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Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous

system that usually affects young adults. The development of MS is closely related to the

changes in the metabolome. Metabolomics studies have been performed using biofluids or

tissue samples from rodent models and human patients to reveal metabolic alterations

associated with MS progression. This review aims to provide an overview of the applications

ofmetabolomics that for the investigations of the perturbedmetabolic pathways inMS and to

reveal the potential of metabolomics in personalizing treatments. In conclusion, informative

variations of metabolites can be potential biomarkers in advancing our understanding of MS

pathogenesis for MS diagnosis, predicting the progression of the disease, and estimating drug

effects. Metabolomics will be a promising technique for improving clinical care in MS.
Multiple sclerosis (MS) is a chronic demyelinating disorder approaches such as genomics, epigenomics, and proteomics
of the central nervous system (CNS) with inflammatory and

degenerative components [1e3]. It is a significant cause of

neurologic morbidity in young adults and has a significant

economic impact on the healthcare system [4]. Although the

exact reason for causing MS remains unknown to date itself,

genetic and environmental factors appear to play a role in

its etiopathogenesis [5e8]. Multiple systems biology
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have been applied to the study of MS and have yielded

valuable insights into the pathogenesis of the disease.

Despite these advances, there remains a need for additional

tools to understand the precise etiopathogenesis of MS.

There is also a significant unmet need for diagnostic and

prognostic biomarkers in MS, especially in progressive

forms of the disease [9e13].
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Fig. 1 Schematic flow-chart emerging the general process of metabolomic study. Abbreviations: LC-MS, liquid chromatography-

mass spectrometry; NMR, nuclear magnetic resonance; ROC, receiver operating characteristic.
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Metabolomics is a promising technique that explores small

molecules (<1500 Da) in various biological matrices including

cells, biofluids suchas serum,plasma, cerebrospinal fluid (CSF),

urine, excrement, tissue, and exhaled gas [14]. Untargeted and

targeted approacheshavebeendevelopedonvariousanalytical

platforms for metabolomic studies [5,15,16]. Data analysis

methods for metabolomics are growing, but no consensus

currently exists on theoptimal data analysis and interpretation

approach. Since metabolites are the end products of the

different physiological and pathological processes ongoing in

thebody, this techniquecanprovide informationthatcannotbe

gleaned from other technologies, such as genomics, tran-

scriptomics, or proteomics [17]. Metabolomics has gained

prominence in recent years for itsutility in identifyingpotential

biomarkers of disease and providing insight into the patho-

genesis of the disease. It targets small molecules and can pro-

vide information not readily obtained from genomics,

transcriptomics, or proteomics [18]. It can also offer new in-

sights into disease mechanisms by identifying metabolic

pathways that are perturbed. Additionally, this technique may

help personalize treatments by identifying new markers of

treatment response and disease progression [19e23].

Increasing evidence shows that metabolomics can provide

putative biomarkers, insights into the pathophysiology of the

disease, and aid in precision medicine for patients with MS

[11,16,24,25]. Hereafter, we review the processes of metab-

olomic study and the applications ofmetabolomics for the care

of MS.
Procedures of metabolomic study

The workflow of metabolomics experiments consists of study

design, sample collection and preparation, the manifestation

of metabolome based on selected analytical platforms (mass

spectrometry coupled with separative systems, and nuclear

magnetic resonance (NMR)), processing of data generated, and

data analysis and interpretation [6,24,26,27], as shown Fig. 1.

Experimental design

Before the experimental operations, a proper experimental

design is essential to ensure that the data obtained can be
appropriately interpreted. This involves the inclusion of a

sufficient number of subjects in each group to maximize

power to detect inter-group differences, matching for appro-

priate covariates that are known to affect metabolites of in-

terest, consideration of proper sample collection procedures,

and relevant data analysis techniques.

Sample collection and preparation for analysis

Almost all biological materials, including biofluids, cells, tis-

sue, and feces, can be analyzed via metabolomics. However,

regarding existing studies concerning MS, biofluids are more

popular than other types of sampling, which will be discussed

later.

Standardized and optimized procedures for sample

collection and storage improve sample quality and reproduc-

ibility of metabolomics experiments [28]. Several metabolites

may be affected by factors such as fed vs. fasting state, med-

ications, time of day when blood is collected, and processing

time [29]. Failure to account for such factors could introduce

unwanted, leading to either false-positive or false-negative

results [30].

The sample preparation step depends on the analytical

platform utilized. For example, NMR approaches do not

require special preparation of the samples and hence, are less

likely to alter metabolites. On the other hand, mass

spectrometry-based approaches generally require sample

preparation involving extraction with various solvents

[6,31,32].

