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Graphical Abstract: 1) MALDI-TOF analysis of lipid species in Multiple Sclerosis (MuS) and OND patients. 2)
Distinctive biochemical alteration associated with MuS. 3) Characterization and validation of differences.
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Abstract

Multiple Sclerosis (MuS) is a disease due to an autoimmune attack against myelin components in
which non proteic mediators may play a role. Recent research in metabolomics and lipidomics has
been driven by rapid advances in technologies such as mass spectrometry and computational
methods. They can be used to study multifactorial disorders like MuS, highlighting the effects of
disease on metabolic profiling, regardless of the multiple trigger factors.

We coupled MALDI-TOF-MS untargeted lipidomics and targeted LC-MS/MS analysis of
acylcarnitines and aminoacids to compare cerebrospinal fluid metabolites in 13 MuS subjects and in
12 patients with Other Neurological Diseases (OND). After data processing and statistical
evaluation, we found 10 metabolites that significantly (p<0.05) segregate the two clinical groups.
The most relevant result was the alteration of phospholipids levels in MuS and the correlation
between some of them with clinical data. In particular lysophosphatidylcholines (m/z=522.3 Da,
5243 Da) and an unidentified peak at m/z=523.0 Da correlated to the Link index,
lysophosphatidylinositol (m/z=573.3 Da) correlated to EDSS and phosphatidylinositol (m/z=969.6
Da) correlated to disease duration. We also found high levels of glutamate in MuS. In conclusion,

our integrated mass spectrometry approach showed high potentiality to find metabolic alteration in

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

cerebrospinal fluid. These data, if confirmed in an wider clinical study, could open the door for the

discovery of novel candidate biomarkers of MusS.
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Introduction

Multiple Sclerosis (MuS) is a chronic demyelinating disease of the Central Nervous System (CNS)
characterized by inflammation and axonal degeneration. It is the most common cause of neurologic
disability in young adults in the Western world affecting mostly people between 20 and 40 years of
age, with a female-male ratio which has increased, in the last decades from 2:1 to 3:1'. In most
cases Mu$ has a relapsing-remitting (RR) course®.

MuS is commonly considered an acquired autoimmune pathology in genetically susceptible
individuals when environmental risk factors, such as viral infections, vitamin D deficiency and
ultraviolet radiation, occurred®. While the etiology of MusS is still unclear, a favored hypothesis
suggests that one factor contributing to the development of autoreactive T-cells in MuS is a cross-
reactive immune response between viral components and CNS antigens (“antigenic mimicry””) 43,
Among possible mediators are proteins, metabolites and lipids thought to be involved in disease
mechanisms. Lipids, in particular, represent important targets since they are implicated in many
signalling routes and antigen reactions. Recent studies suggest a role for lipids in the autoimmune
process and recent evidence have shown lipid metabolism alterations in the CNS of MuS subjects®’.
Metabolomic and lipidomic approaches revealed useful in identifying metabolic alterations in
Cerebrospinal Fluid (CSF) in animal model of MuS and in neurodegenerative diseases in general. In
a previous work of Gonzalo et al, through untargeted approach of metabolomics and lipidomics,
several discriminant metabolites were found between MuS and non-MuS patients. Among these
differential molecules, the lipid oxidation marker 8-iso-prostaglandine F2a was found increased in
MusS patients. Also autoantibodies against lipoxidized proteins were increased in MuS, suggesting
an enhanced autoimmune response underlying the progression of the disease®. Moreover, when the
limits of metabolomics will be exceeded, it will be possible the comprehension of pathogenetic
pathways facilitating the development of specific disease treatments. Sphingosine is the molecular
backbone of sphingolipids which are the most abundant lipids in the myelin sheath and Fingolimod,

for example, is a sphingosine 1-phosphate receptor (S1PR) modulator, today used as a new oral
3
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drug for MuS’. Furthermore, metabolic homeostasis is deeply modified during pregnancy, which is

. .. . . 10, 11
a typical remission period in MuS course

. Therefore, determining the major epitopes of the
different encephalitogenic myelin and neuronal factors implicated in MuS is of major significance
not only for devising immuno-specific therapeutic approaches to MuS, but also for understanding
the pathophysiology and etiology of the disease. Moreover it's demonstrated that carnitine, involved
in fatty acids metabolism, and its derivatives are present at different concentrations in various body
fluids and tissues and that they can be implicated in various diseases characterized by upregulated

: ; : 12, 13
or 1mpa1red mmune responses .

