA™" 30.20/8.06 (14-48) 31.49/13.51 (6-64)
33.35/8.36 (22—49) 36.10/11.56 (14-50) 35.64/11.50 (10-65)
NA 2.0 (0-8.0) 3.5 (0-9.0)
NA Relapse (20) Remission (30) Relapse (36) Remission (21)

summarized in Table 1. This study was approved by the research ethics committee of the
National Cancer Center. All the procedures were carried out in accordance with the Institu-
tional Review Board of National Cancer Center (NCC2014-0416), and written informed
consent was obtained from all subjects.

NMR spectra acquisition and processing

CSF specimens were stored at -80 °C until the NMR experiment. Then, 400 pl of CSF sample
from HCs and patients was mixed with 95 pl stock solution of NMR buffer containing 580 mM
sodium phosphate buffer. The final NMR samples contained 100 mM sodium phosphate buffer
(pH 7.0), 2 mM of trimethylsilyl-propanoic acid (TSP) and 10% D,O. To identify metabolites,
one-dimensional 'H-NOESY NMR pulse sequence (noesygppr1d) was acquired at 298 K on a
Bruker ASCEND III 600 spectrometer equipped with a cryoprobe. The NOESY pulse sequence
was generated with presaturation to suppress the residual water signal. "H-NMR spectrum for
each sample consisted of 256 scans with following parameters: spectral width = 12019.2 Hz,
spectral size = 65536 points, pulse width (90) = 13.0 ps, relaxation delay (RD) = 5.0 s and a mix-
ing time of 10 ms.

For quantitative metabolomics profiling of CSF samples, spectra were processed with Bru-
ker topspin 3.1 (Bruker GmbH, Karlsruhe, Germany) and Chenomx NMR suite 7.7 (Chenomx
Inc., Edmonton, Canada). The identified metabolites were evaluated in 'H-"*C HSQC and 2D
"H-TOCSY spectra. Each free induction decay (FID) was zero-filled to 64,000 points and
transformed with line broadening (LB) = 0.3 Hz. NMR spectra were manually phased by Bru-
ker topspin 3.1 and baseline corrected using Chenomx NMR suite 7.7 and referenced to TSP
at 0.0 ppm. Briefly, the baseline model was built in each spectrum using the algorithm of multi-
point baseline correction.

Statistical analysis and metabolite identification

Thirty-two metabolites were identified using the database stored in Chenomx NMR suite 7.7
and were quantified from the comparison of the internal standard (TSP).

Statistical analysis was performed using the web server-based program, the MetaboAnalyst
(v3.0) for metabolic analysis and interpretation [30, 31]. Additionally, we used the SPSS ver-
sion 23 (IBM). The multivariate analysis was performed as follows. The spectra were classified
into three groups: HCs, MS, and NMOSD patients who were clinically diagnosed. The quanti-
fied metabolites table was pareto-scaled to reduce the influence of quantity variability among
the samples [32].
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The data were first analyzed by principal component analysis (PCA) to lower the dimension-
ality of the data and to acquire an overview by presenting trends, groupings, and potential outli-
ers within the data sets. Samples were considered as outliers when they were situated outside
the 95% confidence ellipse region of the model [33]. In addition, orthogonal partial least squares
discriminant analysis (OPLS-DA) was applied to characterize the group difference. OPLS-DA
maximizes class separation by removing variability irrelevant to class separation and builds a
model detecting potential variables involved in discriminating between classes [34, 35]. Signifi-
cant features were identified based on S-plot. The S-plot from the OPLS-DA model combines
the covariance p[1] against the correlation p(corr)[1] loading profiles. This corresponds to com-
bining the contribution or magnitude (modeled covariation) with the effect and reliability
(modeled correlation) for the model variables with respect to model component scores, respec-
tively [36]. Corresponding Mahalanobis p-values for OPLS-DA score plots were calculated with
PCA/PLS-DA utilities [37] to determine the statistical significance of group separation in the
OPLS-DA score plots. An observed p-value of 0.05 was used to identify statistically significant
group separation. The OPLS-DA models were further characterized by their p-values obtained
from CV-ANOVA (Analysis Of Variance testing of Cross-Validated predictive residuals) [38].
The CV-ANOVA implemented in SIMCA 14.1 (Umetrics AB, Umea, Sweden) was used to
assess the reliability of the obtained models. The quality of the OPLS-DA models was estimated
by R2 (goodness-of-fit) and Q2 (ability-of prediction) parameters. The 1,000-random permuta-
tion test was also performed to validate the quality of the model [39].

The univariate analysis was performed to identify metabolites contributing to the discrimi-
nation among groups. The normality and equality of variance of the quantified concentrations
of metabolites were evaluated using SPSS. All variables did not satisty the normality (based on
the Kolmogorov-Smirnov test) and equality of variance (based on the Levene’s test). Thus, the
non-parametric Kruskal-Wallis test was adopted for this purpose. The multiple comparison
between groups was adjusted with Bonferroni’s correction [40]. For the multiple testing cor-
rection, acquired p-values were adjusted using Benjamini and Hochberg False Discovery Rate
(FDR) [41].

To characterize the disease activity in relapse and remission, each disease group (MS and
NMOSD) were divided into two groups based on disease activity as follows: relapse group and
remission group. For this analysis, we excluded four and five samples with steroid-treated
relapse in MS and NMOSD patients, respectively. Because steroid treatment can extensively
affect the metabolic status of patients, the metabolic characterization of relapse status can be
interfered without omission of these samples. The statistical analysis was performed by follow-
ing the process described above.

Biomarker analyses for multiple biomarkers based on the Receiver Operating Character-
istic (ROC) curve were performed. ROC analysis was utilized to evaluate the values of dif-
ferent metabolites for disease discrimination by assessing the area under the ROC curve
(AUCQ), sensitivity, and specificity [42]. The algorithms for ROC curve calculation of multi-
variate biomarker were based on OPLS-DA models. ROC curves were generated using
7-fold internal cross validated predicted y-values from OPLS-DA model in the SIMCA pro-
gram (Ver. 14.1). It is important to find the most appropriate combination of metabolites
which can produce an effective prediction power. In OPLS-DA model, potential biomarker
candidates were selected based on values of variable importance in project (VIP) of all vari-
ables. The VIP value of each variable in the model was calculated to indicate its contribu-
tion the separation. A higher VIP value represents a stronger contribution to classification
between groups [43]. The optimal number of metabolites was obtained based on the AUC
values.
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Results

Metabolic characteristics of MS and NMOSD: Multivariate modeling and
univariate analysis

A "H NMR spectrum was acquired for each of the 124 CSF samples collected from 17 HCs, 50
(Relapse 20 and Remission 30) MS patients and 57 NMOSD patients (Relapse 36 and Remis-
sion 21) (Table 1).

A total of 32 metabolites identified from the CSF analyses were shown in S1 Table, with a
mean concentration and standard deviation. PCA was first applied to each group of samples to
explore the basic group differentiation. The PCA scatter plot among the two principal compo-
nents covers 81.8% of the quantified metabolites data. PCA analysis showed eight samples
(three from MS patients and five from NMOSD patients) lay outside the borderline of the 95%
confidence ellipse (S1 Fig). Thus, these samples were excluded for further statistical analysis.

OPLS-DA was employed as a supervised statistical method to clarify the discrimination
among the three groups. Fig 1A shows the 2D score plot of OPLS-DA of the three groups. The
result showed a moderate separation of three groups along the components with predictive
abilities (R2 = 0.443, and Q2 = 0.234, S2 Fig). The significance of the model was validated by
the CV-ANOVA (p-value = 2.408e-4). The 1,000 permutation tests showed that both the
empirical p-values of R2Y and Q2 were below 0.001 (0/1000). The Mahalanobis p-value
between two groups (HCs-MS patients, HCs-NMOSD patients and MS-NMOSD) in
OPLS-DA score plot for three groups were 1.016e-5, 7.388e-8 and 2.652e-7, respectively. The
margin of the MS group was more overlapped with both the control and NMOSD groups.
This may imply that the overall metabolic characteristic of MS patient CSF is more diverse
than that of NMOSD patients. The OPLS-DA model between two groups (HCs—MS patients)
showed improved separation: the p-value calculated from the Mahalanobis distances was less
than 0.05 (1.600e-10) and the R2 value was 0.738 and the Q2 value was 0.408 (Fig 1B). The p-
value of CV-ANOVA was below 0.01 (p = 1.544e-7). The permutation test for the OPLS-DA
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Fig 1. OPLS-DA models for group separation. OPLS-DA scores plots are shown. The triangles in the score plot represents the control sample, the cross
signs represent MS patient and the multiplication signs represent NMOSD patients (A). The OPLS-DA models of two groups comparison are shown in B and
C. The triangles in the score plot represent the control sample, the cross signs represent MS and NMOSD patient, respectively. The 95% confidence ellipse of
the group is depicted in light gray. The created OPLS-DA models (A, B, and C) showed the p-values of CV-ANOVA were lower than 0.01 (2.408e-4, 1.544e-7,
and 3.759e-7, respectively). The permutation tests for all models showed the empirical p-values of R2Y and Q2 were below 0.001. The Mahalanobis p-value
between two groups (HCs—MS patients, HCs—NMOSD patients and MS—-NMOSD) in OPLS-DA score plot for three groups were 1.016e-5, 7.388e-8 and
2.652e-7, respectively (A). The Mahalanobis p-values for two group comparison were 1.600e-10 and 4.957e-12, respectively (B and C).

https://doi.org/10.1371/journal.pone.0181758.g001
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model of the two groups showed the observed R2 and Q2 values were higher than those of the
permuted model (p<0.001, S3 Fig), indicating the model was regarded predictable one. As for
NMOSD, the group separation between the control and the NMOSD group was also improved
with the p-values obtained from the Mahalanobis distances (4.957e-12) and satisfactory predic-
tive abilities (R2 = 0.589, Q2 = 0.406, p-value of CV-ANOVA = 3.759%-7) (Fig 1C). All observed
R2 and Q2 values of the OPLS-DA model for HCs and NMOSD patients were higher than
those of the permuted test, revealing predictability and goodness of fit (S3 Fig).