Most studies examine the metabolites present in the bio-

logical matrix at a particular time point, thus providing a

snapshot of themetabolome (Table 1: provides a compendium

of previousmetabolomic studies and the various sample types

and platforms used as their findings). It is now possible to

introduce a metabolite with an isotope (13C) into a biological

system and then measure the concentrations of metabolites

containing the isotope, thus enabling a more dynamic

assessment of specific metabolic pathways [33]. This can help

determine the source of an intracellularmolecule, the fate of a

particular metabolite, the flux at one metabolic reaction, or

the cellular redox balance, thus providing information that

cannot be obtained from steady-state metabolomics experi-

ments [34e36].
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Table 1 Summary of prior studies and findings involving MS or MS rodent model (EAE).

Population Sample; Platform Disease vs. Control Involved Pathways Study

EAE (C57BL mice): 5

Control: 5

Plasma; mass spectrometry Y: a-linolenic acid, glutamine, glutamate,

tryptophan, and arachidonic acid

tryptophan metabolism, fatty acid biosynthesis,

pentose pathway, linoleic acid metabolism,

arachidonic acid metabolism, and

polyunsaturated fatty acid metabolism

Poisson et al. [97]

EAE (C57BL mice): 10

Control: 10

Plasma/urine; mass

spectrometry

Y: Phenylalanine, tyrosine, tryptophan taurine,

arginine, proline, and hypotaurine

Phenylalanine, tyrosine, and tryptophan

biosynthesis; arginine and proline metabolism;

tyrosine metabolism; and taurine and

hypotaurine metabolism

Singh et al. [95]

Group 1: RRMS 50, SPMS 20,

PPMS 17, and control 49

Serum; mass spectrometry [: quinolinic acid; in progressive MS; [ quinolinic

acid kynurenic acid, and kynurenine/tryptophan

ratios (which were related to higher EDSS); Y:

Tryptophan and NAD

tryptophan metabolism-endogenous Lim et al. [72]

Group 2: RRMS 44, SPMS 15,

MS 518, and control 167

Serum;

HPLC

[: hypoxanthine, xanthine, uric acid, inosine,

uracil, b-pseudouridine, uridine creatinine, and

lactate. Levels correlated with disease severity

EDSS

Energy metabolism, nucleotide metabolism, and

xanthine metabolism

Lazzarino et al. [101]

RRMS: 30

SPMS: 16

Control: 10

CSF; mass spectrometry Alterations in expression of 5-

hydroxytryptophan, kynurenate, and N-

acetylserotonin 5-hydroxyindoleactate in SPMS;

Uridine, deoxyuridine, thymine, and glutamine

altered in SPMS

Amino acid metabolism and nucleotide

metabolism

Herman et al. [65]

MS:27

Control: 27

Plasma; mass spectrometry [: Gamma-glutamyl amino acids, glutathione

metabolites; Y: Caffeine/xanthine metabolites,

benzoate metabolites

Amino acid metabolism, redox metabolism,

benzoate metabolism, and xenobiotic

metabolism

Bhargava et al. [99]

MS: 73

Controls: 28

Plasma;

NMR

[: 3-OH-butyrate, acetoacetate, acetone, alanine,

and choline; Y: glucose, 5-OH-tryptophan, and

tryptophan

Energy metabolism and tryptophan metabolism Cocco et al. [5]

MS: 15

Non-MS: 17

CSF;

NMR

[: Threonate, myo-inositol, and choline; Y: 3-

hydroxybutyrate, citrate, phenylalanine, 2-

hydroxyisovalerate, and mannose

Energy metabolism and phospholipid

metabolism

Reinke et al. [61]

MS:23

Controls:28

Serum;

NMR

[: Glucose; Y: Valine Glucose metabolism and amino acid metabolism Mehrpour et al. [102]

Pediatric MS: 66

Controls: 66

Serum; mass spectrometry Y Levels of tryptophan and indole lactate in

pediatric MS; Kynurenine level predicted the

relapse rate, indole acetate related to SDMT, and

indole propionate related to EDSS and SDMT

tryptophan metabolism-endogenous and gut

microbiota related

Nourbakhsh et al. [41]

MS 32

Non-MS neural-

inflammatory: 32

Non-MS neural-disorders:

18

CSF;

NMR

[: (RRMS) lactate; Y: Formate Energy metabolism Simone et al. [103]

MS 30 (RRMS and PPMS) CSF;

NMR

[: Acetate; Y: Formate Energy metabolism Bernardes et al. [93]

MS: 50

NMOSD: 57

Control: 17

CSF;

NMR

[: Pyroglutamate, acetone, formate, and 2-

hydroxybutyrate;

Y: Citrate, glucose, and acetate

Energy metabolism and fatty acid biosynthesis Kim et al. [104]
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Group 1: MS 238, controls 74

Group 2: MS 61, controls 41

Serum; mass spectrometry MS vs. Control: lysophosphatidylethanolamine

and sphingomyelin; Predictors of MS progression:

hydrocortisone, glutamic acid, tryptophan,

eicosapentaenoic acid, and 13S-

hydroxyoctadecadienoic acid

Lipid metabolism, steroid metabolism, and

amino acid metabolism

Villoslada et al. [71]

