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Magnetic resonance spectroscopy metabolomics
of cerebrospinal fluid in patients with multiple
sclerosis, clinically isolated syndrome, other
inflammatory brain diseases and controls

Metabolomika cerebrospinalneho likvoru
pomocou magnetickej rezonancne;
spektroskopie u pacientov so sclerosis
multiplex, s klinicky izolovanym syndromom,
inymi zapalovymi ochoreniami mozgu

a U zdravych kontrol

Abstract

Aim: Early recognition of multiple sclerosis (MS) allows patients to begin treatment earlier and
delay disease progression. We performed an analysis of cerebrospinal fluid (CSF) metabolites to
find early predictors of MS. Methods: We included 56 participants with suspected MS before any
treatment. Out of those, 28 patients were diagnosed with definite MS, 17 with clinically isolated
syndrome (CIS) according to McDonald 2010 criteria, and 11 with other demyelinating diseases
(DEM) of the CNS. The control group (CON) included 29 participants without any confirmed CNS
disease. Proton nuclear magnetic resonance spectroscopy was used to measure CSF metabolites.
Results: Glutamine, correlating with Expanded Disability Status Scale (EDSS), was the only
metabolite capable to distinguish between CIS and MS, DEM, and CON. Valine, leucine, isoleucine,
decreased in CIS and MS when compared with CON, did not differ from DEM. Citrate CSF levels
specified MS and CIS against DEM but did not help to distinguish between CIS and MS. Citrate
showed significant correlations with age, disease duration, and EDSS in MS patients. Acetate,
acetone, pyruvate, formate and histidine CSF levels were not significant predictors of MS or CIS,
although they correlated with selective variables. Conclusion: This work shows the predictive role
of CSF glutamine in diagnosing MS since its early stages, pinpointing an important role of the
glutamate/glutamine cycle in MS pathogenesis. Another potential predictor of MS was citrate.
Other metabolites were not identified as sensitive CSF markers of MS.
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Sthrn

Ciel: V¢asné rozpoznanie sclerosis multiplex (SM) pomaha zacat liecbu pacientov skor, a tak oddialit progresiu ochorenia. Urobili sme analyzu
metabolitov cerebro-spindlneho likvoru (cerebrospinal fluid; CSF), s cielom zistit prediktory v¢as, a tak oddialit SM. Metddy: Do studie bolo zaradenych
56 jedincov s podozrenim na SM, pred zacatim akejkolvek liecby. Z nich bolo 28 diagnostikovanych ako definitivna SM, u 17 pacientov sme zistili
klinicky izolovany syndrom (clinically isolated syndrome; CIS) podla McDonaldovych kritérii z roku 2010, v 11 pripadoch sa jednalo o iné demyelinizacné
ochorenie CNS (DEM). Kontrolnu skupinu (CON) tvorili 29 jedinci, ktori nemali dokdzané Ziadne ochorenie CNS. Na meranie metabolitov CSF bola
pouzitd protonova nukledrna magnetickéd rezonancna spektroskopia. Vysledky: Glutamin, ktory koreloval s Expanded Disability Status Scale (EDSS),
bol jedinym metabolitom, ktory dokézal odlisit CIS, SM, DEM a CON. Valin, leucin, isoleucin, znizené u CIS a SM v porovnani s CON, sa neodlisovali
od DEM. Hladiny citratu v CSF Specifikovali SM a CIS oproti DEM, ale nepomohli v rozliseni CIS a SM. Citrat ukazoval signifikantné korelacie s vekom,
dlZkou trvania ochorenia a EDSS u SM pacientov. Acetét, aceton, pyruvat, format, histidin v CSF neboli signifikantnymi prediktormi SM alebo CIS, hoci
korelovali s niektorymi vybranymi premennymi. Zdver: Tato praca ukazuje prediktivnu tlohu glutaminu v CSF v stanoveni diagnézy SM od jej veasnych
$tadif, vypichujuc tak délezitd dlohu glutamét/glutaminového cyklu v patogenéze SM. Dali potencialny prediktor SM bol citrat. Dalsie metabolity
neboli identifikované ako senzitivne CSF markery SM.