The univariate analysis was performed to identify metabolites contributing to the discrimi-
nation of the groups. We used the non-parametric Kruskal-Wallis test, followed by Bonferro-
ni’s correction for multiple comparison among the three groups. The adjusted p-values were
corrected by the multiple testing correction, Benjamini and Hochberg FDR. The final p-value
that is smaller than 0.05 was considered significant (Table 2). As a result, 2-hydroxybutyrate,
acetone, formate and pyroglutamate were up-regulated in MS and NMOSD groups while glu-
cose and acetate were down-regulated in MS and NMOSD compared with HCs. Interestingly,
two metabolites were changed either in MS patients or in NMOSD patients. Citrate was lower
only in MS patients and lactate and were higher only in NMOSD patients. The S-plot from
OPLS-DA models (Fig 1B and 1C) also revealed that the eight metabolites that are responsible
for the observed separation (Fig 2A and 2B). The box and whisker plots of metabolites using
the quantified concentration are shown in Fig 2C. The representative "H NMR spectra
obtained from the CSF samples of HCs, MS patients and NMOSD patients are shown in S4A-
S4C Fig.

Next, we explored the discriminant candidates of metabolites that separate each disease
group (HCs, MS, NMOSD) against each other using ROC curve analysis. For this, several
grouping such as MS-others, NMOSD-others, and NMOSD-MS were examined and the
grouping of NMOSD-others was found to provide the most discrimination power. The opti-
mal number and composite of biomarkers was determined by monitoring AUC values
obtained from the OPLS-DA. The maximum AUC values were saturated around 5 metabolites
combination (Fig 3A). The potential biomarker candidates were citrate, lactate, glucose, ace-
tone, and acetate that showed the highest VIP value in the model. The achieved AUCs of
NMOSD-others (HCs + MS), MS-NMOSD, and MS-others (HCs + NMOSD) were 0.872,

Table 2. Metabolites with significant difference between the control and patients groups.

P

Metabolite Multiple comparison (adjusted p-value ") FDR Metabo}j& Mean(SD) of group (mM)
change
M N Cc M N
2-hydroxybutyrate "*C-M(0.003) C-N(<0.001) <0.05 <0.05 A A 0.0420 (0.0086) 0.0544 (0.0204) 0.0718 (0.0373)
Acetone C-M(0.001) C-N(<0.001) <0.05 <0.05 A A 0.1112 (0.0364) 0.1868 (0.0864) 0.2135 (0.0627)
Formate C-M(0.003) C-N(0.001) <0.05 <0.05 A A 0.0449 (0.0061) 0.0530 (0.0101) 0.0576 (0.0197)
Pyroglutamate C-M(0.001) C-N(<0.001) <0.05 <0.05 A A 0.0332 (0.0030) 0.0454 (0.0265) 0.0443 (0.0135)
Acetate C-M(0.001) C-N(<0.001) <0.05 <0.05 \Y \Y 0.2993 (0.0033) 0.2626 (0.0565) 0.2563 (0.0396)
Glucose C-M(0.001) C-N(<0.001) <0.05 <0.05 v v 4.5681 (0.2540) 4.0432 (0.6704) 4.1501 (0.9873)
Citrate C-M(0.003) M-N(<0.001) <0.05 <0.05 \Y — 0.4352 (0.0532) 0.3451 (0.0969) 0.4698 (0.1218)
Lactate C-N(0.002) M-N(<0.001) 0.005 <0.05 — A 1.8832 (0.1715) 1.8521 (0.3670) 2.4513 (0.9397)

* Adjusted p-value was calculated by Bonferroni’s correction.

"* C, healthy control; M, MS; N, NMOSD

“** FDR was calculated by Benjamini-Hochberg method.

" Compared to the values of healthy controls, A indicates increase, V indicates decrease, and — indicates no significant change.

https://doi.org/10.1371/journal.pone.0181758.t1002
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Fig 2. The S-plot of OPLS-DA models between two groups of HCs-MS patients (A) and HCs-NMOSD patients (B). Eight metabolites with
significant difference between the control and patients groups (C). The S-plot between two groups of HCs-MS patients (A) and HCs-NMOSD patients
(B) from OPLS-DA are shown and metabolites that were highly contributed to the group separation are depicted on the plots. The triangles represent the
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(mM). Eight metabolites including 2-hydroxybutyrate, acetone, formate, pyroglutamate, acetate, glucose, citrate, and lactate showed significant changes.
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The groups of which the comparison was identified as significant are linked with lines. The horizontal line in the middle portion of the box is median value. The
bottom and top boundaries of boxes represent lower and upper quartile. The open circles represent outliers.

https://doi.org/10.1371/journal.pone.0181758.9002

0.856, and 0.835, respectively (Fig 3B). The result of ROC curve analysis using PLS-DA algo-
rithm showed a slightly lower AUC values than that of OPLS-DA model (S5 Fig). Thus, the
model comparing NMOSD and others showed better discrimination power than the model of
MS-NMO or MS-others. This result may suggest that the combination use of metabolites can
provide a useful tool for the discrimination between MS and NMOSD.

Metabolic characteristic depending on disease activity in MS and
NMOSD patients

The disease activity (relapse and remission) of MS and NMOSD patients was analyzed by com-
paring metabolic changes between two states. The samples of each disease group were sepa-
rated into two groups, relapse and remission, based on disease activity. Multivariate analysis
such as PCA and OPLS-DA were performed separately for MS and NMOSD (control—MS
relapse—MS remission and control—NMOSD relapse—NMOSD remission). PCA analysis
did not show clear separation between groups in both case of MS and NMOSD (S5 Fig). In
PCA score plot, two (1 remission sample, 1 relapse sample in MS) and five (2 remission sam-
ples, 3 relapse samples in NMOSD) outliers were detected, respectively. OPLS-DA was used
to clarify the discrimination among the three groups containing 61 samples (control—MS
relapse—MS remission) and 64 samples (control—NMOSD relapse—NMOSD remission),
respectively. We excluded four and five samples with steroid-treated relapse in MS and
NMOSD patients respectively, to escape potential effect of steroid treatment on the metabolic

changes.
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Fig 3. The ROC curve analysis for the composite metabolites. ROC curves of each group comparison were created by 7-fold cross validated predicted
y-values from OPLS-DA model. The top 2, 3, 5, 10, 20, 32 (max) important variables based on the VIP values from OPLS-DA model were used to build
classification models. The AUC values were obtained from OPLS-DA models of NMOSD-others, NMOSD-MS, and MS-others with combination of
metabolites (A). The combination of five metabolites that showed high importance in the group comparison of NMOSD-others, NMOSD-MS, and MS-others
provided the AUC value, 0.872, 0.856, and 0.835, respectively (B).

https://doi.org/10.1371/journal.pone.0181758.9003
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The univariate analysis showed notable changes of several metabolites depending on the
disease states. The statistical analysis was performed using the quantified concentration of the
changed metabolites (Tables 3 and 4). As a result, 2-hydroxybutyrate, acetone, and formate
were higher and acetate and glucose were lower in both relapse and remission of MS and
NMOSD. The level of pyroglutamate may tend to be higher in both relapse and remission of
MS and NMOSD, even though statistical value was not satisfactory in the case of MS relapse
and remission (p-values <0.05, FDR values > 0.05). In addition, citrate was lower in both
relapse and remission episodes of MS and lactate was higher in both relapse and remission epi-
sodes of NMOSD. These results were consistent with the former comparative analysis between
control and diseases. Notably, there were disease activity-specific changes in two metabolites.
Isoleucine and valine were down-regulated and in MS relapse compared to MS remission. In
the case of NMOSD, isobutyrate might be down-regulated in NMOSD relapse compared to
remission, since statistical requirement was partially satisfied (p-value = 0.002, FDR = 0.064).