MS: 18

Controls 18

Plasma; mass spectrometry [, 5-oxoproline; lactate, N1-methylinosine, N2,

N2 dimethylguanosine, pseudouridine,

sphingosine-1-phosphate, and sphinganine-1-

phosphate

Sphingolipid metabolism, redoxmetabolism, and

nucleotide metabolism

Bhargava et al. [105]

RRMS: 17

Control 17

Plasma; mass spectrometry [: glutamate;

Y:C10:1 carnitine, leucine, valine, isoleucine

Amino acid catabolism, glutamate metabolism,

and energy metabolism

Kasakin et al. [106]

MS cohorts: PPMS 33 and

RRMS 10

Control: 33

PD cohort: PD: 40

Control: 20

Plasma; mass spectrometry Y: PPMS vs (RRMS, PD, HC): LysoPE (18.2) and

LysoPC (20:0)

Y: PPMS vs HC: tiglylcarnitine

[: PPMS vs RRMS: tiglylcarnitine

Y: PPMS vs HC: gamma-linolenic acid,

L-Tryptophan, LysoPC (20:0)

[: (RRMS and PD vs HC:) gamma-linolenic acid,

L-Tryptophan, LysoPC (20:0)

Y: PPMS citrulline vs HC

Y: PPMS vs HC: L-Tryptophan

PPMS vs. HC: glycerophospholipid metabolism,

linoleic acid metabolism, arginine biosynthesis,

and kynurenine pathway

Stoessel et al. [40]

MS: 514

RRMS: 72.71%

Progressive MS: 27.29%

Controls: 214

Plasma/serum; mass

spectroscopy

Y:phenyllactate, 3-(-4-hydroxyphenyl)-lactate,

indolelactate, imidazole lactate, kynurenine,

kynurenate, tryptophan and phenylalanine

[: p-cresol glucuronide, p-cresol sulfate, and

phenylacetylglutamine.

altered ratios of phenylacetylglutamine/

phenyllactate, indole acetate/indolelactate, p-

cresol glucuronide/3-(4-hydroxyphenyl)lactate.

lactate-related metabolites in AAA pathways

(tryptophan, phenylalanine metabolism),

BCAA-related metabolites,

other AAA metabolites, bile acid metabolism,

xanthine metabolites, acetylated amino acids

Fitzgerald et al. [79]

MS: 90

Controls:90

Serum; mass spectroscopy Y: indoleproprionate, indoleactate

[:p-cresol sulfate

Tryptophan degradation pathway Levi et al. [78]

RRMS: 13

Controls: 13

Plasma, cerebral cortex;

mass spectroscopy

Y: methionine (plasma) DNA and histone H3 methylation in cerebral

cortex, methionine metabolism, regulation of

mitochondrial electron transport complex

proteins(brain).

Singhal et al. [80]

CSF: cerebrospinal fluid; EAE: experimental autoimmune encephalomyelitis, EDSS: expanded disability status scale; HC: healthy control, HPLC: high-performance liquid chromatography;MS:multiple

sclerosis; NAD: nicotinamide adenine dinucleotide, NMOSD: neuromyelitis optica spectrum disorder, PD: Parkinson's disease, PPMS: primary progressive multiple sclerosis; RRMS: relapsing-remitting

multiple sclerosis; SDMT: symbol digit modalities test, SPMS: secondary progressive multiple sclerosis; [: increase; Y: decrease.
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Data analysis

This step involves the identification of metabolites and the

determination of the relative abundance. Metabolite identifi-

cation varies depending on the platform and the approach

(targeted vs. untargeted) applied [37]. In targeted experiments,

standards are generally run, and hence there is less uncer-

tainty regarding metabolite identification [38]. In the untar-

geted method, the spectra are processed using proprietary or

freely available software and compared to the public libraries

for metabolite identification [39]. The data should also be

inspected for outliers and samples or metabolites with high

amounts of missing values. At this step, samples or metabo-

lites that do not meet quality control criteria should be

removed. Following these steps, a set of metabolite features

that are robustly quantified is obtained [40,41].

There is a large amount of correlation between various

metabolites thatmay arise from the fact thatmetabolitesmay

belong to the same metabolic pathway or in a specific exper-

iment may be subject to factors leading to them being altered

together. Correlation network analysis is a method that aims

to identify networks within the metabolomics data without

taking into account prior knowledge regarding known meta-

bolic pathways. Individual metabolites that act as nodes and

connections are based on calculated correlation coefficients. A

partial correlation is used to construct such networks. The

coefficient is calculated based on the correlation between two

metabolites while considering the correlation with the

remaining metabolite set. Similarly, weighted correlation

network analysis can also be applied to metabolomics data to

identify the clusters of highly correlatedmetabolites and their

relationship with other clusters of metabolites or with

phenotypic variables of interest [42,43].