Introduction

Multiple sclerosis (MS) is a heterogeneous
disease with an unpredictable disease
course. It is known that accumulating dis-
ability reflects the progression of neuronal
damage, which can occur during clinically si-
lent inflammatory episodes. Neurodegener-
ation was traditionally considered as a sec-
ondary phenomenon to inflammation and
demyelination. However, recent data in-
dicate that neurodegeneration develops
along with inflammation and demyelina-
tion [1]. While both inflammation and demy-
elination are well described and understood
cellular processes, neurodegeneration is still
mattered of debate.

In MS, our current treatments reduce in-
flammationand, thereforerelapsesand short-
term disability, and we hope this will slow-
down the rate of neurodegeneration [2].
Studies that have analyzed early treatment
in patients highly likely to have MS (clinically
isolated events with the evidence of lesions
on brain MRI) provided significant benefits
in delaying further changes in MRI and at-
tacks [2,3]. Early recognition of the inflam-
matory process enables patients to begin
treatment with an immunomodulatory
agent but may also increase the rate of false-
-positive MS diagnoses [3]. However, in MS,
there is no such specific test available which
is why one needs to rely on “circumstantial
evidence”. The diagnosis is based on typical,
yet not limited to, clinical findings, MRI, and
cerebrospinal fluid (CSF) examination as well
as other investigations [4].

In our previous work, we found superior-
ity of neurodegenerative metabolic path-
ways in brain tissue of MS patients using
the in vivo proton nuclear magnetic reso-
nance spectroscopy (1H-NMRS) method [5].
Now we decided to test CSF metabolites as

we believe that additional molecules of CSF
could help to improve the differential dia-
gnosis of MS and its subtypes and predict
the course of the disease, thus selecting op-
timal therapy for each patient.

Both inflammatory and neurodegen-
erative markers of CSF have yet been de-
scribed [6]. However, so far, only several
groups of researchers studied concentra-
tions of metabolomics in CSF using TH-NMRS
[7-13]. Nevertheless, the results are partly
inconsistent.

According to our knowledge, our work is
the first one presenting comparative anal-
ysis of CSF metabolites to find early predic-
tors of MS.

Materials and methods

Patients and controls

Informed written consent was obtained
from all study participants after approving
the study protocol by the local ethics com-
mittee. Only participants with suspected MS
before any treatment were included. The pa-
tients underwent clinical and paraclinical ex-
aminations to prove or exclude MS. Clinical
disability was evaluated by 2 neurologists
specialized in MS using Expanded Disability
Status Scale (EDSS). The neurologists have
been Neurostatus certified in EDSS evalua-
tion. MRI examination of the brain and cer-
vical spinal cord performed according to the
approved protocol (MAGNIMS) provided ev-
idence of pathological lesions and their ac-
tivity. Evoked potentials (visual, acoustic,
somatosensory tests) informed about po-
tential demyelinating and axonal changes of
the tracts.

CSF and blood samples were used for bio-
chemical and immunological tests. In CSF,
we tested oligoclonal bands (OCB), flow cy-
tometry, immunoglobulins, and selectively

antibodies against autoimmune encephali-
tis. MS and CIS diagnosis were based on the
McDonald criteria 2010 [3]. Based on the re-
sults, 28 patients were diagnosed with defi-
nite MS, 17 with CIS (patients with MS after
the first clinical relapse), and 11 with other
inflammatory brain diseases of the CNS
(demyelinating diseases of the CNS; DEM).
These patients presented with either iso-
lated monophasic optic neuritis or with idio-
pathic myelitis, vasculitis or monophasic
forms of the CNS demyelination. MRI lesions
were different from MS and did not comply
with the Barkhof criteria for MS [14]. In this
group, OCB were negative (type 1). The pa-
tients also did not fulfill MRI criteria for neu-
romyelitis optica, and IgG antibodies against
aquaporin-4 were negative. Three out of the
patients were tested to anti-myelin oligo-
dendrocyte glycoprotein (anti-MOG) with
negative results.

Due to ethical concerns surrounding the
collection of CSF from healthy individuals,
healthy controls were not recruited for this
study. The control group (CON) included
29 participants without any confirmed CNS
disease. These were patients with episodic
severe headache, lower back pain or periph-
eral neuropathy, and normal MRI scans of
the brain and spinal cord. In these patients,
lumbar punction and evaluation of CSF sam-
ples were indicated to exclude intracranial
bleeding, neuroinfections, or a disorder of
lower motoneuron, e.g., peripheral neurop-
athy. Biochemical tests were indicated in all
samples, and immunological tests were ap-
plied in selected CFS samples accordingly.