The group separation based on OPLS-DA model was also explored for the disease activity
of MS and NMOSD. However, all the two group comparison (relapse-remission) and three
group comparison (control-relapse-remission) could not yield a plausible model. This may
imply that the metabolic feature between the relapse and remission state is not largely different
for the current metabolites set, like as the result of univariate statistics described above. Only
the OPLS-DA model of control—MS relapse—MS remission showed improved prediction
ability (R2 = 0.834, and Q2 = 0.506, S6B Fig) with empirical p-values of R2Y: p < 0.001 (0/
1000) and Q2: p < 0.001 (0/1000) in the permutation test. The p-value of CV-ANOVA was
3.812e-5 for the model, which supports the reliability of the model. The Mahalanobis p-value
between two groups (control-MS relapse, control-MS remission and MS relapse-MS remis-
sion) in OPLS-DA model for three groups were 1.072e-5, 5.926e-9 and 3.517e-2, respectively,
that indicated the statistical significant of group separation. It is noticeable that citrate makes
some contribution to the group separation in the model: compared to the level of citrate in the
remission state, the level of citrate seems to be a little lower in the relapse state while the statis-
tical difference between them was not significant (S6C Fig, Table 3).

Table 3. Metabolites with significant difference between the control and the disease activity of MS.

* %%

Metabolite Multiple comparison (adjusted p-value”) FDR Metabgljg* Mean (SD) of group (mM)
change
RL RM C RL RM
2-hydroxybutyrate "*RL-C(0.003) RM-C(0.002) 0.019<0.05 | A A | 0.0420(0.0086) | 0.0482(0.0260) | 0.0561 (0.0165)
Acetone RL-C(<0.001) RM-C(0.001) <0.05<0.05 | A A | 0.1112(0.0364) | 0.1917 (0.1289) | 0.1844 (0.0599)
Formate RL-C(<0.001) RM-C(0.002) <0.05<0.05 | A A | 0.0449 (0.0061) | 0.0554 (0.0088) | 0.0561 (0.0087)
Acetate C-RL(<0.001) C-RM(0.001) <0.05<0.05 | V V | 0.2994(0.0331) | 0.2376(0.0282) | 0.2748 (0.0659)
Glucose C-RL(<0.001) C-RM(0.007) <0.050.045 | V V | 4.5681(0.2540) | 3.7715(0.8975) | 4.1910 (0.4755)
Citrate C-RL(<0.001) C-RM(0.004) <0.050.03 v V | 0.4352(0.0532) | 0.2973(0.1136) | 0.3592 (0.0654)
Isoleucine RM-RL (0.003) <0.05 [ 0.0079 (0.0013) | 0.0067 (0.0028) | 0.0092 (0.0027)
Valine RM-RL (0.003) <0.05 ! 0.0183 (0.0033) | 0.0149 (0.0055) | 0.0197 (0.0054)
" Adjusted p-value was calculated by Bonferroni’s correction.
"* C, healthy control; RL, relapse; RM, Remission
“** FDR was calculated by Benjamini-Hochberg method.
""" Compared to the values of healthy controls, A indicates increase, and V indicates decrease.
" The level of the metabolite was lowered than that of remission stage.
https://doi.org/10.1371/journal.pone.0181758.t003
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Table 4. Metabolites with significant difference between the control and the disease activity of NMOSD (C, healthy control; RL, relapse; RM,

Remission).
Metabolite

2-hydroxybutyrate

Acetone
Formate
Pyroglutamate
Acetate
Glucose
Lactate
Isoleucine

Multiple comparison
(adjusted p-value™)

"*RL-C(<0.001) RM-C(<0.001)
RL-C(<0.001) RM-C(0.001)
RL-C(0.003) RM-C(0.004)
RL-C(0.006) RM-C(<0.001)
C-RL(<0.001) C-RM(0.001)
C-RL(0.001) C-RM(0.002)
RL-C(<0.001) RM-C(0.002)
RL-C(0.006) RM-C(0.002)

* %%

FDR Metabgljs* Mean (SD) of group(mM)

change

RL RM C RL RM
<0.05 <0.05 A A 0.0420 (0.0086) 0.0757 (0.0437) 0.0697 (0.0303)
<0.05 <0.05 A A 0.1112 (0.0364) 0.2125 (0.0760) 0.2188 (0.0387)
0.0190.018 A A 0.0449 (0.0061) 0.0579 (0.0168) 0.0582 (0.0252)
<0.05 <0.05 A A 0.0332 (0.0030) 0.0426 (0.0142) 0.0437 (0.0080)
<0.05 <0.05 v \Y 0.2993 (0.0331) 0.2460 (0.0393) 0.2732 (0.0306)
<0.05 <0.05 v \Y 4.5681 (0.2540) 3.9866 (0.8970) 4.3001 (1.1814)
<0.05 <0.05 A A 1.8832(0.1715) 2.5498 (0.8466) 2.3316 (1.1543)
<0.05 <0.05 A A 0.0079 (0.0013) 0.0112 (0.0056) 0.01188 (0.0062)

" Adjusted p-value was calculated by Bonferroni’s correction.
"* C, healthy control; RL, relapse; RM, Remission
""" FDR was calculated by Benjamini-Hochberg method.

FHRKK

https://doi.org/10.1371/journal.pone.0181758.t1004

Compared to the values of healthy controls, A indicates increase and V indicates decrease.

Discussion

Our multivariate analysis on MS, and NMOSD indicated the overall metabolic characteristics
of the diseases. Eight metabolites in MS and NMOSD patients were significantly different
from those of healthy people. In both diseases, 2-hydroxybutyrate, acetone, formate and pyro-
glutamate were up-regulated and acetate and glucose were down-regulated. Two metabolites
showed disease-specific changes. Citrate was down-regulated only in MS and lactate was up-
regulated only in NMOSD.

The shared feature of metabolic changes between MS and NMOSD may be related to
altered energy metabolism and fatty acid biosynthesis in the brain (Fig 4). Down regulation of
glucose and citrate (in MS) as well as upregulation of lactate (in NMOSD) may support disrup-
tion of TCA cycle through pyruvate pathway. Acetone is an end product of ketosis, a metabolic
state that produces ketone bodies for use as another fuel for the brain. Both the level of
3-hydroxybutyrate (nonsignificant, p-value > 0.05, not shown) and acetone were higher in
patients than healthy people in our analysis. The significant increase of acetone may imply that
the elevated flux from acetyl-CoA into acetoacetyl-CoA, resulted in production of acetone.
Reduced ATP synthesis may ultimately lead to cell death or degeneration, especially as the
mitochondria generates most of the energy for neuronal cell [44]. Regarding the myelination
of axons, ATP liberated from axons can facilitate myelination by mature oligodendrocytes
through a cytokine, leukemia inhibitory factor (LIF) released from astrocytes [45].

It is not clear whether low levels of glucose are caused by their impaired delivery through
the blood-brain barrier (BBB) and/or by rapid consumption due to increased energy demand
in active MS and NMOSD lesions. Interestingly, the expression level of GLUT1 (SLC2A1), a
major glucose transporter in the BBB, is down-regulated in brain lesions of MS patients [46].
Moreover, a recent "H-NMR study reported reduced levels of serum glucose in MS [28]. Con-
sistently, the observations for disturbed energy generation in CNS diseases including MS were
reported: mitochondrial dysfunctions detected in MS lesions as well as other neurodegenera-
tive diseases were observed by monitoring mitochondrial gene expression levels [47, 48].

The lactate level in the CSF of NMOSD was relatively elevated [49, 50], which is consistent
with the current study results. Lactate is generated by LDH, a large complex consisting of
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https://doi.org/10.1371/journal.pone.0181758.9004

LDHA and LDHB. LDHA produces lactate from pyruvate and LDHB converts lactate into
pyruvate to produce energy. In MS patients, the balanced expression of LDHA and LDHB
depends on whether the MS lesions is active or inactive [51]. The increase of lactate in the CSF
of NMOSD may support the dysfunction of mitochondria because glucose is shunted primarily
to lactate through anaerobic glycolysis in the abnormal state of oxidative glucose metabolism
[52]. In addition, disruption of the astrocyte-neuron lactate shuttle [53, 54] can also be consid-
ered as a cause of unusual level of lactate in NMOSD patients. Glial abnormalities are found in
both MS and NMOSD while astrocytes are especially damaged in NMOSD [55], which may be
linked to our finding of altered lactate only in NMOSD patients. Previous studies showed the
elevation of lactate levels in the CSF were related to disease activity of NMOSD [49, 50], where
patients with relapse showed higher lactate levels compared with patients with remission. Our
data also showed that lactate levels during of relapse (2.549 + 0.846 mM) were higher compared
with remission (2.332 + 1.154 mM), although this was not statistically significant.

A high level of 2-hydroxybutyrate was previously suggested to be an early marker for impaired
glucose regulation [56]. This may arise due to increased lipid oxidation and oxidative stress
because 2-hydroxybutyrate is produced from threonine and methionine catabolism as well as glu-
tathione metabolism. Several studies also suggested the relationship between 2-hydroxybutyrate
and neurodegenerative disorders such as dihydrolipoyl dehydrogenase (E3) deficiency [57] and
cerebral lactic acidosis [58]. 2-hydroxybutyrate is oxidized to 2-oxobutyrate (alpha-ketobutyrate),
which may be transported to the mitochondria and which is prone to oxidative decarboxylation
to produce propionyl-CoA, a TCA cycle intermediate [59]. Interestingly, the interconversion
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between 2-oxobutyrate and 2-hydroxybutyrate is regulated by LDH [60]. Of note, 2-hydroxybu-
tyrate was elevated in the urine of young patients with lactic acidosis [61]. 2-oxobutyrate can be
produced by the direct catabolism of threonine or methionine metabolism through homocysteine
and cystathionine. Cysteine is incorporated into glutathione (GSH), which is the major compo-
nent of the non-enzymatic unit of the cellular antioxidant. Oxidative stress is a common patho-
logical characteristics in neurological diseases, including MS [62]. In elevated oxidative stress
conditions, the flow of cysteine for the formation of GSH is increased [63]. However, a previous
study showed that GSH levels in the CSF of MS patients were significantly lower compared to
controls [64]. The activity of antioxidant enzymes such as GSH reductase and glutathione peroxi-
dase in MS patients was shown to be modified [65].