The neutral network analysis is also applied in the

combinational analysis amongmultiple “omics” data. Massive

information provided by integral omics enables an overall

insight into intercellular and intracellular mechanisms,

including the mutation processes, deregulated signaling

pathways, and the interactions between proteins and small

molecules in the duration of disease development [17]. Since

short-gun profiling approaches are generally used in most

omics analyses, the functions of resulted features derived

from various pathways are complex. Thus, network analysis

provides an understanding of synergy functions for matched

genes, mRNAs, proteins, and metabolites. This promising

approach has been applied in MS [44]. In general, the multiple

omics network analysis can be realized via two different

strategies, which have been both utilized in MS research. One

method is based on data fusion, where the correlation be-

tween variables obtained from various omics analyses is

parallelly calculated. Then, the correlations are ranked and a

linkage between variables with high correlation is con-

structed. Consequently, a network illustrating the connec-

tions between defined variables is established.

As an example, Blanchet et al. combined metabolomics

and proteomics on innovative dimension reduction and vari-

able selection [45]. Their study tests the correlation between a

selective protein and ametabolite. The contribution of feature

metabolite for a discriminant model is calculated in the group
comparison and the in-line variations between a candidate

metabolite and at least three peptides of the candidate pro-

tein. This non-database-dependent method appears to be a

high throughput screening of valuable variables. It provides

evidence to explore unknown interactions between metabo-

lites and proteins. However, the candidate metabolites and

proteins were determined with a small number of MS model

animals and controls, prone to false-positive errors.

Another method revealing the correlation between pro-

teins and metabolites is based on network analysis with the

help of the database covering comprehensive known

signaling and metabolic pathways. Until now, there are

various open-source repositories, such as KEGG (www.kegg.

jp) [46] and HMDB (www.hmdb.ca) [47]. With these datasets,

one would expect that the investigation of metabolite func-

tion or relationship between candidate metabolite and gene/

protein can be simply performedwith a search in the pathway

library. However, this is not the case because onemetabolite is

usually involved in a wealth of metabolic and signaling

pathways. Thus, pathway enrichment is needed before the

analysis of function.

Several software tools exist for performing metabolite set

enrichment analysis and visualizing these results. Metab-

oanalyst (www.metaboanalyst.ca) [48] is an online platform

for metabolomics data analysis that has several tools for

pathway enrichment analysis. KEGG and Metaboanalyst and

Metlin (https://metlin.scripps.edu) [49], a vast database of

metabolites with their MS-derived ions, serve for ingenuity

pathway analyses is an online software allowing compre-

hensive analyses and interpretation of data of omics.With the

application of ingenuity pathway analyses, regulations of

metabolites are intuitively related to the regulations of up-

stream genes, mRNAs, and proteins, helping to understand

underlying mechanisms associated with metabolomic find-

ings [50,51].
Applications

This section illustrates the applications of metabolomics in

MS and its preclinical animal model, experimental autoim-

mune encephalomyelitis (EAE).
Metabolic characteristics and biomarkers
determined in human MS

MS is empirically categorized into four subtypes: relapsing-

remitting multiple sclerosis (RRMS), secondary progressive

multiple sclerosis (SPMS), primary progressive multiple scle-

rosis (PPMS), and progressive relapsing multiple sclerosis

(PRMS). According to the latest McDonald criteria 2017, the

diagnosis of MS primarily relies on the imaging examination

and test of IgG oligoclonal bands in CSF. However, the limi-

tations of these tests are also well known [52]. In addition, the

prognosis of MS in patients varies substantially across indi-

vidual patients [53]. Thus, the diagnosis and prognosis of MS

are challenging with existing clinical methods. Increasing

studies have demonstrated that metabolomics is a promising

http://www.kegg.jp
http://www.kegg.jp
http://www.hmdb.ca
http://www.metaboanalyst.ca
https://metlin.scripps.edu
https://doi.org/10.1016/j.bj.2022.01.004
https://doi.org/10.1016/j.bj.2022.01.004


b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 5 9 4e6 0 6 599
tool for the diagnosis and prognosis of MS. One important

reason is that metabolite variations are sensible to both ge-

netic and environmental factors contributing to the occur-

rence of MS. Besides, metabolomics is also known to provide

evidence for exhibiting individual differences in patients,

which makes the precise treatment possible [54]. Here,

metabolomic studies facing to human patients of MS are first

reviewed, in the light of samplings analyzed.

CSF

CSF is the secretion product of the CNS that fills the ventri-

cles and the subarachnoid space of the brain and spinal

column. It protects the brain from physical shocks, stores

nutrition, and washes away waste from brain tissue [55,56].

CSF findings are an essential part of the diagnosis and

prognosis of CNS diseases, especially for progressive MS [57].

Apart from numerous pediatric studies executed previously

[58], people realize that analysis of small molecules in CSF is

also of great significance for clinical applications. Metab-

olomics is a promising tool that provides an overview of

metabolic variations in the CSF [59]. Because of direct in-

terchanges between CSF and brain tissue, metabolic alter-

ations in CSF are informative that reflect existing

physiological shifts [59,60]. Therefore, CSF analysis has been

generally applied in metabolomics-based MS studies.