Sample preparation

The stock solution consisted of phosphate
buffer 250 mL and 0.28 mMMTMSP-d4 (tri-
methylsilylpropionic acid -d4) as a chemical
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shift reference in deuterated water. CSF was
immediately centrifuged at 2,000 rpm at 4°
C for 20 min and then frozen to -80 °C until
examined. After thawing, 500 plL of CSF was
softly mixed with a 100 pL stock solution and
transferred into a 5-mm 1H-NMR tube. Sam-
ples were randomized for acquisition.

1TH-NMRS data acquisition

TH-NMRS data were acquired on 600 MHz
TH-NMRS spectrometer Avance Il (Bruker,
Billerica, MA, USA) equipped with cryoprobe
at T =310 K. Initial settings (basal shimming,
receiver gain, water suppression frequency)
was done on an independent sample and
adopted for measurements. After the prep-
aration, samples were stored in a Sample
Jet, cooled at 5 °C. Before the measurement,
each sample was preheated on the 310 K for
5 min. An exponential noise filter was used
to introduce 0.3-Hz line broadening before
Fourier transform. The TMSP-d4 signal was
assigned a chemical shift of 0.000 ppm.

We modified the standard profiling pro-
tocols from Bruker as follows: NOESY with
presaturation: FID size 64k, dummy scans
4, number of scans 128, spectral width
204750 ppm; COSY with presaturation: FID
size 4k, dummy scans 8, number of scans 1,
spectral width 16.0125 ppm; homonuclear
J-resolved: FID size 8k, dummy scans 16,
number of scans 4; CPMG with pre-satura-
tion: FID size 64k, dummy scans 4, number
of scans 128, spectral width 20.0156 ppm. All
experiments were conducted with a relaxa-
tion delay of 5 s.

Data analysis

All spectra were binned to bins of the size
of 0.001 ppm, starting from 0.500 ppm to
9.000 ppm, with an excluded water region of
4.6-4.9 ppm. Spectra were solved with the
help of the human metabolomics database,
chenomics software and by researching in
metabolomics literature. For all compounds,
the multiplicity of peaks was confirmed in
j-resolved spectra and homonuclear cross
peaks were confirmed in COSY spectra. After
the metabolites were identified (Fig. 1), we
chose spectra subregions with only a sin-
gle metabolite assigned, or minimally af-
fected by other cometabolites. In 0.001 ppm
binned spectra, we summed integrals of se-
lected signals. Metabolites showing weak
intensive peaks or strong peak overlap
were excluded from the evaluation. Statisti-
cal tests were performed in Matlab R2015a
(MathWorks, Naticks, MA, USA).

14 14 14

15 16 15

8.5 8.0

o/ ppm

75 7.0

Fig. 1. TH-NMR spectrum of cerebrospinal fluid, cpomg acquisition.

1 —isoleucine; 2 - leucine; 3 — valine; 4 — lactate; 5 — alanine; 6 — acetate; 7 — glutamine;

8 — acetone; 9 — pyruvate; 10 — citrate; 11 — creatine; 12 — creatinine; 13 — myo-inositol;

14 - glucose; 15 — tyrosine; 16 — histidine; 17 — phenylalanine; 18 — formate

Obr. 1. TH-NMR spektrum v cerebrospindlnom likvore, ndbor v pulzovej sekvencii TH-NMR.
1 —izoleucin; 2 - leucin; 3 — valin; 4 — laktat; 5 — alanin; 6 — acetat; 7 — glutamin; 8 — aceton;

9 — pyruvat; 10 — citrat; 11 — kreatin; 12 — kreatinin; 13 — myo-inozitol; 14 — glukdza; 15 - tyro-

zin; 16 — histidin; 17 - fenylalanin; 18 — formét

Results
Finally, 18 metabolites: valine, isoleucine, leu-
cine (branched-chain amino acids [BCAA]), lac-
tate, alanine, formate, tyrosine, phenylalanine,
glutamine, histidine, citrate, acetate, acetone,
pyruvate, myoinositol, glucose, creatine and
creatinine were identified in TH-NMRS spectra.
Glutamine was the only metabolite which
levels differed between CIS, MS and CON.
Glutamine also correlated with EDSS in MS
and CIS. In CSF, BCCA (valine, leucine, isoleu-
cine) were decreased in CIS/MS patients after
the first clinical relapse and MS compared
with CON and also correlated with age and
disease duration (DD) of MS patients. Citrate
CSF levels showed signifi-cant correlations

with age, DD and EDSS in MS patients (Fig. 2).
The acetate CSF levels were significantly in-
creased in MS against all other groups. Other
CSF metabolites significantly different be-
tween groups were formate, histidine, ace-
tone, and pyruvate.