The therapeutic rationale in MuS derives from the
demonstration of a reduction of nitroxidative stress in CSF in active MuS patients treated with
acetylcarnitine'*. However a current Cochrane review on the efficacy of carnitine in MuS-related
fatigue conclude for an insufficient evidence of a therapeutic advantage of carnitine over placebo or
active comparators'>. Recently, a metabolomics study by Noga MJ et al. demonstrated a significant
change in amino acids metabolism in CSF during Experimental Allergic Encephalomyelitis (EAE).
They found altered levels of metabolites related to pathways including nitric oxide synthesis, altered

energy metabolism, polyamine synthesis and levels of endogenous antioxidants'®.

On the spur of these recent findings, here we report a metabolomics investigation of CSF including

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

carnitines, amino acids and lipid profiles in MuS subjects and patients with OND by combining
untargeted and targeted metabolomics strategies. Aim of our study was to identify new candidate
biomarkers for MuS diagnosis, in order to better understand the possible link between metabolic

alterations and clinical features of the disease.

MATERIALS AND METHODS

Ethics Statement

The study design was made following the guidelines for Good Clinical practice (GCP) of the local
Ethics Committee that approved the study (Ethic committee of “G. d’Annunzio” University and

ASL N.2 Lanciano-Vasto-Chieti, Italy), and following the ethical standards in conformity with

4
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those laid down in the Declaration of Helsinki (World Medical Association, 1997). All patients
were informed about the procedures and provided written informed consent to participate in the
study. In order to protect human subject identity a number code was employed for specimen

identification.

Patients

13 patients with Relapsing Remitting MuS, in accordance with the 2010 Polman’s criteria'’, were
included in this study. Clinical diagnosis was confirmed by cerebral and spinal cord magnetic
resonance imaging (MRI) studies and by the presence of oligoclonal bands in CSF. The Expanded
Disability Status Scale (EDSS) score was obtained at the time of lumbar puncture. To be enrolled in
the study patients should have not been treated with steroids in the month before study entry and
should have been never treated with immunomodulatory or immunosuppressive drugs both for MuS
and for other diseases. 12 CSF samples of patients with other neurological diseases (OND) were
used as control group. The diagnosis in each of these patients was defined according to individual
disease diagnostic criteria. Table S1 in supplementary materials summarizes clinical and
demographic features of the enrolled patients. The disease duration is defined as the time elapsed
(expressed in days) between the first symptom to the day of CSF collection. All patients were
selected in order to obtain age, sex and ethnicity (white people) matched cohorts of subjects. Patients
with other disease course and comorbidites were excluded. CSF samples were collected at the MuS

Center of Chieti (Italy).

Sample Collection

CSF samples, taken by a routine lumbar puncture at L3/L4 or L4/L5 interspace, were always
collected in the morning on the first day of patient observation. Each sample (around 3 mL) was
centrifuged at 10000g at 4°C, for 10 minutes. The supernatant was divided into aliquots and stored

at -80°C. Around 2 ml of CSF from each subject was used for diagnosis. Only 300 microliters of
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CSF per patient were employed in this study (200 pL for untargeted lipidomics and 10 pL for

targeted amino acids and carnitines determination).

Lipid extraction procedure and MALDI-TOF-MS analysis

200 uL of CSF per patient were used for lipid extraction. Total lipids were extracted using a
modified “Bligh and Dyer” method'®. Briefly, 100 pL of a saturated solution of (NH4)SO, (Sigma
Aldrich) for protein precipitation were added to 2 different aliquots of 100 pL of CSF. After
vortexing and centrifugation (15 min at 10000 g) 500 pl of MeOH, 250 pL of CH3Cl and 250 pL of
H,0 were added to supernatant (180 pL) and vortexed (all solvent purchased by Sigma Aldrich).
After centrifugation for 15 min at 10000 g the CH;Cl phase of two aliquots of the same sample
were bring together, dried and sealed to be stored at -80 °C. Total lipids extract were re-suspended
in 50 pL of MeOH, vortexed, centrifuged for 15 min at 10000 g and used for MALDI-TOF-MS
analysis. Each CSF sample was fortified with 10 uLL of Dimyristoylphosphatidylcholine (DMPC)
(Avanti Polar Lipids, inc USA) at 2.5 pg/mL, used as internal standard for mass accuracy
verification. After spectra acquisition the signals of the DMPC and the signal of an endogenous well
characterized signal were used to verify the instrumental mass accuracy (see Figure S1A for

details). In order to compare groups, the variability of quantification and the extraction recovery

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

were assessed by using quality controls of CSF fortified with standard DMPC at different
concentration levels (2.5, 5, 10 and 25 pl/mL). As reported in Figure S1B supplementary materials,
the method shown good linearity response with an RSD% below 20% for each concentration level.
The matrix solution was prepared by using a saturated solution of 2,5-dihydroxybenzoic acid
(DHB) in Acetone/Chloroform (9:1) according with Fujiwaki et al."” Extracted lipids from CSF
were mixed 1:1 with the matrix solution and 0.5 pL of the resulting solution were spotted on MTP
Ground steel 384 (Bruker Daltonics). All analyses were performed with a Autoflex Speed MALDI-
TOF-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) in the mass range 300-3000
Da. Instrument parameters were tuned in order to obtain the highest resolution and sensitivity in the