In Reinke et al. [61], authors performed 800 MHz 1H-NMR

spectroscopic analyses of CSF specimens to identify bio-

markers of MS, yielding reproducible detection of 15 metab-

olites from MS (n ¼ 15) and non-MS (n ¼ 17) patients. Mean

levels of choline, myoinositol, and threonate were increased,

whereas 3-hydroxybutyrate, citrate, phenylalanine, 2-

hydroxyisovalerate, and mannose were decreased in MS-

derived CSF (p < 0.05), suggesting alterations to energy and

phospholipid metabolism. Multivariate hierarchal cluster

analysis indicated a high correlation within the metabolite

profiles, significantly clustering samples into the two clinical

groups. CSF metabolomics can yield quantitative biomarkers

and insights into the pathogenesis of MS. An earlier work

based on NMR-based metabolic profiling aimed to determine

characteristic features to predict inflammation plaques in MS

patients [62]. Accordingly, a higher level of lactate and reduced

phenylalanine in CSF were revealed to be associated with MS-

induced inflammation.

By using high-resolution mass spectrometry, the metab-

olome of CSF was investigated by Herman et al. [63]. Tryp-

tophan (Trp) metabolism alteration was underlined.

Pathophysiological differences between SPMS and relapsing-

remittingmultiple sclerosis (RRMS) were shown. The authors

further identified potential biomarkers of disease progres-

sion. Their results supported the hypothesis that the CSF

metabolome might explore changes that occur in the tran-

sition between the RRMS and SPMS pathologies. Another

study based on a targeted analysis of patients' CSF was

executed by Markianos et al., which concerned the relevance

between levels of discriminant metabolites and the severity

and disability in MS. In their work, high-performance liquid

chromatography without mass spectrometry was used to

determine levels of targeted metabolites such as noradren-

aline, homovanillic acid, and 5-hydroxyindoleacetate in the
CSF of RRMS patients. They proved that the deregulation of 5-

hydroxyindoleacetate was predictable for MS severity and

for the rate of disability, which was negatively correlated

with MS-related clinical scores [64].

A novel analytical approach is proposed to scrutinize and

combine information from biomarkers originating from

multiple sources to discover a condensed set of biomarkers

that, in combination, could distinguish SPMS from RRMS [65].

CSF samples collected from sixteen SPMS patients were

compared to 30 RRMS patients and ten healthy participants

with a five-year follow-up. Metabolomics data was integrated

with magnetic resonance imaging and protein variables. The

combination of two metabolites (20b-dihydrocortisol and

indolepyruvate) with three magnetic resonance imaging and

six proteic variables has the potential to distinguish SPMS

from RRMS. The work is of interest for providing a method to

estimate an aggravated progression of MS during the long-

term follow-up. Without further variable screening, the

resulted marker was relatively complex but logical due to a

critical consideration of clinical scores and molecular

changes.

Plasma and serum

Blood-derived samples are most employed in metabolomics

studies due to their accessibility and comprehensive contents

that represent a whole situation for the human body. Except

for massive electrolytes, proteins, and peptides, various small

molecules, both hydrophile and hydrophobic, are carried in

blood [66]. Even though it has been claimed that whole blood is

more informative for metabolomic investigation [67], the ap-

plications of plasma and serum are largely more common due

to the exclusion of complexities caused by red blood cell me-

tabolites. In comparison with CSF, findings in plasma or

serum are less intuitive due to the filtration of the blood-brain

barrier; however, they are less invasive for patients. Besides,

CSF analysis is not indispensable for diagnosing early cases of

MS according to the MS diagnostic guideline [68]. Thus,

plasma and serum metabolomics analysis is still a potential

method, especially for diagnosis and prognosis in the early

stages of MS [61].

In a recent study by Stoessel et al. [40], the researchers

utilized untargeted high-resolution metabolomics to plasma

samples to identify primary progressive MS-specific signa-

tures, validated the findings in independent sex- and age-

matched primary progressive MS and healthy control co-

horts and built discriminatory models by partial least square

discriminant analysis. This signature was compared to sex-

and age-matched RRMS patients, to patients with Parkinson's
disease and healthy controls. They also investigated these

metabolites in a longitudinal cohort of primary progressive

MS patients over 24 months. The partial least square

discriminant analysis yielded predictive models for classifi-

cation along with a set of 20 primary progressive MS-specific

informative metabolite markers. These metabolites suggest

disease-specific alterations in glycerophospholipid and lino-

leic acid pathways.

Without regrouping, according to the disease stage among

MS patients, people could differentiate MS from healthy

controls using gas chromatography-mass spectrometry-based

https://doi.org/10.1016/j.bj.2022.01.004
https://doi.org/10.1016/j.bj.2022.01.004
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metabolome analysis in plasma [69]. Their findings coincided

with one NMR-based study discussed hereinbefore [61].