Correlations of relative metabolites CSF
levels between subgroups are summarized
in Tab. 1. Results from statistic calculation re-
lated to patients parameters are summarized
inTab. 2.

Discussion

Glutamine

Glutamine is an ubiquitous amino acid in
mammalian tissues and in the blood, where

Cesk Slov Neurol N 2020: 83/116(3): 315-322

317




MAGNETIC RESONANCE SPECTROSCOPY METABOLOMICS OF CEREBROSPINAL FLUID IN PATIENTS

Tab. 1. Statistic evaluation of the relative concentration of metabolites in cerebro-
spinal fluid from patients with MS, CIS/MS after a first clinical result, DEM, and CON.

MS/CON  MS/DEM MS/CIS CIS/DEM  CIS/CON  DEM/CON
) 0.0004* 0.01* 0.02* - 0.04* -
glutamine
15% 10% 9% 7%
, 0.09 - - - 0.04* -
valine
—6% -11%
, , 0.09 - - - 0.02* -
isoleucine
~11% -19%
) 0.08 - - - 0.07 -
leucine
-14% -13%
0.04* - 0.09 - - -
formate
18% 18%
- 0.04* - - - - -
histidine
-39%
) - 0.07 - 0.06 - 0.08
citrate
10% 13% -10%
0.03* 0.05 0.03* - - -
acetate
14% 16% 13%
0.04* - 0.03* 0.07 - 0.05
acetone
-37% -35% 42% -32%
0.02* - 0.04* - - -
pyruvate
-16% -22%

*statistical significance P < 0.05, Mann-Whitney U test

CON - controls; CIS/MS - patients after the first clinical relapse (clinically isolated syndrome vs.
multiple sclerosis); DEM — other inflammatory brain diseases; MS — multiple sclerosis

Tab. 2. Correlation of cerebrospinal fluid metabolite levels with MS and CIS/MS after
the first clinical relaps patients’ EDSS, age and DD.

age/years EDSS
pval (MS) < 0.05 pval (MS + CIS) < 0.05
pval (MS + CIS) < 0.005
valine pval (MS) < 0.05
pval (MS + CIS) < 0.01

DD/years
pval (MS) < 0.005
pval (MS + CIS) < 0.005
pval (MS) <0.05
pval (MS + CIS) < 0.05

alanine

isoleucine pval (MS) < 0.05 pval (MS) < 0.05
leucine pval (MS) < 0.05 pval (MS) < 0.05
glutamine pval (MS) < 0.05
pval (MS + CIS) < 0.05
Citrate pval (MS) < 0.0005 pval (MS) < 0.05 pval (MS) < 0.05
pval (MS + CIS) < 0.0001  pval (MS + CIS) < 0.005 pval (MS) < 0.05
acetate pval (MS + CIS) < 0.05 pval (MS) < 0.01

pval (MS + CIS) < 0.001

statistical significance P < 0.05, all relative CSF metabolite levels were increasing with evalua-
ted patients’ parameter

CIS - clinically isolated syndrome (patients after the first clinical relapse); DD - disease dura-
tion in years; EDSS — Expanded Disability Status Scale; MS — multiple sclerosis

it is a precursor or product in multiple met-
abolic pathways in both the CNS and in the
peripheral tissues. Glutamine participates
in a glutamine-glutamate cycle that plays
a role in neuroglia communication in the
synapse. After the release of neurotransmit-
ter glutamate into the synapse, this is rapidly
up-taken by astrocytes and metabolized to
glutamine, which is delivered into neurons,
metabolized back to glutamate and repeat-
edly used for neurotransmission [15]. Glu-
tamate, the principal CNS excitatory neu-
rotransmitter, is the most abundant amino
acid in the brain with the extracellular con-
centration much lower than the intracel-
lular one [16]. There is growing evidence
that glutamate plays a role in the pathol-
ogy of MS. Increased glutamate CSF levels
were observed in MS patients by Bakhartova
etal [17] and Sarchielli et al [18] and corre-
lated with disease severity and course [18].