6
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mass range used. All mass spectra were acquired in positive Reflectron mode at a voltage of 19;
16.72 and 8.54 kV for the first and second ion extraction stages and lens, respectively. Every single
acquisition run was composed by 500 laser pulses at 1000 Hz. The most abundant lipid signals were
characterized by fragmentation experiments by LIFT tandem mass spectrometry analysis. Analyses
were performed using the following acquisition settings: ion source 1: 6.0 kV; ion source 2: 5.3 kV;
lens: 3.0 kV; reflector 1: 27.0 kV; reflector 2, 11.70 kV; lift 1: 19.0 kV; lift 2: 4.25 kV; pulsed ion
extraction 120 ns.

Lipid identification was carried out by database search (mainly by: “Lipid Maps”) using their
accurate mass measured and by the mass of characteristic fragments obtained in LIFT experiments.
Figure S2, S3 and S4 in Supplementary material show the fragmentation spectrum of the signals at

m/z=522 Da, 524 Da and 734 Da reported in Table 2 as differential metabolites.

LC-MS/MS Analysis of amino acids, free carnitine and acylcarnitines

A targeted metabolic fingerprint strategy by Liquid Chromatography-tandem Mass Spectrometry
(LC/MS/MS) in multiple reaction monitoring (MRM) mode was performed for the determination of
amino acids, free carnitine and acylcarnitines levels in CSF samples. CSF (9.6 uL) was transferred
into 1.5 mL tubes (Eppendorf, Hamburg, Germany) and then extracted with a solution containing
the stable isotope labeled internal standards for each analyte of interest, according to the principle of
isotope dilution internal standardization. The stable isotope labeled internal standards, as well as the
extraction solution, were obtained from the NeoBase Non-derivatized MSMS Kit (Perkin Elmer
Life and Analytical Sciences, Turku, Finland). The tubes were then capped and vortex mixed. The
samples were centrifuged (22582 g at 4 °C for 15 minutes), and the supernatant was analyzed by
direct infusion mass spectrometry (DIMS) as already reported™.

The NeoBase non derivatized MSMS Kit is validated for blood spots for the determination of

21, 22

absolute concentrations of amino acids and acylcarnitines. As done in other studies working

with different biological matrixes such as plasma and serum, the use of the kit was intended to
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reveal relevant alterations in amino acids and acylcarnitines profiles in CSF patients samples.
Anyway, once accepted the use of the kit for different biological matrixes other than for blood spot
to determine alterations in metabolites profile, we decided to extract 9.6 puL. of CSF for each sample,
after testing the reproducibility at three different volume of sample. A quality control (QC) CSF
pool was prepared from the CSF patients samples, then extracted and analyzed as described for the
CSF samples in study. A total of 10 QC CSF pool were analyzed during the run. Method accuracy
was accessed for each analyte, precision being evaluated as repeatability in terms of coefficient of
variation (CV) for the QC samples. The calculated mean CV for the amino acids and acylcarnitines
were between 3.9-13% and 6.1-11.5%, respectively.

The DIMS analysis for the evaluation of metabolic profile in CSF samples was performed using a
LC-MS/MS system consisting of an Alliance HT 2795 HPLC Separation Module coupled to a
Quattro Ultima Pt ESI tandem quadrupole mass spectrometer (Waters Corporation, Milford, MA,
USA). The instrument operated in positive electrospray ionization mode using MassLynx V4.0
Software (Waters) with auto data processing by NeoLynx (Waters Corporation, Milford, MA,
USA). Autosampler injections of 30 ulL were made into the ion source directly by a narrow peek
tube, and the mobile phase was methanol/water 75:25 (v/v) plus 0.01% oxalic acid (Perkin Elmer).

The total run time was 1.8 min, injection-to-injection. The mass spectrometer ionization source

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

settings were optimized for maximum ion yields for each analyte. Capillary voltage was 3.25 kV,
source temperature was 120 °C, desolvation temperature was 350 °C, and the collision cell gas
pressure was 3-3.50 e-3 mbar Argon. In Supplementary material Table S2-S4 are reported the

detailed list of analytes.