The level of pyroglutamate commonly increased in both disease of MS and NMOSD. Pyro-
glutamate is another metabolite associated with GSH metabolism. The enzyme glutathione syn-
thetase is important for GSH synthesis from y-glutamylcysteine. Error in the glutathione
synthetase leads to reduced level of GSH and accumulation of y-glutamylcysteine. The y-gluta-
mylcysteine synthetase, the first enzyme of the GSH biosynthesis, is under the feedback control
of GSH. Decreased GSH levels due to a defect in the glutathione synthetase impair feedback
inhibition of y-glutamylcysteine synthetase enzyme, producing more y-glutamylcysteine. The y-
glutamyl cyclotransferase (y-GCT) generates pyroglutamate from y-glutamylcysteine. This fur-
ther leads to overproduction of pyroglutamate and to increased pyroglutamate in body fluid
including CSF and urinary excretion of pyroglutamate. This condition also leads to severe meta-
bolic acidosis, hemolytic anemia and central nervous system dysfunction [66]. Taken together,
the flow of metabolites for GSH pathway may be altered, positively affecting the accumulation
of 2-hydroxybutyrate and pyroglutamate. Formate can be linked to the production of GSH
through tetrahydrofolate (THF) metabolism and the malfunction of GSH production possibly
affects or causes the increase of formate. Thus, the elevated level of formate might also reflect
the dysfunction of brain mitochondria as described above. Anyway, high levels of formate is not
favorable situation for neuronal cells because it can disrupt the electron transport system of
mitochondria and energy generation by inhibiting cytochrome oxidase function, which is the
final electron acceptor of the electron transport pathway, thereby leading to a cellular hypoxia.

In terms of fatty acid metabolism, a low level of glucose may provide a metabolic environ-
ment in which fatty acid degradation into acetyl-CoA (beta-oxidation) is facilitated. This situa-
tion is probably not favorable for the myelination of axons. A low level of citrate in the CSF of
MS patients may also provide unfavorable surroundings for the biosynthesis of fatty acids that
result in the formation of myelin because acetyl-CoA used for fatty acid synthesis must be
shuttled out of the mitochondria into the cytosol in its citrate form (so called citrate shuttle)
[67]. In addition, it was reported that the activity of mitochondrial aconitase that catalyzes the
interconversion of citrate to isocitrate was higher in MS patients, which may be related to our
result showing low citrate levels were only observed in MS patients [68].

Acetate used for myelin lipid biosynthesis in oligodendrocytes is mainly produced from N-
acetylaspartate (NAA) degradation by aspartoacylase (ASPA) [69-71]. NAA is a nervous sys-
tem-specific metabolite and is regarded as an important metabolite in CNS metabolism. The
reduced level of NAA in MS patients was reported previously [72-74], which may relate to the
reduced level of acetate in our study. Interestingly, in a mouse model of Canavan’s disease, a
hereditary disorder of CNS development, dysfunction of ASPA reduced brain acetate levels
and reduced the biosynthesis of six classes of myelin-associated lipids [75]. This suggests ace-
tate has a critical role in myelin lipid biosynthesis in MS and NMOSD. In addition, low acetate
levels may not be advantageous for the normal astrocyte activity of releasing LIF, which is
required for myelination of oligodendrocytes described above because astrocytes have a prefer-
ence for acetate as an energy substrate [76].
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Table 5. Metabolic profiling in MS.

Metabolite Metabolic Change Biofluids for analysis References
MS
2-hydroxybutyrate Up" CSF [Our result]
Formate Up CSF [Our result]
pyroglutamate Up CSF [Our result]
Citrate Down CSF [Our result]
Down CSF [24, 27, 28]
Down Serum [20]
Down Urine [29]
Lactate No change CSF [Our result]
Up CSF [25]
Down CSF [28]
Down Urine [29]
Acetate Down CSF [Our result]
Down CSF [24]
Up Serum [20]
No change Urine [29]
Glucose Down CSF [Our result]
Up CSF [24]
Down CSF [28]
Up Serum [20, 21]
Acetone Up CSF [Our result]
upP CSF [28]
Up Urine [29]
3-hydroxybutyrate Down CSF [27]
Up CSF [28]
Down Serum [20]
Up Urine [29]
Phenylalanine Down CSF [27]
Up Urine [29]
Glutamine Up CSF [25]
Up Serum [19]
Myo-inositol Up CSF [27]
Oxaloacetate Down Serum [20]
Up Urine [29]
Creatinine Up CSF [25]
Down Serum [20]
Up Serum [23]
Down Urine [29]

The table lists the metabolites considering their levels and disease in which they are involved, and the references cited in the paper.
* Compared to the values of controls, Up means increase, Down means decrease. Control group of reference [19, 21, 23, 28, 29] are healthy volunteers and
control groups in reference [20, 24, 25, 27] have other disease except MS.

https://doi.org/10.1371/journal.pone.0181758.t005

We also analyzed the difference between the disease activity (relapse vs. remission) in MS
and NMOSD. Metabolites such as 2-hydroxybutyrate, acetone, formate, glucose, acetate, cit-
rate, pyroglutamate, and lactate showed consistent changes between controls and MS and
NMOSD patients. However, in MS patients, isoleucine, and valine were down-regulated in
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Table 6. Metabolic profiling in NMOSD.
Metabolite

2-hydroxybutyrate
Formate
pyroglutamate

Citrate

Lactate

Acetate

Glucose
Acetone

3-hydroxybutyrate
Phenylalanine
Oxaloacetate
Creatinine

Metabolic Change Biofluids for analysis References
NMOSD
Up" CSF [Our result]
Up CSF [Our result]
Up CSF [Our result]
No change CSF [Our result]
Down Urine [29]
Up CSF [Our result]
Up Serum [19]
Down Urine [29]
Down CSF [Our result]
Up Serum [19]
Up Urine [29]
Down CSF [Our result]
Up CSF [Our result]
Down Urine [29]
Down Urine [29]
Up Urine [29]
Up Urine [29]
Down Urine [29]

The table lists the metabolites considering their levels and disease in which they are involved, and the references cited in the paper.
" Compared to the values of controls, Up means increase, Down means decrease. Control group of reference [19, 29] are healthy volunteers.

https://doi.org/10.1371/journal.pone.0181758.t1006

relapse stages compared to remission stages. No statistical differences between controls and
relapse, and controls and remission, were found for these two metabolites.

The down-regulation of branched chain amino acid (BCAA), isoleucine, and valine, which
can be sources for energy production, was also monitored in MS relapse, revealing a change in
energy production. Isoleucine and valine can be converted to acetyl-CoA or propionyl-CoA,
which are intermediates of the TCA cycle. In addition, reduced BCAAs in MS relapse might
influence protein synthesis in the brain and the synthesis of various neurotransmitters. In
terms of immunity, low BCAAs may affect the activity of immune cells. It is well known that
blood monocytes and T-cells infiltrate into the CNS and are hyperactivated in MS and
NMOSD. BCAAs are required for lymphocyte growth and proliferation as well as dendritic
cell maturation [77, 78]. In relapse stages where active inflammation occurs, the consumption
of BCAAs by lymphocytes in the brain might be increased.

Several studies reported the metabolic changes in the serum [19-22], CSF [20, 24-28] and
urine [29] from MS and NMOSD patients. Table 5 and 6 are the summary of the metabolites
changes mainly focusing on the eight metabolites that we identified. Metabolic change for
three metabolites of 2-hydroxybutyrate, formate and pyroglutamate were uniquely identified
in our study. The changes of lactate, acetate, glucose, 3-hydroxybutyrate, phenylalanine, oxalo-
acetate, and creatinine were very heterogeneous. This inconsistency might come from the het-
erogeneity of biofluid source as well as chemometric and technical limitations.

In conclusion, our findings give us an insight to the pathologic mechanism of MS and
NMOSD: several metabolite changes related to impaired energy metabolism linked to the TCA
cycle in mitochondria (lower glucose and citrate; higher acetone and lactate), imbalanced control
for lipid synthesis (lower acetate and citrate) and increased oxidative stress (higher
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2-hydroxybutyrate, pyroglutamate, and formate) may be related to the pathogenesis of MS and
NMOSD. Even though our study may enhance scientific knowledge of MS and NMOSD, obtain-
ing of plausible multivariate models for discrimination of the disease activity was not successful.
This might be related with the limited number of samples and limited number of metabolites
that were quantified. In this regard, investigation with large sample size would be helpful for vali-
dation of our findings and for discover of the unrevealed features. In addition, the diagnostic
model could be improved with incorporation of several biochemical and clinical parameters.