Abnormal reductions in fructose, myo-inositol, pyrogluta-

mate, threonate, and leucine were confirmed in the MS pa-

tients, whose levels of glutamine, glutamic acids, and

ornithine were enhanced. Based on receiver operating char-

acteristic curve analysis, the integration set of discriminant

metabolites showed good predictability for the MS cohort. A

slightly earlier work, which was fairly similar to this one, was

derived with 1H-NMR analysis discovered consentaneous re-

sults. An excellent receiver operating characteristic curve

prediction of MS was performed with the pattern model [5].

Plasma samples were also collected to characterize the

overlapping clinical features and provide a molecular signa-

ture of RRMS, aquaporin-4 antibody neuromyelitis optica

spectrum disorder, and myelin oligodendrocyte glycoprotein

(MOG) antibody disease [70]. The metabolites identified could

have potential use for disease monitoring and diagnosis.

In the study of Villoslada et al. [71] metabolomic profiling

(lipids and amino acids) was performed by ultra-high-

performance liquid chromatography coupled to mass spec-

trometry in serum samples. Data analysis was performed

using parametricmethods, principal component analysis, and

partial least square discriminant analysis to address the dif-

ferences between cases and controls and subgroups based on

disease severity. They identified metabolomics signatures

with high accuracy for classifying patients from healthy

controls and classifying patients with a medium to high

disability. Among them, sphingomyelin and lysophosphati-

dylethanolamine were the metabolites that showed a more

robust pattern in the time series analysis for discriminating

between patients and controls. Moreover, levels of hydrocor-

tisone, glutamic acid, Trp, eicosapentaenoic acid, 13S-

hydroxyoctadecadienoic acid, lysophosphatidylcholines, and

lysophosphatidyletha-nolamines were associated with more

severe disease.

In work by Lim et al. [72] the authors showed that serum

kynurenine pathway (KP) parameters are strongly associated

with the MS subtype, correlating with disease severity scores.

The changing levels of KP metabolites observed also provide a

mechanistic insight that may explain the transition from the

milder RRMS form to themore debilitating SPMS disease form.

Furthermore, they infer that KP profiling is likely to be relevant

to the pathogenesis of other diseases characterized by

inflammation and neurodegeneration, like Alzheimer's dis-

ease, Parkinson's disease, and amyotrophic lateral sclerosis,

where aberrant KP metabolism has been observed. Their re-

sults also suggest that strategies aimed at rebalancing the KP

could be helpful therapeutic approaches in slowing neuro-

degeneration in MS. A relevant study conducted by Nour-

bakhsh et al. [41] showed a higher relative abundance of Trp

and indole lactate, known gut microbiota-derived Trp me-

tabolites, were associated with a lower risk of MS. Consistent

findings were elsewhere attained in a recent metabolomics

study focusing on the efficacy of treatment [73]. The re-

searchers observedmetabolic variations between the patients

who positively and negatively responded to interferon beta-

1a. Consequently, Trp and its derivative, kynurenine, were

considered to account for outcomes. Of note, although the

upregulation of Trp from a lower level for MS patients was
associated with an optimal signal for the outcome, even a

slightly higher level of Trp was revealed in therapeutic non-

responders. These paradoxical findings were partly due to

the deregulation of kynurenine derivatives and the accumu-

lation of Trp in the blood. Given that an upregulated kynurenic

acid pathway is an essential indicator of inflammation of the

CNS [74,75], this pathway is, therefore, regarded as a double-

edged sword [76,77].

Other than feature variations in the KP metabolism,

variousmetabolic features in the host serummetabolome can

be viewed due to the interplays between the host and the gut

microbiome. By combining the profiling of microbiome and

serum metabolites from 129 MS patients, Levi and colleagues

revealed that depleted indolepropionate, which is a neuro-

protective anti-oxidant associated with the reduced butyrate-

producing bacteria, was generally found in the MS patients

[78]. The study confirmed the contribution of microbiome to

the pathology and etiology of MS and emphasized the func-

tions of gut microbiome-producing metabolites such as short-

chain fatty acids and indoles inMS. A similar study focused on

the microbiome-induced aromatic amino acids (AAAs) in

serum was also carried out in a large cohort of MS patients.

The researchers found that the imbalance of AAAs in the MS

patients was responsible for the dysregulation of downstream

inflammation-related metabolites such as indoleacetate,

phenylacetylglutamine, p-cresol sulfate, and p-cresol glucu-

ronide [79]. Another recent work witnessed the disorders of

bile acid metabolism in the serum of MS patients by untar-

geted and targeted metabolomics. The human gut flora con-

verts primary bile acids into secondary bile acids. In this work,

the authors found it possible to differentiate RRMS from PMS

or healthy controls in adults and healthy controls from MS in

pediatric-onset patients, based on primary and secondary bile

acids profiling.

The deregulations in the methionine pathway, which are

associated with CNS methylation, were investigated in

another study [80]. People have examined the relationship

between alterations in circulating methionine metabolites

and markers of methylation linked to MS pathology. They

found a significant reduction in plasma methionine levels in

early-stage RRMS patients compared to controls.