Data Processing and Statistical Methods
All CSF raw MALDI mass spectra acquired were processed using SpecAlign free software, version
24.1, developed by Dr Jason Wong at the University of  Oxford

(http://powcs.med.unsw.edu.au/research/adult-cancer-program/services-resources/specalign).  This
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procedure allowed peak deconvolution and alignment, denoise and Total Ion Count (TIC)
normalization to give a table of mass pairs with associated relative intensities for all the detected
MALDI peaks for each CSF sample analyzed. The relative intensities of lipid signals obtained by
untargeted MALDI-TOF-MS analysis were underwent to multivariate processing. This data matrix
was exported, UV-scaled, mean centred and used for partial least squares discriminant analysis
(PLS-DA) using SIMCA-P + 11.0 (Umetrics AB, Umed, Sweden). The most influential variables
responsible for the separation between classes are the variables having the greatest influence in
PLS-DA. A parameter named VIP (Variable Importance in the Projection), was employed to reflect
the variables importance in the discriminant analysis. Results of the PLS-DA analysis was a list of
all variables (lipids) sorted by their discriminatory power (VIP). We used this results as explorative
and select the major discriminant lipid signals (VIP >2), obtained by PLS-DA elaboration, for a
statistical re-evaluation applying the Student’s t-test when normality was accepted, otherwise the
Mann Whitney U-test was applied. From this processing of untargeted data we obtained a list of
significant variables listed ad potential biomarkers.

For targeted analysis, all LC-MS/MS data were underwent to D’Agostino and Pearson omnibus
normality test in order to determine the normality of each variable measured in each group. When
normality was accepted the Student’s t-test was employed, otherwise the Mann Whitney U-test was
used for comparing the groups. All statistical elaborations were performed by using GraphPad
Prism (GraphPad Software, Inc. USA). Correlation analysis with clinical parameters to lipids,
carnitines and amino acids levels were performed by Statistica 7.0 (StatSoft DemoVersion).

GraphPad Prism was employed for ROC curve analysis.

RESULTS
Metabolic profiling in CSF by targeted LC-MS/MS analysis
We investigated amino acids, free carnitine and acylcarnitines levels in CSF samples by LC-

MS/MS in a targeted metabolomic strategy. Samples were randomized and analyzed by DIMS as
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described in the methods section. Table 1 shows CSF relative abundance of short and medium
acylcarnitines and amino acids obtained by DIMS analysis in OND and MusS subjects. Long-chain
acylcarnitines were not detectable in CSF. As showed in Table 1 only glutamate resulted

differential between the two clinical groups investigated (p< 0.05, t-test).

CSF lipidomics by MALDI-TOF-MS

Lipid pool extracted from CSF of each patient was randomized and subjected to MALDI-TOF-MS
analysis. Figure 1 Panel a shows the average MALDI-TOF mass spectra obtained by the two
clinical groups investigated. In panel b was reported the virtual gel showing the lipid profiling of
each CSF analyzed. The more populated range of lipid signals in the spectrum was between
m/z=500 Da and 1000 Da. Fragmentation analysis of the main peaks (data not shown) indicated that
the most abundant ions contain phosphocoline as head group at m/z=184 Da, mainly
sphingomyelins (SM) and phosphatidylcholines (PC)23 . Once analyzed all CSF samples, an
automatic elaboration of all spectra acquired was performed. After denoising and signals alignment,
an average data matrix was obtained containing 642 m/z signals ascribable to lipid molecular
species, with an intensity normalized vs the Total Ion Count (TIC). Data were displayed in a final

reference matrix where all molecules studied were reported as variables (642) linked to each

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

observation (patient) in a compatible format for the multivariate analysis with Simca-P software. To
explain the maximum separation between defined class samples in the data set, the 642 variables
were processed with Partial Least Squares Discriminant Analysis (PLS-DA). In Figure 2 was
reported the PLS-DA score plot of the first three components where the two group of patients were
visualized and separated, based on their lipidomics pattern. However, the model with greater
predictive power was constituted by nine components describing a 78% of variation in X
(R2X=78.6 %) and 99% of the variation in the response Y (class) (R2Y = 98.9%) with a Q2Y=0.68.
In order to avoid over-parametrization due to the fact that the model use to many variables in

respect to the analyzed cases, we validated this exploratory results by univariate analysis as

10
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described below. Simca-P software generates a list of all the variables analysed sorted by a score
number named VIP. The VIP score reflects the variable’s contribution on classification, and can be
used to discover the most relevant differential variables responsible for group separation. We used
the results of multivariate analysis as explorative and selected the major discriminant lipid signals
for a statistical re-evaluation. The software indicates VIP>1 significant for discrimination. In this
study the differential lipids with a VIP value > 2 (two fold the nominal cut off) were taken in
consideration for an independent statistical re-evaluation (Mann—Whitney U test/t-test). Variables
with a p<0.05 obtained from hypothesis testing were taken into consideration as putative

biomarkers.