Supporting information

S1 Fig. PCA analysis of control and disease groups. The red circles in the score plot represent
the healthy control sample, the green circle represents the MS patients, and the blue circles
represent the remission patients. The 95% confidence ellipse of the group is depicted in each
color. The first principal component (PC1) accounts for 57.9% of the total variation present in
the dataset and the second principal component (PC2) accounts for 23.9% of the total varia-
tion. Thus, the PCA scatter plot among the two principal components covers 81.8% of the
quantified metabolites data.

(TIF)

S2 Fig. The overview of OPLS-DA model for three groups and the permutation test. The
OPLS-DA model was constructed by MetaboAnalyst 3.0 and validated with random permuta-
tion test. The permutation number was set to be 1,000. Two components model of the OPLS-DA
as shown in the above figure. R2 is the correlation index, which refers to the goodness of fit or
the explained variation. Q2 refers to the predicted variation or quality of prediction (A). The per-
mutation result of the OPLS-DA model for the three groups showed the empirical p-values of R2
(p < 0.001) and Q2 (p < 0.001), which means the null hypothesis is rejected (B).

(TIF)

$3 Fig. The overview of OPLS-DA model for two groups and the permutation test. The
OPLS-DA model was constructed by MetaboAnalyst 3.0 and validated with random permuta-
tion test. The permutation number was set to be 1,000. The permutation result of the
OPLS-DA model for the two groups (control-MS (A) and control-NMOSD (B)) showed the
empirical p-values of R2 (p < 0.001) and Q2 (p < 0.001), which means the models are valid.
(TIF)

$4 Fig. Three representative 'H NMR spectra from the CSF samples of HCs (A), MS
patients (B) and NMOSD patients (C). Overlay of "H-NMR spectra of HCs (black), MS
patients (green) and NMOSD patients (red) (D). 'H NOSEY spectra were processed and
manually phased using Bruker Topspin 3.1. Metabolites with significant differences between
the control and patients groups such as 2-hydroxybutyrate, acetone, formate, pyroglutamate,
acetate, glucose, citrate, and lactate are depicted in the figure (D).

(TIF)

S5 Fig. The ROC curve analysis for the composite metabolites. ROC curves of each group
comparison were created by MCCV using balanced subsampling. Two thirds (2/3) of the samples
in each MCCYV are used to evaluate the variable importance. The top 2, 3, 5, 10, 20, 32 (max)
important variables were used to build classification models. The PLS-DA algorithm was hired as
the classification method with two latent components since the algorithm provided the best per-
formance. The AUC values were obtained from PLS-DA models of NMOSD-others, NMOSD-
MS, and MS-others with combination of metabolites (A). The combination of five metabolites
that showed high importance in the group comparison of NMOSD-others, NMOSD-MS, and
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MS-others provided the AUC value, 0.861, 0.829, and 0.771, respectively (B).
(TIF)

S6 Fig. PCA score plots based on disease activity of MS and NMOSD. PCA scores plot of
MS activity (A) and NMOSD activity (B) are depicted. The red circles in the score plot repre-
sent the control sample, the green circles represent the relapse patients, and the blue circles
represent the remission patients. The 95% confidence ellipse of the group is depicted in each
color. The first principal component (PC1) accounts for 64.4% (A) and 56.7% (B) of the total
variation present in the dataset and the second principal component (PC2) accounts for 10.5%
(A) and 29% (B) of the total variation. Thus, the PCA scatter plot among the two principal
components covers 74.9% (A) and 95.5% (B) of the original data. Two (2 remission sample, 1
relapse sample) and five (2 remission samples, 3 relapse samples) outliers are detected in MS
(A) and NMOSD (B) disease activity groups.

(TIF)

S7 Fig. An example of OPLS-DA model for disease activity. The OPLS-DA model was con-
structed and validated with CV-ANOVA and random permutation test. OPLS-DA scores
plots of MS activity (A) are depicted. The red circles in (A) represent the control sample, the
green circles represent the relapse patients, and the blue circles represent the remission
patients. The 95% confidence ellipse of the group is depicted in each color. The Mahalanobis
p-value between two groups (control-MS relapse, control-MS remission and MS relapse-MS
remission) in OPLS-DA model for three groups were 1.072e-5, 5.926e-9 and 3.517e-2, respec-
tively. The p-value of CV-ANOVA was 3.811e-5. (B) The permutation number was set to be
1,000. The observed R2 and Q2 values of the OPLS-DA model were higher than those obtained
from the permuted tests, revealing predictability and goodness of fit. The permutation result of
the OPLS-DA model for the three groups (control-MS relapse-MS remission) showed the
empirical p-values of R2 (p < 0.001) and Q2 (p < 0.001). (C) S-plot of the OPLS-DA model.
Influence of the model variable is shown. Glucose and citrate were relatively lowered in the
relapse state compared to those in the remission state. Two metabolites as well as acetone seem
to mainly contribute for group separation.

(TIF)

S1 Table. The quantification of each metabolite (unit, mM). Thirty-two metabolites were iden-
tified using the database stored in Chenomx NMR suite 7.7 and were quantified from the com-
parison of the internal standard (TSP). Data are presented as mean and standard deviation (SD).
(DOCX)

Acknowledgments

This research was supported by the Bio & Medical Technology Development Program of the
NRF funded by the Korean government, MSIP (NRF-2014M3A9B6069340). This work was
also supported by grants from the Basic Science Research Program (2013R1A1A2064418 and
2016R1D1A1B03931783) through the National Research Foundation of Korea, funded by the
Ministry of Education, Science, and Technology.

Author Contributions
Conceptualization: Ho Jin Kim, Sung Jean Park.
Data curation: Hyun-Hwi Kim, In Hye Jeong, Ho Jin Kim, Sung Jean Park.

Formal analysis: Hyun-Hwi Kim, Ja-Shil Hyun, Ho Jin Kim, Sung Jean Park.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181758.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181758.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181758.s008
https://doi.org/10.1371/journal.pone.0181758

o @
@ : PLOS | ONE Metabolomics in multiple sclerosis and neuromyelitis optica spectrum

Funding acquisition: Sung Jean Park.

Investigation: Hyun-Hwi Kim, In Hye Jeong, Sung Jean Park.

Methodology: Hyun-Hwi Kim, In Hye Jeong, Sung Jean Park.

Project administration: Ho Jin Kim, Sung Jean Park.

Resources: Hyun-Hwi Kim, Ja-Shil Hyun, Byung Soo Kong, Ho Jin Kim, Sung Jean Park.
Software: Hyun-Hwi Kim, Sung Jean Park.

Supervision: Ho Jin Kim, Sung Jean Park.

Validation: Hyun-Hwi Kim, In Hye Jeong, Ja-Shil Hyun, Sung Jean Park.

Visualization: Hyun-Hwi Kim, Ja-Shil Hyun, Sung Jean Park.

Writing - original draft: Hyun-Hwi Kim, In Hye Jeong, Ja-Shil Hyun, Byung Soo Kong, Ho
Jin Kim, Sung Jean Park.

Writing - review & editing: Ho Jin Kim, Sung Jean Park.

References

1. Vos T, Barber RM, Bell B, Bertozzi-Villa A, Biryukov S, Bolliger |, et al. Global, regional, and national
incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and injuries in
188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. The
Lancet. 2015; 386(9995):743-800.

2. McFarland HF, Martin R. Multiple sclerosis: a complicated picture of autoimmunity. Nature immunology.
2007; 8(9):913-919. https://doi.org/10.1038/ni1507 PMID: 17712344

3. Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. Nature Reviews Immunol-
ogy. 2015; 15(9):545-558. https://doi.org/10.1038/nri3871 PMID: 26250739

4. Wingerchuk DM, Lennon VA, Pittock SJ, Lucchinetti CF, Weinshenker BG. Revised diagnostic criteria
for neuromyelitis optica. Neurology. 2006; 66(10):1485—1489. https://doi.org/10.1212/01.wnl.
0000216139.44259.74 PMID: 16717206

5. Lennon VA, Wingerchuk DM, Kryzer TJ, Pittock SJ, Lucchinetti CF, Fujihara K| et al. A serum autoanti-
body marker of neuromyelitis optica: distinction from multiple sclerosis. The Lancet. 2004; 364
(9451):2106-2112.