Glutamine crosses the blood-brain bar-
rier (BBB) via facilitating transport sys-
tems [19], using its carrier [20]. The con-
centration of glutamine in the CSF is very
close to its concentrations in the arterial
blood or extracellular fluid [21]. In our work,
we observed increased CSF levels of glu-
tamine, co-metabolite of glutamate, in pa-
tients with MS and in CIS/MS patients after
the first clinical relapse when compared to
CON and DEM. In our patients, the transmis-
sion of glutamine from the arterial blood to
the CSF via hyperpermeable BBB cannot be
rejected, but this mechanism does not ex-
plain a selective increase of glutamine only
in MS and CIS/MS patients after the first clini-
cal relapse over other forms of brain diseases,
where disruption of the BBB is also found [22].
We supposed the active transformation of
glutamate to glutamine inside the brain of
MS and CIS/MS patients after the first clinical
relapse.

MS is considered to be the mostly T-cell
mediated disease, and T-cell activation is
associated with abnormal glutamate/glu-
tamine functioning. T-cell activation is de-
pendent on extracellular glutamine and
T-cell activation induces expression of glu-
tamine transporters [23], which has also
been proven in the peripheral blood [24].
The depletion of glutamine blocks prolifer-
ation and cytokine production and this can-
not be rescued by supplying biosynthetic
precursors of glutamine. T-cells are located
at the active edge of MS lesions, and the
presence of perivascular T-cell infiltrates
throughout the CNS is a consistent feature
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in the early stages of MS [25]. Although var-
jous processes involving glutamine are well
described, it is unknown, if increased glu-
tamine levels represent rather the cause
or the consequence in developing CIS and
further MS. Based on our results, we as-
sume its participation in disease develop-
ment, since the glutamine CSF level was in-
creased in MS patients over CIS (MS patients
after a first clinical relapse), in MS and CIS
(MS patients after a first clinical relaps) over
CON, and it correlated with the degree of
disability.

Contrary to our results, Ashley et al [10] re-
ported a decreased CSF glutamine level in
MS against controls. However, the investiga-
tion in highly homogeneous CIS patient co-
horts produced results with increased CSF
glutamine levels [7]. Increased levels of glu-
tamine in the CSF were also documented in
different forms of neurodegeneration such
as in Alzheimer disease [26] or amyotrophic
lateral sclerosis [27]. Further examination in
this field is required to elucidate links be-
tween glutamate and different types of neu-
rodegenerative disorders.

Leucine, isoleucine, valine (BCAA)
The branched-chain amino acids leucine,
isoleucine and valine cross the BBB swiftly.
It seems probable that BCAA participate in
a “glutamate-BCAA cycle”, which involves
shuttling BCAA between astrocytes and
neurons [28]. The metabolism of BCAA in
glial and neural cells was studied in de-
tail by Murin et al [29-31]. Besides func-
tion as “buffering” of an internal pool of
glutamate, BCAA influence the immune
properties of microglial cells and their re-
sponsiveness to pro-inflammatory signals
in vitro [32].

Valine, leucine and isoleucine CSF levels
were found decreased in MS, CIS (MS pa-
tients after the first clinical relapse) and DEM
against the CON group (Tab. 1) and corre-
lated positively with DD and age of MS pa-
tients (Tab. 2). Since these essential amino
acids are transported into the brain by cross-
ing BBB via controlled, facilitated transport
and because they are used for accelerated
glutamate synthesis, their reduced CSF lev-
els may indicate their partial depletion due
to this process.

Citrate

There is insufficient knowledge about spe-
cific CNS processes in which citrate may play
a prominent role. In general, citrate is the key
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Fig. 2. Correlation of the relative CSF citrate level in MS and CIS/MS patients after the

first clinical relapse with age and EDSS score.

CIS - clinically isolated syndrome; CSF — cerebrospinal fluid; EDSS — Expanded Disability Sta-

tus Score; MS — multiple sclerosis

Obr. 2. Koreldcia relativnych hladin citratu v cerebrospinalnom likvore s vekom a skére

EDSS pacientov s MS a CIS.