Urine

Like blood, urine is also ametabolite-rich biofluid that is easy

to obtain without invasive sampling in the clinic. Previously,

abnormal proteic alterations in urine were demonstrated to

be earlier than the onset of MS [81]. Hence, one would expect

that metabolome profiling for urine provides warning sig-

natures for MS diagnosis and prognosis. Several studies

focusing on the feature of urinary metabolome have been

performed to better understand the pathology of MS. For

example, Gebregiworgis et al. showed that a set of 8 metab-

olites in urine were potential markers for MS [82]. In a study

from Bert et al., MS metabolic profiling was otherwise

compared with other neurological diseases and robust con-

trols [83]. The investigators further performed a similar uri-

nary metabolomic analysis in animal models. Their results

showed a consensus of variations in the aspartate pathway

in humans and rodent urine.

https://doi.org/10.1016/j.bj.2022.01.004
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Brain tissue

Despite surgical treatments that have been reported for pa-

tients who do not respond to drug therapy [84], a surgical

operation is not predominant among MS therapeutic strate-

gies, which seems to close the door on brain tissue analysis for

MS diagnosis. However, with the help of advanced computa-

tional technologies associated with magnetic resonance im-

aging, a noninvasive metabolite scan on the white matter was

realized by Vingara et al. [85]. By comparing RRMS patients to

healthy controls, glutamic acid, creatine, and N-acetyl-

aspartate and choline were the key variables decreased in

RRMS. Even though no novel metabolite markers were

revealed for RRMS diagnosis, this study inspires future

metabolome imaging for brain diseases.
Experimental autoimmune encephalomyelitis
(EAE)

The EAE model that induces autoimmune inflammatory

disorders of the CNS has long been used to mimic MS in ro-

dents and monkeys [86]. Disease in these models is initiated

from an inflammatory response to antigens in which im-

munization against myelin autoantigens triggers T-cell re-

sponses and eventual myelin destruction [87]. It is a series of

comprehensive conditions caused by the cross-talk of

immunopathology and neurological lesions, leading to MS

features, such as demyelination, axon loss, and glial cell

proliferation. In practice, three primary myelin proteins, or

characteristic peptides contained in these proteins, are used

within Freund's adjuvant to induce EAE, including MOG,

myelin basic protein, and proteolipid protein. Among these

three proteins, MOG and proteolipid protein are commonly

used in MS-like models, which lead to the chronic EAEmodel

and relapse remitting EAE model, respectively [88]. It should

be emphasized that none of the existing modeling methods

can reproduce precisely the same inflammatory and demy-

elination mechanism of MS [89]. Even so, EAEmodels are still

widely used to research the process of inflammation and

injury in the CNS and develop novel medicines [90]. More

than the studies in humans that have been mentioned

before, EAE model animals are valuable subjects that have

been analyzed in substantial metabolomic studies. Like the

human studies, researches concerning metabolomic ana-

lyses in EAE rodents are also discussed below according to

the samples collected.

CSF

As discussed herein, integral metabolomics-proteomics anal-

ysis is promising for biomarker exploration and personalized

treatment [51], which is well proved by a typical study upon

the fusion between metabolomics and proteomics [45]. After a

network analysis, discriminant metabolites refined from the

comparison between EAE rats and healthy controls involved in

the deregulations of energy supply and amino acid meta-

bolism in the CSF of EAE rats. Interestingly, these turnovers

were linked with the deregulations of T kininogen 1, comple-

ment C3, and ceruloplasmin. The first two proteins are well-
known inflammation-related proteins. Ceruloplasmin was

reported as a biomarker for hypothalamicepituitaryeadrenal

axis deregulation. Such findings proved that the combination

of metabolomics and proteomics helps to improve the un-

derstanding of physiological alterations and the relevant

functions of refined features.

A study in myelin essential protein-induced EAE rats also

analyzed the CSF samples of the rats [91]. The study followed

the metabolome changes along with the progression from the

EAE onset to the peak of disease. Their findings revealed that

downregulated arginine, alanine, and branched amino acids

(BCAA) were correlated with the early stage of EAE modeling.

At the same time, the increases of glutamine, O-phosphoe-

thanolamine, BCAAs, and putrescine were the signatures in

the EAE rats for the peak of disease, relative to the controls.

Altogether, interestingly, accordant turnovers in amino acid

(AA) or AA derivates and xenobiotics are widely found in the

comparisons between the EAE model and healthy controls.

Variations in the energy-related pathways such as glycolysis,

tricarboxylic acid (TCA) cycle, and fatty acids are other general

signs of the development of MS. It is worth noting that these

metabolic alterations are in accordancewith those obtained in

human MS patients.