6. Lennon VA, Kryzer TJ, Pittock SJ, Verkman A, Hinson SR. IgG marker of optic-spinal multiple sclerosis
binds to the aquaporin-4 water channel. The Journal of experimental medicine. 2005; 202(4):473—-477.
https://doi.org/10.1084/jem.20050304 PMID: 16087714

7. Wingerchuk DM, Lennon VA, Lucchinetti CF, Pittock SJ, Weinshenker BG. The spectrum of neuromye-
litis optica. The Lancet Neurology. 2007; 6(9):805—815. https://doi.org/10.1016/S1474-4422(07)70216-
8 PMID: 17706564

8. KimHJ, Paul F, Lana-Peixoto MA, Tenembaum S, Asgari N, Palace J, et al. MRI characteristics of neu-
romyelitis optica spectrum disorder An international update. Neurology. 2015; 84(11):1165-1173.
https://doi.org/10.1212/WNL.0000000000001367 PMID: 25695963

9. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W, Chitnis T, et al. International consensus
diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology. 2015; 85(2):177—-189. https://
doi.org/10.1212/WNL.0000000000001729 PMID: 26092914

10. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple
sclerosis: 2010 revisions to the McDonald criteria. Annals of neurology. 2011; 69(2):292—-302. https://
doi.org/10.1002/ana.22366 PMID: 21387374

11.  Kim S-H, Kim W, Li XF, Jung I-J, Kim HJ. Does interferon beta treatment exacerbate neuromyelitis
optica spectrum disorder? Multiple Sclerosis Journal. 2012; 18(10):1480-1483. https://doi.org/10.1177/
1352458512439439 PMID: 22354738

12. Min J-H, Kim BJ, Lee KH. Development of extensive brain lesions following fingolimod (FTY720) treat-
ment in a patient with neuromyelitis optica spectrum disorder. Multiple Sclerosis Journal. 2012; 18
(1):113-115. https://doi.org/10.1177/1352458511431973 PMID: 22146605

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 17/21


https://doi.org/10.1038/ni1507
http://www.ncbi.nlm.nih.gov/pubmed/17712344
https://doi.org/10.1038/nri3871
http://www.ncbi.nlm.nih.gov/pubmed/26250739
https://doi.org/10.1212/01.wnl.0000216139.44259.74
https://doi.org/10.1212/01.wnl.0000216139.44259.74
http://www.ncbi.nlm.nih.gov/pubmed/16717206
https://doi.org/10.1084/jem.20050304
http://www.ncbi.nlm.nih.gov/pubmed/16087714
https://doi.org/10.1016/S1474-4422(07)70216-8
https://doi.org/10.1016/S1474-4422(07)70216-8
http://www.ncbi.nlm.nih.gov/pubmed/17706564
https://doi.org/10.1212/WNL.0000000000001367
http://www.ncbi.nlm.nih.gov/pubmed/25695963
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.1212/WNL.0000000000001729
http://www.ncbi.nlm.nih.gov/pubmed/26092914
https://doi.org/10.1002/ana.22366
https://doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
https://doi.org/10.1177/1352458512439439
https://doi.org/10.1177/1352458512439439
http://www.ncbi.nlm.nih.gov/pubmed/22354738
https://doi.org/10.1177/1352458511431973
http://www.ncbi.nlm.nih.gov/pubmed/22146605
https://doi.org/10.1371/journal.pone.0181758

@° PLOS | ONE

Metabolomics in multiple sclerosis and neuromyelitis optica spectrum

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Dunn WB, Broadhurst DI, Atherton HJ, Goodacre R, Griffin JL. Systems level studies of mammalian
metabolomes: the roles of mass spectrometry and nuclear magnetic resonance spectroscopy. Chemi-
cal Society Reviews. 2011; 40(1):387—426. https://doi.org/10.1039/b906712b PMID: 20717559

Emwas A-H, Luchinat C, Turano P, Tenori L, Roy R, Salek RM, et al. Standardizing the experimental
conditions for using urine in NMR-based metabolomic studies with a particular focus on diagnostic stud-
ies: a review. Metabolomics. 2015; 11(4):872—-894. https://doi.org/10.1007/s11306-014-0746-7 PMID:
26109927

Kumar D, Gupta A, Nath K. NMR-based metabolomics of prostate cancer: a protagonist in clinical diag-
nostics. Expert review of molecular diagnostics. 2016; 16(6):651-661. https://doi.org/10.1586/
14737159.2016.1164037 PMID: 26959614

Emwas A-H, Roy R, McKay RT, Ryan D, Brennan L, Tenori L, et al. Recommendations and Standardi-
zation of Biomarker Quantification Using NMR-based Metabolomics with Particular Focus on Urinary
Analysis. Journal of proteome research. 2016; 15(2):360—373. https://doi.org/10.1021/acs.jproteome.
5b00885 PMID: 26745651

Chan AW, Mercier P, Schiller D, Bailey R, Robbins S, Eurich DT, et al. 1H-NMR urinary metabolomic
profiling for diagnosis of gastric cancer. British journal of cancer. 2015; 114(1)59-62. https://doi.org/10.
1038/bjc.2015.414 PMID: 26645240

TianY, Nie X, Xu S, Li Y, Huang T, Tang H, et al. Integrative metabonomics as potential method for
diagnosis of thyroid malignancy. Scientific Reports. 2015; 5;14869. https://doi.org/10.1038/srep14869
PMID: 26486570

Moussallieh F, Elbayed K, Chanson J, Rudolf G, Piotto M, De Seze J, et al. Serum analysis by 1H
nuclear magnetic resonance spectroscopy: a new tool for distinguishing neuromyelitis optica from muilti-
ple sclerosis. Multiple Sclerosis Journal. 2014; 20(5):558-565. https://doi.org/10.1177/
1352458513504638 PMID: 24080986

Sinclair AJ, Viant MR, Ball AK, Burdon MA, Walker EA, Stewart PM, et al. NMR-based metabolomic
analysis of cerebrospinal fluid and serum in neurological diseases—a diagnostic tool? NMR in Biomedi-
cine. 2010; 23(2):123-132. https://doi.org/10.1002/nbm.1428 PMID: 19691132

Mehrpour M, Kyani A, Tafazzoli M, Fathi F, Joghataie MT. A metabonomics investigation of multiple
sclerosis by nuclear magnetic resonance. Magnetic Resonance in Chemistry. 2013; 51(2):102—109.
https://doi.org/10.1002/mrc.3915 PMID: 23255426

Dickens AM, Larkin JR, Griffin JL, Cavey A, Matthews L, Turner MR, et al. A type 2 biomarker separates
relapsing-remitting from secondary progressive multiple sclerosis. Neurology. 2014; 83(17):1492—
1499. https://doi.org/10.1212/WNL.0000000000000905 PMID: 25253748

Tavazzi B, Batocchi AP, Amorini AM, Nociti V, D'Urso S, Longo S, et al. Serum metabolic profile in mul-
tiple sclerosis patients. Multiple sclerosis international. 2011; 2011:167156. https://doi.org/10.1155/
2011/167156 PMID: 22096628

Simone IL, Federico F, Trojano M, Tortorella C, Liguori M, Giannini P, et al. High resolution proton MR
spectroscopy of cerebrospinal fluid in MS patients. Comparison with biochemical changes in demyelin-
ating plaques. Journal of the neurological sciences. 1996; 144(1):182—190.

Lutz NW, Viola A, Malikova I, Confort-Gouny S, Audoin B, Ranjeva J-P, et al. Inflammatory multiple-
sclerosis plaques generate characteristic metabolic profiles in cerebrospinal fluid. PLoS One. 2007; 2
(7):€595. https://doi.org/10.1371/journal.pone.0000595 PMID: 17611627

W Lutz N, J Cozzone P. Metabolic profiling in multiple sclerosis and other disorders by quantitative anal-
ysis of cerebrospinal fluid using nuclear magnetic resonance spectroscopy. Current pharmaceutical bio-
technology. 2011; 12(7):1016—-1025. PMID: 21466459

Reinke S, Broadhurst D, Sykes B, Baker G, Catz |, Warren K, et al. Metabolomic profiling in multiple
sclerosis: insights into biomarkers and pathogenesis. Multiple Sclerosis Journal. 2014; 20(10):1396—
1400. https://doi.org/10.1177/1352458513516528 PMID: 24468817

Cocco E, Murgia F, Lorefice L, Barberini L, Poddighe S, Frau J, et al. '"H-NMR analysis provides a meta-
bolomic profile of patients with multiple sclerosis. Neurology-Neuroimmunology Neuroinflammation.
2016; 3(1):e185. hitps://doi.org/10.1212/NX1.0000000000000185 PMID: 26740964

Gebregiworgis T, Nielsen HH, Massilamany C, Gangaplara A, Reddy J, llles Z, et al. A Urinary Meta-
bolic Signature for Multiple Sclerosis and Neuromyelitis Optica. Journal of proteome research. 2016; 15
(2):659-666. https://doi.org/10.1021/acs.jproteome.5b01111 PMID: 26759122

Xia J, Psychogios N, Young N, Wishart DS. MetaboAnalyst: a web server for metabolomic data analysis
and interpretation. Nucleic acids research. 2009; 37(suppl 2):W652-W660. https://doi.org/10.1093/nar/
gkp356 PMID: 19429898

Xia J, Sinelnikov IV, Han B, Wishart DS. MetaboAnalyst 3.0—making metabolomics more meaningful.
Nucleic acids research. 2015; 43(W1):W251-W257. https://doi.org/10.1093/nar/gkv380 PMID:
25897128