Potential biomarkers identified

In Table 2 were reported all differential (p<0.05) metabolites highlighted in this study and in
particular nine lipid species and glutamate. Among all the differential lipid signals some of them
were tentatively identified through database search of the accurate mass measured and, when
possible, by fragmentation analysis (for mass tolerance in the database search it was chosen 15 ppm
which is about 2 times higher than the mass accuracy measured for DMPC standard, considering the
large range in ion intensity, during the fast acquisition of the TOF). Figure 3, shows the
distribution of each discriminant metabolite in two groups of patients studied. Three lyso
phospholipids at m/z= 522.3 Da (a), 524,3 Da (b) and 573,3 Da (c) identified as two
lysophosphatydilcholine (LPC) and lysophosphatidylinositol (LPI), respectively and the signals at
734.5 Da (d) and 969.6 Da (e) identified as phosphatidylcholine (PC) and phosphatidylinositol (PI)
respectively, as well as two unidentified species at m/z= 523.0 Da (f) and 523.9 Da (g), are
significantly increased in MuS people. Otherwise the signals at 673.4 Da (h) identified as
phosphatydic acid (PA) and 727.0 Da (i) (unidentified signal) resulted decreased in MuS patients vs
OND subjects. Considering all amino acids and carnitine species analysed, the glutamate (1) in CSF

of MusS patients resulted significantly elevated vs OND patients. In Table 3 was summarized the

11
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discriminatory power of each potential biomarker highlighted, showing a receiver operating
characteristic curve (ROC) data based on the relative intensity of each biomarker analyzed. The
accuracy of each biomarker in classifying the two groups is outlined by the sensitivity and the
specificity in the reclassification of MuS patients. Eight compounds, taken singularly, show

significant reclassification and, most of them, showed high specificity in classifying MuS group.

Correlation with clinical parameters

To study the potential of the detected metabolites to identify ongoing disease activity we evaluated
the relation of the signal intensity values of the discriminatory compounds with clinical parameters
shown in Table S1 of Supplementary material. The intensity of two LPC species at m/z= 522.3 Da,
524.3 Da and an unidentified signal at m/z=523.0 Da (elevated in MuS patients) correlated
positively with the Link index as shown in Figure 4 (a-c). The intensity of the signal at m/z = 969.6
Da (elevated in MuS) identified as PI, correlated positively with disease duration (Figure 4, d),
while the lyso isoform (LPI) at m/z=573.3 Da (elevated in MuS) showed a negative correlation with
the EDSS (Figure 4, ¢). Other variables studied did not show significant correlations with the

clinical parameters considered.

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

DISCUSSION

In this study we reported a targeted LC-MS/MS of camnitines and amino acids and MALDI-TOF-
MS untargeted lipidomics profiling in order to improve knowledge of metabolic pathways
modulation in the CSF of MuS patients. Therefore we looked at a possible correlation of the
metabolomics data with clinical parameters to study their relationship to disease pathophysiology.
By targeted analysis we studied 36 acyl carnitines and 19 amino acids species, while by untargeted
analysis we obtained hundreds of peaks associated to lipid species. The choice of high throughput
screening by MALDI-TOF-MS technology was driven to obtain high sensitivity to analyze CSF

lipids and to be able to carry out identification of unknown compounds, as well as to apply a robust

12


http://dx.doi.org/10.1039/c4mb00700j

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

Molecular BioSystems

Page 14 of 27

View Article Online
DOI: 10.1039/C4MB00700J

methodology easy to transfer into clinical practice. Our main objective is to identify new candidate
biomarkers for MuS diagnosis, in order to better understand the possible link between metabolic
alterations and clinical features of the disease. The potential biomarkers, in the lipid screening, were
tentatively identified by accurate mass and, when possible, by fragmentation experiments. Lipids
containing phosphocholines were assigned with a better fashion due to their major susceptibility to
ionization of the quaternary nitrogen in the head group, giving a typical m/z at the fragment
(m/z=184 Da). Ten metabolites that significantly (p<0.05) segregate the two clinical groups
analyzed were obtained. The most relevant result of this approach was the detection of an altered
level of specific phospholipids in MuS when compared to OND subjects. In particular we found a
significantly increased level of LPC (18:1/0:0), LPC (18:0/0:0) and LPI (16:0/0:0) in MuS people
and other m/z signals (523.9 Da and 523.04 Da) unidentified but probably associated to similar
compounds in CSF. Moreover we identified the signal at m/z=734.5 Da as a PC specie that resulted
higher in MuS than OND people. LPC (18:1/0:0), LPC (18:0/0:0) and the unidentified lipid at
m/z=523.04 Da are well correlated (p<0.05) to the Link Index (also known as “IgG Index”) a
parameter that indicates high levels of intrathecal IgG synthesis. The intrathecal IgG synthesis is a
common event in MuS. Interestingly, our previously published data demonstrated a significant
decrease of this specific LPC species (LPC-18:1/0:0 and LPC-18:0/0:0) in serum of MusS patients in
respect healthy control subjects®*, while similar levels were found between MuS and OND. Here we
obtained overexpression of these metabolites in CSF of MuS , a cerebral compartment
physiologically independent from the serum, suggestive for a possible function of these lipids as
candidate biomarkers, reflecting intrathecal synthesis and CNS inflammation®’.