CIS - Kklinicky izolovany syndrém; CSF — cerebrospinalny likvor; EDSS — Expanded Disability

Status Scale; MS — sclerosis multiplex

metabolite of Krebs cycle. Besides this, cit-
rate plays an important role in the fatty-acid
synthesis, the main component of brain -
pids [33]. Citrate is released from astrocytes
in large amounts, which is in keeping with

high concentrations found in the CSF [34].
However, the functional importance of high
concentrations of citrate in the CSF and
the large release of citrate from astrocytes
are not fully understood. Rather than cit-
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rate serving as a precursor for the synthe-
sis of transmitter glutamate, citrate released
from astrocytes may regulate the extracel-
lular concentrations of Ca**, Mg?* and Zn?*
by chelation [35], thereby modulating neu-
ronal excitability as an endogenous modula-
tor of glutamate receptors, in particular, the
N-methyl-D-aspartate (NMDA) receptor sub-
type. Citrate has a preference for Zn?* over
Ca’* and Mg?* [35] and is potentially able to
abolish the inhibitory action of Zn’* of the
NMDA receptors in a reverse manner [36]. It
is therefore attractive to suggest a hitherto
unknown regulatory function of citrate in
particular astrocytes [37].

In our study, we did not observe signif-
icant differences in citrate CSF levels be-
tween patient and control groups, contrary
to other results, where decreased CSF citrate
level was found in MS patients [7,38]. How-
ever, we observed the relationship of citrate
CSF level to several clinical parameters of MS
and CIS (Tab. 2). The CSF levels of citrate in-
creased with EDSS score, DD and age in MS
and with EDSS score and age in CIS (MS pa-
tients after the first clinical relapse) (Fig. 2).

Glucose, lactate, and pyruvate
Astrocytes have the highest concentration
of the primary glucose transporter. Glucose,
transported into astrocyte, is entering gly-
colysis with pyruvate as a product. Pyru-
vate has two fates: it can enter Krebs cycle
in mitochondria or it is converted to lac-
tate, which is then transported to neurons.
Once lactate enters neurons, it is converted
back to pyruvate. Neuronal pyruvate can be
shuttled to mitochondria and funneled into
Krebs cycle to gain energy or convert to cit-
rate for lipid synthesis. Neurons show a rela-
tive preference for lactate over glucose when
both substrates are present. However, we
do not yet know the relative contributions
of glycolysis and oxidative phosphorylation
to the immediate energy demands of the
neurons.

In our study, CSF levels of glucose and lac-
tate were not changed in any of the groups.
Based on our results, it seems that neither
“lactate shuttle” nor glycolysis was affected
in the evaluated groups. Other studies pub-
lished conflicting results in the CSF in MS: de-
creased glucose [9], increased glucose [39],
lactate without change [9], increased lac-
tate [7] and decreased lactate [40]. We found
decreased CSF pyruvate levels in MS patients
against CIS (MS patients after the first clinical
relapse) and CON. Current research revealed

many mitochondrial abnormalities involved
in the development and progression of
MS [41] that are also supposed in our MS pa-
tients. Decreased pyruvate may also balance
mitochondrial citrate overproduction in an
advanced disease.

Histidine

Histidine is a precursor of histamine, a neu-
rotransmitter for the brain and spinal cord.
Elevated CSF histamine levels in MS patients
were already reported [42,43]. Histamine can
be found in large amounts in granules of
mast cells, a type of white blood cells, and
in granulocytes, derived from myeloid stem
cells. Mast cells participate in innate and
adaptive immunity, inflammation and auto-
immunity [44]. We observed decreased his-
tidine CSF levels in MS patients when com-
pared to CON. Considering that histamine is
produced from histidine by irreversible de-
carboxylation and histidine is an essential
amino acid for the brain, entering the brain
via BBB transporter systems, the increased
histamine can be manifested by the exhaus-
tion of histidine.

Acetate and formate

Previous data showed that levels of ace-
tate and formate in MS patients were al-
tered [9,39,45]. Our analysis revealed sta-
tistically significantly increased levels of
both acetate and formate in CSF of MS pa-
tients against CON, CIS patients, and DEM
(Tab. 1).