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 18/21


https://doi.org/10.1039/b906712b
http://www.ncbi.nlm.nih.gov/pubmed/20717559
https://doi.org/10.1007/s11306-014-0746-7
http://www.ncbi.nlm.nih.gov/pubmed/26109927
https://doi.org/10.1586/14737159.2016.1164037
https://doi.org/10.1586/14737159.2016.1164037
http://www.ncbi.nlm.nih.gov/pubmed/26959614
https://doi.org/10.1021/acs.jproteome.5b00885
https://doi.org/10.1021/acs.jproteome.5b00885
http://www.ncbi.nlm.nih.gov/pubmed/26745651
https://doi.org/10.1038/bjc.2015.414
https://doi.org/10.1038/bjc.2015.414
http://www.ncbi.nlm.nih.gov/pubmed/26645240
https://doi.org/10.1038/srep14869
http://www.ncbi.nlm.nih.gov/pubmed/26486570
https://doi.org/10.1177/1352458513504638
https://doi.org/10.1177/1352458513504638
http://www.ncbi.nlm.nih.gov/pubmed/24080986
https://doi.org/10.1002/nbm.1428
http://www.ncbi.nlm.nih.gov/pubmed/19691132
https://doi.org/10.1002/mrc.3915
http://www.ncbi.nlm.nih.gov/pubmed/23255426
https://doi.org/10.1212/WNL.0000000000000905
http://www.ncbi.nlm.nih.gov/pubmed/25253748
https://doi.org/10.1155/2011/167156
https://doi.org/10.1155/2011/167156
http://www.ncbi.nlm.nih.gov/pubmed/22096628
https://doi.org/10.1371/journal.pone.0000595
http://www.ncbi.nlm.nih.gov/pubmed/17611627
http://www.ncbi.nlm.nih.gov/pubmed/21466459
https://doi.org/10.1177/1352458513516528
http://www.ncbi.nlm.nih.gov/pubmed/24468817
https://doi.org/10.1212/NXI.0000000000000185
http://www.ncbi.nlm.nih.gov/pubmed/26740964
https://doi.org/10.1021/acs.jproteome.5b01111
http://www.ncbi.nlm.nih.gov/pubmed/26759122
https://doi.org/10.1093/nar/gkp356
https://doi.org/10.1093/nar/gkp356
http://www.ncbi.nlm.nih.gov/pubmed/19429898
https://doi.org/10.1093/nar/gkv380
http://www.ncbi.nlm.nih.gov/pubmed/25897128
https://doi.org/10.1371/journal.pone.0181758

@° PLOS | ONE

Metabolomics in multiple sclerosis and neuromyelitis optica spectrum

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Craig A, Cloarec O, Holmes E, Nicholson JK, Lindon JC. Scaling and normalization effects in NMR
spectroscopic metabonomic data sets. Analytical chemistry. 2006; 78(7):2262—-2267. https://doi.org/10.
1021/ac0519312 PMID: 16579606

Stoyanova R, Brown T. NMR spectral quantitation by principal component analysis. NMR in Biomedi-
cine. 2001; 14(4):271-277. PMID: 11410945

Trygg J, Holmes E, Lundstedt T. Chemometrics in metabonomics. Journal of proteome research. 2007;
6(2):469—479. https://doi.org/10.1021/pr060594q PMID: 17269704

Kullgren A, Samuelsson LM, Larsson DJ, Bjérnsson BT, Bergman EJ. A metabolomics approach to elu-
cidate effects of food deprivation in juvenile rainbow trout (Oncorhynchus mykiss). American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology. 2010; 299(6):R1440-R1448. https://
doi.org/10.1152/ajpregu.00281.2010 PMID: 20861281

Wiklund S, Johansson E, Sjoestroem L, Mellerowicz EJ, Edlund U, Shockcor JP, et al. Visualization of
GC/TOF-MS-based metabolomics data for identification of biochemically interesting compounds using
OPLS class models. Analytical chemistry. 2008; 80(1):115—122. https://doi.org/10.1021/ac0713510
PMID: 18027910

Worley B, Halouska S, Powers R. Utilities for quantifying separation in PCA/PLS-DA scores plots. Ana-
lytical biochemistry. 2013; 433(2):102—104. https://doi.org/10.1016/j.ab.2012.10.011 PMID: 23079505

Eriksson L, Trygg J, Wold S. CV-ANOVA for significance testing of PLS and OPLS® models. Journal of
Chemometrics. 2008; 22(11-12):594—600.

Westerhuis JA, Hoefsloot HC, Smit S, Vis DJ, Smilde AK, van Velzen EJ, et al. Assessment of PLSDA
cross validation. Metabolomics. 2008; 4(1):81-89.

Spurrier JD. On the null distribution of the Kruskal-Wallis statistic. Nonparametric Statistics. 2003; 15
(6):685—691.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-
tiple testing. Journal of the royal statistical society Series B (Methodological). 1995:289-300.

Hajian-Tilaki K. Receiver operating characteristic (ROC) curve analysis for medical diagnostic test eval-
uation. Caspian journal of internal medicine. 2013; 4(2):627-635. PMID: 24009950

Wold S, Johansson E, Cocchi M. PLS-partial least squares projections to latent structures. 3D QSAR in
drug design. 1993; 1:523-50.

Beal MF. Mitochondrial dysfunction in neurodegenerative diseases. Biochimica et Biophysica Acta
(BBA)-Bioenergetics. 1998; 1366(1):211-223.

Ishibashi T, Dakin KA, Stevens B, Lee PR, Kozlov SV, Stewart CL, et al. Astrocytes promote myelina-
tion in response to electrical impulses. Neuron. 2006; 49(6):823—-832. https://doi.org/10.1016/j.neuron.
2006.02.006 PMID: 16543131

Zeis T, Allaman I, Gentner M, Schroder K, Tschopp J, Magistretti PJ, et al. Metabolic gene expression
changes in astrocytes in Multiple Sclerosis cerebral cortex are indicative of immune-mediated signaling.
Brain, behavior, and immunity. 2015; 48:313-325. https://doi.org/10.1016/].bbi.2015.04.013 PMID:
25937052

Dutta R, McDonough J, Yin X, Peterson J, Chang A, Torres T, et al. Mitochondrial dysfunction as a
cause of axonal degeneration in multiple sclerosis patients. Annals of neurology. 2006; 59(3):478—489.
https://doi.org/10.1002/ana.20736 PMID: 16392116

Dutta R, Trapp BD. Gene expression profiling in multiple sclerosis brain. Neurobiology of disease.
2012; 45(1):108—114. https://doi.org/10.1016/j.nbd.2010.12.003 PMID: 21147224

Jarius S, Paul F, Franciotta D, Ruprecht K, Ringelstein M, Bergamaschi R, et al. Cerebrospinal fluid
findings in aquaporin-4 antibody positive neuromyelitis optica: results from 211 lumbar punctures. Jour-
nal of the neurological sciences. 2011; 306(1):82-90.

Jarius S, Wildemann B. Aquaporin-4 antibodies, CNS acidosis and neuromyelitis optica: A potential
link. Medical hypotheses. 2013; 81(6):1090-1095. https://doi.org/10.1016/j.mehy.2013.10.011 PMID:
24182872

Nijland PG, Molenaar RJ, van der Pol SM, van der Valk P, van Noorden CJ, de Vries HE, et al. Differen-
tial expression of glucose-metabolizing enzymes in multiple sclerosis lesions. Acta neuropathologica
communications. 2015; 3(79). https://doi.org/10.1186/s40478-015-0261-8 PMID: 26637184

Mathur D, Lépez-Rodas G, Casanova B, Marti MB. Perturbed glucose metabolism: insights into multiple
sclerosis pathogenesis. Front Neurol. 2014; 5:250. https://doi.org/10.3389/fneur.2014.00250 PMID:
25520698

Bélanger M, Allaman |, Magistretti PJ. Brain energy metabolism: focus on astrocyte-neuron metabolic
cooperation. Cell metabolism. 2011; 14(6):724—738. https://doi.org/10.1016/j.cmet.2011.08.016 PMID:
22152301

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 19/21


https://doi.org/10.1021/ac0519312
https://doi.org/10.1021/ac0519312
http://www.ncbi.nlm.nih.gov/pubmed/16579606
http://www.ncbi.nlm.nih.gov/pubmed/11410945
https://doi.org/10.1021/pr060594q
http://www.ncbi.nlm.nih.gov/pubmed/17269704
https://doi.org/10.1152/ajpregu.00281.2010
https://doi.org/10.1152/ajpregu.00281.2010
http://www.ncbi.nlm.nih.gov/pubmed/20861281
https://doi.org/10.1021/ac0713510
http://www.ncbi.nlm.nih.gov/pubmed/18027910
https://doi.org/10.1016/j.ab.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23079505
http://www.ncbi.nlm.nih.gov/pubmed/24009950
https://doi.org/10.1016/j.neuron.2006.02.006
https://doi.org/10.1016/j.neuron.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16543131
https://doi.org/10.1016/j.bbi.2015.04.013
http://www.ncbi.nlm.nih.gov/pubmed/25937052
https://doi.org/10.1002/ana.20736
http://www.ncbi.nlm.nih.gov/pubmed/16392116
https://doi.org/10.1016/j.nbd.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21147224
https://doi.org/10.1016/j.mehy.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24182872
https://doi.org/10.1186/s40478-015-0261-8
http://www.ncbi.nlm.nih.gov/pubmed/26637184
https://doi.org/10.3389/fneur.2014.00250
http://www.ncbi.nlm.nih.gov/pubmed/25520698
https://doi.org/10.1016/j.cmet.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/22152301
https://doi.org/10.1371/journal.pone.0181758

@° PLOS | ONE

Metabolomics in multiple sclerosis and neuromyelitis optica spectrum

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Allaman |, Belanger M, Magistretti PJ. Methylglyoxal, the dark side of glycolysis. Front. Neurosci. 2015.
https://doi.org/10.3389/fnins.2015.00023 PMID: 25709564

Fujihara K. Neuromyelitis optica and astrocytic damage in its pathogenesis. Journal of the neurological
sciences. 2011; 306(1):183-187.