We considered a single OND control group even if disease parameters are quite variables in the
considered clinical cohort. However, aware of the limitation of such choice, we think our finding
are strengthened from the heterogeneity of OND group highlighting a specific trend in MusS.
Moreover, we investigated the lipid composition between gender in the MuS and OND groups,

showing not significant differences between males and females, demonstrating that there is not
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gender influence on the lipid profile in CSF (Figure S5). Unfortunately, we don’t have information
about the body mass index of patients and this can be considered a biasing factor, even if the CSF
should not be strongly influenced by this index like the serum. However, we attempted to insert a
homogeneous group of patients.

PC is the major phospholipid specie of eukaryotic membranes and removal of one of the fatty acids
results in LPC usually through the enzymatic action of a phospholipase A2 (PLA2). Several studies
suggested altered levels of PCs in neurodegenerative diseases concluding that secretory PLA2
activity in the CSF might serve as a valuable biomarker of neuroinflammation as demonstrated in
Alzheimer disease®” ?’. In EAE, the blockade of cytosolic PLA(2)a was highly efficacious in
ameliorating disease course probably reducing T cell proliferation, proinflammatory cytokine
production, preventing activation of CNS-resident microglia and increasing oligodendrocyte
survival. The authors, administrating a cPLA(2)a inhibitor in a relapsing-remitting model of EAE,
completely protected mice from subsequent relapses®™. The therapeutic effect of Fingolimod is
probably also due to inhibition of cPLA(2)a activity, as previously demonstrated, directly in
CNS”. Here we can speculate that the pathological overstimulation of PLA2 determines cutting of
PC from the membranes, resulting in accumulation of LPC species into the damaged tissue,

confirmed by high levels of circulating LPCs in CSF of MusS patients.

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

Moreover LPC is recognized as an important factor underlying signal transduction and plays a
functional role in various diseases by LPC specific G-protein-coupled receptors™ . LPC are released
into the brain in pathological conditions linked to high levels of pro-inflammatory cytokines
Interleukin 1b (IL-1b)*'. LysoPC released from apoptotic cells could also act as chemotactic factor
for monocytic cells and primary macrophages 32 It was demonstrated both in vivo and in vitro that
LPC induces deramification of murine microglia. In particular LPC (16:0) and (18:0) are able to
induce IL-1b release, an important pro-inflammatory cytokine, from microglial cells through
activation of P2X7 receptor>>. This is consistent with the timing of CSF withdrawal in Mus$ patients

during a relapse. Another interesting results of our study was the identification of LPI (16:0/0:0)
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species and high molecular weight PI that are elevated in MuS subjects vs OND patients, even if in
this case the identification was obtained without fragmentation data due to low intensity of these
signals in the spectra. The levels of LPI in MuS negatively correlated to EDSS score indicating that
an increased level of this metabolite in CSF may be associated to a protective role against disease’s
progression and severity of symptoms. On the other hand we found a positive correlation of PI
levels in CSF with disease’s duration; this result may also reflect a role of the metabolite in a
broadening of neurodegeneration due to inflammation®®. These data may seem contradictory, since
EDSS value, usually, is proportional to disease’s duration, but they might reflect different roles of
these metabolites. However, it is arduous to discuss a possible involvement of LPI and its high
expression in the CSF of MuS patients considering that our preliminary evidence pertains to a
limited group of patients. However we may speculate that the role of such metabolite may be
compared with other LPIs for biological activities. Consistently with this observation there is
fascinating new evidence indicating the involvement of LPIs in neuroprotection, mediating
modulation of microglia function through G protein-coupled receptor 55 (GPR55)**. Actually, the
physiological roles of GPR55 and its possible involvement in the pathophysiology are emerging.
Recent studies established LPI as activator of GPRS55 and its implication in pain transmission,
where cannabinoids are potent inhibitors of such machine®®. In summary, LPI is rising as a key
modulator of cell proliferation, migration, and function, and holds important pathophysiological
implications due to its high levels in diseased tissues’ .