In general, the majority of acetate is gen-
erated by the enzymatic hydrolysis of acetyl-
CoA. Acetyl-CoA is a co-substrate for the
synthesis of citrate, and therefore sustain-
ing the reactions of the citric acid cycle has
a profound impact on the energy metabo-
lism and biosynthetic reactions of fatty acids,
cholesterol, ketone bodies and non-essen-
tial amino acids and their derivates including
neurotransmitters glutamate, gamma-amin-
obutyric acid (GABA) and acetylcholine. Fur-
thermore, acetyl-CoA is a common donor of
acetyl residue for the synthesis of N-acety-
laspartate or N-acetylaspartylglutamate; and
also is essential for the sustaining of protein
acetylation [46]. Reactivation of acetate into
acetyl-CoA may take place in cytosolic, mi-
tochondrial and nuclear compartments of
glial cells and neurons. The cytosolic ex-
pression of acetyl-CoA synthase in oligo-
dendrocytes [47] suggests their capabil-
ity to utilize acetate for lipid synthesis and
myelination [46].

Formate may be generated either by per-
oxisomal a-oxidation of fatty acids [48] or dis-
turbed mitochondrial metabolism [49]. Since
brain lipids consist of a considerable propor-
tion of fatty acids [33], the demyelination ac-
companying lipolysis can elevate the level of
free fatty acids, and then formate. In the brain,
acetate and formate are further metabolized
in gliaand neurons [50,51]. We assume that in-
creased production of free fatty acids by de-
myelination leads to their elevated mitochon-
drial and peroxisomal degradation, followed
by the increased formation of acetate and for-
mate. We suggest that the quantities of newly
generated acetate and formate bodies ex-
ceed the catabolic capacity of the brain cells
and therefore lead to their accumulation in
the CSF of our MS patients.

Alanine

A variety of data suggest that beta-alanine
should be considered a small-molecule neu-
rotransmitter that may function as an im-
portant carrier for ammonia transfer to com-
plete brain glutamate-glutamine cycling.
Alanine is a non-essential amino acid, cross-
ing BBB by transport systems [19]. In vitro,
both cortical and cerebral neurons show
several-fold-higher de novo synthesis and
release of alanine [53,54] confirming neu-
ronal bonding of nitrogen. We found a sig-
nificant increase in alanine CSF level in MS
patients correlating with age, DD and dis-
ability score, which may show alanine par-
ticipation in disease progress and duration.
However, alanine may be a part of pyruvate
recycling, where the changes of alanine with
the age should be expected [55]. There-
fore, a link between alanine and MS is only
disputable.

Other unchanged metabolites
Creatine and creatinine serve as indices of
one aspect of brain energy metabolism,
the creatine-creatine phosphate shuttle.
No changes in CSF levels of both metabo-
lites in our study indicate that this part of en-
ergy metabolism is not affected in CIS (MS
patients after the first clinical relapse) and in
MS, or DEM patients.

Furthermore, we did not find an alteration
in CSF levels of tyrosine and phenylalanine.
In the brain tyrosine functions as a precursor
of catecholamines (dopamine, norepineph-
rine, epinephrine). It was reported that the
activity of neurotransmitter dopamine de-
creases in the CSF in MS [56]. However, we
did not prove that.
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Limitations

Although we have identified disease unique
metabolite profiles, the future use of metab-
olite biomarkers in the clinical environment
will require optimisation to improve accu-
racy. In our study, the accuracy of disease-
unique metabolites profiles may be af-
fected by a lower number of participants in
the groups and heterogeneity of a disease
course in both MS and non-MS diseases.
Other limitation of this study could be the
fact that we tested CSF in isolation, the sam-
ples were not coupled with serum of study
participants. We did not test anti-MOG in all
study participants due to technical prob-
lems. The test was not widely available in
our country at the time of study beginning.
Further studies may improve our know-
ledge about CSF biomarkers in demyelinat-
ing disorders.

Conclusion

In our work, glutamine, which correlated
with EDSS, was the only metabolite capable
of distinguishing between MS after the first
clinical relapse or CIS and MS concern-
ing other forms of the demyelinating brain
diseases and controls. This work is the first
one to show the predictive role of CSF glu-
tamine in the early stages of MS, pinpoint-
ing an important role of the glutamate/glu-
tamine cycle in MS pathogenesis. Another
potential predictor of MS was citrate, as cit-
rate CSF levels specified MS and CIS against
DEM. However, it did not help to distinguish
between early and later stages of MS. Cit-
rate showed significant correlations with
age, DD and EDSS in MS patients. The BCAA
(acetate, acetone, pyruvate, formate, histi-
dine) CSF levels are not significant predictors
of MS.
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