Gall WE, Beebe K, Lawton KA, Adam K-P, Mitchell MW, Nakhle PJ, et al. a-Hydroxybutyrate is an early
biomarker of insulin resistance and glucose intolerance in a nondiabetic population. PLoS One. 2010; 5
(5):e10883. https://doi.org/10.1371/journal.pone.0010883 PMID: 20526369

Tomiko K, Toshihiro S, Yoshito I, Masahiro M, Makoto Y, Yusuke S, et al. Studies of urinary organic
acid profiles of a patient with dihydrolipoyl dehydrogenase deficiency. Clinica Chimica Acta. 1983; 133
(2):133-140.

Hoffmann G, Meier-Augenstein W, Stéckler S, Surtees R, Nyhan W. Physiology and pathophysiology
of organic acids in cerebrospinal fluid. Journal of inherited metabolic disease. 1993; 16(4):648—-669.
PMID: 8412012

Paxton R, Scislowski P, Davis EJ, Harris RA. Role of branched-chain 2-oxo acid dehydrogenase and
pyruvate dehydrogenase in 2-oxobutyrate metabolism. Biochemical Journal. 1986; 234(2):295-303.
PMID: 3718468

von Morze C, Bok RA, Ohliger MA, Zhu Z, Vigneron DB, Kurhanewicz J. Hyperpolarized [13C] ketobuty-
rate, a molecular analog of pyruvate with modified specificity for LDH isoforms. Magnetic resonance in
medicine. 2016:1894-900.

Pettersen JE, Landaas S, Eldjarn L. The occurrence of 2-hydroxybutyric acid in urine from patients with
lactic acidosis. Clinica Chimica Acta. 1973; 48(2):213-219.

Lassmann H, Van Horssen J, Mahad D. Progressive multiple sclerosis: pathology and pathogenesis.
Nature Reviews Neurology. 2012; 8(11):647-656. https://doi.org/10.1038/nrneurol.2012.168 PMID:
23007702

Banerjee R, Zou C-g. Redox regulation and reaction mechanism of human cystathionine-B-synthase: a
PLP-dependent hemesensor protein. Archives of Biochemistry and Biophysics. 2005; 433(1):144-156.
https://doi.org/10.1016/j.abb.2004.08.037 PMID: 15581573

Calabrese V, Scapagnini G, Ravagna A, Bella R, Foresti R, Bates TE, et al. Nitric oxide synthase is
present in the cerebrospinal fluid of patients with active multiple sclerosis and is associated with
increases in cerebrospinal fluid protein nitrotyrosine and S-nitrosothiols and with changes in glutathione
levels. Journal of neuroscience research. 2002; 70(4):580-587. https://doi.org/10.1002/jnr.10408
PMID: 12404512

Calabrese V, Raffaele R, Cosentino E, Rizza V. Changes in cerebrospinal fluid levels of malondialde-
hyde and glutathione reductase activity in multiple sclerosis. International journal of clinical pharmacol-
ogy research. 1993; 14(4):119-123.

Kumar A, Bachhawat AK. Pyroglutamic acid: throwing light on a lightly studied metabolite. Curr Sci.
2012; 102(2):288-297.

Gnoni GV, Priore P, Geelen MJ, Siculella L. The mitochondrial citrate carrier: metabolic role and regula-
tion of its activity and expression. [IUBMB life. 2009; 61(10):987-994. https://doi.org/10.1002/iub.249
PMID: 19787704

Ifarrea P, Alarcia R, Alava MA, Capablo JL, Casanova A, Ifiiguez C, et al. Mitochondrial complex
enzyme activities and cytochrome C expression changes in multiple sclerosis. Molecular neurobiology.
2014; 49(1):1-9. https://doi.org/10.1007/s12035-013-8481-z PMID: 23761047

Karelson G, Ziegler A, Kiinnecke B, Seelig J. Feeding versus infusion: a novel approach to study the
NAA metabolism in rat brain. NMR in biomedicine. 2003; 16(6-7):413—423. https://doi.org/10.1002/
nbm.845 PMID: 14679503

Moffett JR, Ross B, Arun P, Madhavarao CN, Namboodiri AM. N-Acetylaspartate in the CNS: from neu-
rodiagnostics to neurobiology. Progress in neurobiology. 2007; 81(2):89—131. https://doi.org/10.1016/j.
pneurobio.2006.12.003 PMID: 17275978

Chakraborty G, Mekala P, Yahya D, Wu G, Ledeen RW. Intraneuronal N-acetylaspartate supplies ace-
tyl groups for myelin lipid synthesis: evidence for myelin-associated aspartoacylase. Journal of neuro-
chemistry. 2001; 78(4):736—745. PMID: 11520894

Staffen W, Zauner H, Mair A, Kutzelnigg A, Kapeller P, Stangl H, et al. Magnetic resonance spectros-
copy of memory and frontal brain region in early multiple sclerosis. The Journal of neuropsychiatry and
clinical neurosciences. 2005; 17(3):357-363. https://doi.org/10.1176/jnp.17.3.357 PMID: 16179658

Kirov Il, Tal A, Babb JS, Herbert J, Gonen O. Serial proton MR spectroscopy of gray and white matter in
relapsing-remitting MS. Neurology. 2013; 80(1):39—46. https://doi.org/10.1212/WNL.
0b013e31827b1a8c PMID: 23175732

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 20/21


https://doi.org/10.3389/fnins.2015.00023
http://www.ncbi.nlm.nih.gov/pubmed/25709564
https://doi.org/10.1371/journal.pone.0010883
http://www.ncbi.nlm.nih.gov/pubmed/20526369
http://www.ncbi.nlm.nih.gov/pubmed/8412012
http://www.ncbi.nlm.nih.gov/pubmed/3718468
https://doi.org/10.1038/nrneurol.2012.168
http://www.ncbi.nlm.nih.gov/pubmed/23007702
https://doi.org/10.1016/j.abb.2004.08.037
http://www.ncbi.nlm.nih.gov/pubmed/15581573
https://doi.org/10.1002/jnr.10408
http://www.ncbi.nlm.nih.gov/pubmed/12404512
https://doi.org/10.1002/iub.249
http://www.ncbi.nlm.nih.gov/pubmed/19787704
https://doi.org/10.1007/s12035-013-8481-z
http://www.ncbi.nlm.nih.gov/pubmed/23761047
https://doi.org/10.1002/nbm.845
https://doi.org/10.1002/nbm.845
http://www.ncbi.nlm.nih.gov/pubmed/14679503
https://doi.org/10.1016/j.pneurobio.2006.12.003
https://doi.org/10.1016/j.pneurobio.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17275978
http://www.ncbi.nlm.nih.gov/pubmed/11520894
https://doi.org/10.1176/jnp.17.3.357
http://www.ncbi.nlm.nih.gov/pubmed/16179658
https://doi.org/10.1212/WNL.0b013e31827b1a8c
https://doi.org/10.1212/WNL.0b013e31827b1a8c
http://www.ncbi.nlm.nih.gov/pubmed/23175732
https://doi.org/10.1371/journal.pone.0181758

@° PLOS | ONE

Metabolomics in multiple sclerosis and neuromyelitis optica spectrum

74.

75.

76.

77.

78.

Vingara LK, Yu HJ, Wagshul ME, Serafin D, Christodoulou C, Pelczer |, et al. Metabolomic approach to

human brain spectroscopy identifies associations between clinical features and the frontal lobe metabo-
lome in multiple sclerosis. Neuroimage. 2013; 82:586-594. https://doi.org/10.1016/j.neuroimage.2013.

05.125 PMID: 23751863

Madhavarao CN, Arun P, Moffett JR, Szucs S, Surendran S, Matalon R, et al. Defective N-acetylaspar-
tate catabolism reduces brain acetate levels and myelin lipid synthesis in Canavan’s disease. Proceed-
ings of the National Academy of Sciences of the United States of America. 2005; 102(14):5221-5226.
https://doi.org/10.1073/pnas.0409184102 PMID: 15784740

Wyss MT, Magistretti PJ, Buck A, Weber B. Labeled acetate as a marker of astrocytic metabolism. Jour-
nal of Cerebral Blood Flow & Metabolism. 2011; 31(8):1668-1674.

Calder PC. Branched-chain amino acids and immunity. The Journal of nutrition. 2006; 136(1):288S—
293S.

Monirujjaman M, Ferdouse A. Metabolic and physiological roles of branched-chain amino acids.
Advances in Molecular Biology. 2014; 2014:364976. https://doi.org/10.1155/2014/364976

PLOS ONE | https://doi.org/10.1371/journal.pone.0181758  July 26, 2017 21/21


https://doi.org/10.1016/j.neuroimage.2013.05.125
https://doi.org/10.1016/j.neuroimage.2013.05.125
http://www.ncbi.nlm.nih.gov/pubmed/23751863
https://doi.org/10.1073/pnas.0409184102
http://www.ncbi.nlm.nih.gov/pubmed/15784740
https://doi.org/10.1155/2014/364976
https://doi.org/10.1371/journal.pone.0181758