Regarding all aminoacids and acyl-carnitines quantified in CSF, glutamate levels seem to be
slightly increased in MuS during the acute phase of inflammation, although it is known that
glutamate is increased also in other neurological diseases, thus it cannot be considered a specific
marker of MuS. However, this result is in agreement to recent findings that demonstrated the role of
glutamate, the first excitatory neurotransmitter of CNS, in MuS and EAE* *. It was already
reported that glutamate levels were elevated in CSF of MusS patients and these levels correlated to

disease’s severity’’. Interestingly, this result was in agreement to high levels of LPC in CSF
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considering that glutamate release, calcium influx, and activation of cellular PLA2 were reported as
important steps initiating membrane breakdown*'. These considerations could indicate a potential
use of glutamate as biomarker of MuS severity even in patients without lesions in NAWM.
Moreover in according with Tejani et al carnitine levels do not seem to be influenced by the
disease'”. In conclusion, even though OND patients show metabolic patterns similar to MuS
subjects, some of these features are distinctive and can be considered specific for MuS. In Table 3
the discriminatory power of each potential biomarker was summarized,Eight compounds, taken
singularly, show significant reclassification and, most of them, showed high specificity in
classifying MuS group. Even if the discriminatory power of each compound is not excellent, taken
together, the pattern, can represent a specific cerebral metabolic alteration in MuS disease. The limit
of this study is the lack of external validation of the results, consisting in a computing prediction for
an independent set of test observations. However, a confirmation of these preliminary results in a
more wider clinical study could lead to a better understanding of the metabolic (dys)homeostasis in
the pathogenesis of MuS, giving the opportunity of new functional biomarkers and new promising

targets for therapeutic interventions.

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.
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Table 1: CSF of short, medium, and long-chain acylcarnitines and amino acids in OND and MuS

subjects expressed as relative abundance + SEM. The compounds not listed below were not

detectable in CSF.

Compound
(abbreviation name)

Co
c2

C3

Cc4
C50H/C4DC?
C5DC/C60H®
C6DC

PRO

VAL
LEU/ILE/PRO-OH}
ORN

MET

PHE

ARG

CIT

TYR

GLY

ALA bis

SER

THR

ASN

ASP
LYS/GLN®
GLU

HIS

MuS

4.75((1.00)
1.50(0.39)
0.08(=0.02)
0.07(0.01)
0.08(0.01)
0.17(0.05)
0.09(=0.03)
61.33(£13.90)
52.0.6(+6.61)
42.87(£8.24)
25.07(6.33)
10.16(+2.06)
18.08(+4.03)
57.04(£10.65)
24.03(+6.84)
16.86(2:4.95)
757.74(£259.78)
248.04(36.44)
8.29(+1.94)
51.50(5.90)
3.42(0.76)
6.50(x1.18)
5985.08(:846.54)
26.66(x2.37)
57.18(£9.77)

* indicates statistical test with a p-value < 0.05.

§

17

OND

4.64(1.71)
1.52(0.78)
0.10(£0.07)
0.08(0.03)
0.09(£0.03)
0.17(0.06)
0.08(0.03)
55.07(£13.51)
50.17(10.52)
40.41(£12.75)
23.91(£6.92)
11.28(+3.97)
16.97(+4.35)
54.27(+12.36)
24.25(+6.69)
17.61(5.33)
687.75(+243.43)
259.50(+64.61)
8.47(+2.56)
47.97(6.16)
3.13(+0.89)
5.82(£1.09)
5714.12(+1296.35)
23.58(4.49)
55.84(=14.48)

p-value

0.85
0.93
0.26
0.77
0.27
0.97
0.55
0.27
0.59
0.57
0.67
0.38
0.51
0.55
0.94
0.72
0.49
0.59
0.84
0.16
0.38
0.15
0.54
0.04*
0.79

isomeric compounds having the same m/z and measured as a single sum value.
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Table 2: differential metabolites resulted from metabolomics analysis. Ten metabolites with a p <

0.05 of the independent statistical test in the discrimination of the two clinical groups analyzed.

Abbrevation observed calc m/z molecular Identification p-value Trend
formula tools in MuS

°LPC(18:1(92)/0:0)  522.361 522.3554  C26H53NO7P  Lipid Maps; 0.015 up
MS/MS

Sunidentified 523.040 nd nd 0.004 up

Sunidentified 523.993 nd nd 0.017 up

LPC(18:0/0:0)) 524.382 5243711  C26H54NO7P  Lipid Maps; 0.03 up
MS/MS

SLPI(16:0/0:0) 573.311 573.3035  C25H50012P  Lipid Maps 0.009 up

SpAP 673.475 673.4803  C37H7008P Lipid Maps 0.034 down

Sunidentified 727.021 nd nd 0.022 down

°pCP 734.559 734.5695  C40H8INOSP  Lipid Maps; 0.037 up
MS/MS

Sprb 969.651 969.6427  C53H94013P  Lipid Maps 0.039 up

“Glutamate - - - - 0.04 up

® Variables derived from lipidomics analysis, six of them were tentatively identified by database
search and fragmentation analysis.

“Glutamate was analyzed by LC-MS/MS.

P Our data do not provide information about backbone structure of lipids, thus the ID is not univocal
when the compound can have more combinations of instauration’s positions and fatty acid
substitutions. In these cases the ID returned from database was selected from a list of probable
species with identical MW.

Lipid Maps: on-line database resource at http://www.lipidmaps.org/tools for lipid identification.

MS/MS: fragmentation analysis by tandem MS. Spectra were reported in Supporting Information
Figure S2, S3 and S4.
Trend in MuS: Abundance of each analyte in MuS CSF compared to the abundance in OND CSF.

nd : not determined
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Table 3: Diagnostic power of candidate biomarkers.

Biomarker Cutoff *Specificity (%)  *Sensitivity (%) AUC  p-value
(Relative Intensity)
LPC(18:1(92)/0:0) > 2391 83,33 69,23 0,80 0,010
unidentified (m/z=523.040) > 1007 83,33 76,92 0,87 0,001
unidentified (m/z=523.993) > 404.8 91,67 53,85 0,79 0,012
LPC(18:0/0:0)) >208.4 83,33 69,23 0,76 0,029
LPI(16:0/0:0) >199.7 83,33 61,54 0,81 0,007
PA <256.2 66,67 61,54 0,72 0,064
unidentified (m/z=727.021)  <242.7 58,33 92,31 0,72 0,057
PC > 1441 83,33 61,54 0,74 0,044
PI >1354 75,00 69,23 0,73 0,050
Glutamate >25.72 75,00 53,85 0,71 0,081

* Sensitivity and specificity values were chosen (along with their 95% confidence interval) by
selecting a possible cutoff between MuS and non-MuS. The cutoff were selected considering the
better compromise of Sensitivity and Specificity with a major likelihood ratio returned by the

software (Graphpad Prism). The likelihood ratio equals sensitivity/(1.0-specificity).
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Figure captions

Figure 1: lipidomic results in CSF by MALDI-TOF-MS. The lipid species show m/z signals
between 500 and 1000 m/z. a) Average MALDI-TOF mass spectrum of CSF obtained by 13 MuS
patients (upper spectrum) and by 12 OND patients (bottom spectrum). b) Virtual gel showing the
cases vs the m/z signals of each CSF sample analyzed. The horizontal line distinguish the two

clinical groups. This image was made by CinProTools software (Bruker Daltonics, Germany).

Figure 2: multivariate analysis of metabolomics data. Partial least squares discriminant analysis
(PLS-DA) score plot (t[1]/[t2] /[t3]) of the first three components, from metabolomics data derived
from OND subjects (black triangles) and MuS patients (red circles). The most significant variables

that drive the separation between the two clinical groups are reported in Table 2.

Figure 3: distribution of each discriminant metabolite in two clinical groups studied. The
compounds reported in panels a-g are significantly increased in MuS people. The signals at m/z=
673.4 (h) and m/z=727.0 (i) resulted decreased in MuS patients vs OND subjects. The level of

glutamate (1) in CSF of MusS patients resulted significantly elevated vs OND patients.

Published on 06 February 2015. Downloaded by Universitadi Chieti -Pescara on 10/02/2015 17:58:20.

* indicates univariate test with a p-value < 0.05.

Figure 4: correlation of Link Index, disease duration and EDSS with specific peak intensities
in CSF. (a-c) Correlation of m/z at 522.3, 524.3 and 523.0 with Link Index. (d) Correlation of the
signal at m/z = 969.6 with Disease Duration. (e) Correlation of the signal at m/z =573.3 with EDSS

values. Spearman correlation coefficients (r) are indicated in the figure.
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lipidomic results in CSF by MALDI-TOF-MS. The lipid species show m/z signals between 500 and 1000 m/z.
a) Average MALDI-TOF mass spectrum of CSF obtained by 13 MuS patients (upper spectrum) and by 12
OND patients (bottom spectrum). b) Virtual gel showing the cases vs the m/z signals of each CSF sample

analyzed. The horizontal line distinguish the two clinical groups. This image was made by CinProTools
software (Bruker Daltonics, Germany).
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in Table 2.
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distribution of each discriminant metabolite in two clinical groups studied. The compounds reported in panels
a-g are significantly increased in MuS people. The signals at m/z= 673.4 (h) and m/z=727.0 (i) resulted
decreased in MuS patients vs OND subjects. The level of glutamate (I) in CSF of MuS patients resulted
significantly elevated vs OND patients.
* indicates univariate test with a p-value < 0.05.
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correlation of Link Index, disease duration and EDSS with specific peak intensities in CSF. (a-c) Correlation
of m/z at 522.3, 524.3 and 523.0 with Link Index. (d) Correlation of the signal at m/z = 969.6 with Disease
Duration. (e) Correlation of the signal at m/z =573.3 with EDSS values. Spearman correlation coefficients

(r) are indicated in the figure.
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