Serum and plasma

A comprehensive coverage of metabolites in the plasma of

EAE model mice was shown in the study of Mangalam et al.

with integral data acquired from UPLC-MS and GC-MS. Ac-

cording to the pathway analysis of 44 potential biomarkers,

metabolisms of tryptophan, histidine, linoleic acid, and D-

arginine/D-ornithine were summarized to be varied in EAE

mice [88]. It should be underlined that these results were

similar to the findings in human patients. Typically, the dys-

regulations in the tryptophan and lipid pathways support that

the pathological alterations in the CNS are related to aberrant

regulations against inflammation during the development of

MS. Based on the MOG-induced EAE model, Lee and co-

workers showed a 30-day course of metabolite variations in

BCAAs, long-chain phospholipids, and fatty acids in themodel

rats [92]. With pathway enrichment and correlative analyses

between these metabolites and two inflammatory markers,

pathways involved in pro-inflammation, anti-inflammation

and neuroprotection were revealed as predominant shifts for

the mice.

It was demonstrated by Bernardes et al. that metabolite

variations in EAEmodel rodents could be otherwise quantified

with biochemical methods using specific enzyme-linked

immunosorbent assay kits, other than NMR and MS plat-

forms [93]. As relative to the instrumental analysis, this

approach requires neither complicated sample preparation

nor a high volume of sample. However, the cost of the kit and

the throughput are the drawbacks. According to their results,

physical exercises are salutary to prevent mass loss and

reduce the clinical score. Unexpectedly, except for cholesterol,

metabolites such as serum glucose and triglyceride were

neither dependent on the sport of mice nor predictable for the

peak of inflammation. Compared to other studies, the shift of

metabolite patterns should be attributed to the experiment

duration. As the study lasted for more than six weeks,

https://doi.org/10.1016/j.bj.2022.01.004
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metabolites might be stabilized due to a chronic mechanism

of sensitization and inflammation induced by MOG [89].

Urine

To have an overview of metabolic variations of MS-mimicked

model animals. Some studies investigated both the urine and

the plasma of EAE rats. One of the studies by Dickens et al. was

able to distinguish chronic relapsing EAE mice from controls

with the silent disease (10 and 28 days after modeling) and

active disease (14 and 38 days after modeling) [94]. The results

showed that disturbances in glucose, citrate, taurine, trime-

thylamine oxide (TMAO), creatine, and fatty acids were

responsible for separating chronic relapsing EAE and naı̈ve

mice. Another similar study revealed general disorders in

amino acids, xenobiotics, and nucleotides in the urine and

plasma of EAE animals [95]. Except for glucose, taurine, and

creatinine, most of the other refined metabolic markers from

the two studies were barely overlapped due to the different

analytical instruments utilized. The study based on NMR

determined the feature variations of metabolites over time,

while the study using the UPLC-MS platform focused on the

expected changes of metabolites detected in both urine and

serum. These two works remarkably exhibited that the

metabolic variations in plasmawere not associatedwith those

in urine.

Tissue

A study by Battini et al. collected whole CNS tissue and optic

nerves [96]. They compared CNSmetabolome betweenmyelin

primary protein-induced EAE mice and controls using a high-

resolutionmagic angle spinning based 1H-NMR approach. The

study indicated that energy-associated metabolites such as

glucose and lactate and various amino acids were elevated in
EAE mice. A significant decrease of N-acetyl-aspartate was

another typical feature in the whole CNS and optic nerves in

the model animals.
Applications of metabolomics for identifying a
therapeutic target in MS

Metabolomics studies were also applied to investigate the

therapeutic effects of drug-like metabolites in EAE animals

and human patients. In one study, theworkers foundmultiple

pathways related to fatty acid metabolisms that vary between

MOG-induced EAE mice [97]. The decreased levels of u-3 and

u-6 polyunsaturated fatty acids were typical signs of EAE

mice. In their following work, treatment of resolvin D1, a

downstream metabolite of u-3, to the EAE mice hinders the

progression of MS-like disease. Their further investigation of

the resolvin D1 effect revealed underlying mechanisms

involving the induction of regulatory T cells, the polarization

of monocytes/macrophages and microglia into the M2

phenotype, and the induction of inflammatory responses.

Notably, other pharmaceutical research on metabolomic

techniques has been performed with model animals and with

cells and human patients. Fig. 2 provides a map of known

pathways that are perturbed in MS. For example, one study

tested the neuron protective effect of methionine enkephalin

using a capillary electrophoresis-tandem mass spectrometry-

based approach [98]. Significantly increased AAs and glycyl-

glycine were witnessed in the extracted cell metabolome after

supplementation of methionine enkephalin to glioma cells.

Another study using ultra-high-performance liquid

chromatography-mass spectroscopy focused on determining

the effect of vitamin D in healthy people and MS patients [99].

Alterations in metabolites associated with oxidative stress

and xenobiotic metabolism were shown in the plasma of

https://doi.org/10.1016/j.bj.2022.01.004
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healthy controls, while such variations were not present in

the plasma of MS patients after the vitamin D treatment.

Additionally, supplementation of acetate and methionine

was determined to be salutary for improving MS outcomes

[80,100]. In turn, these two metabolites' deficit is considered

alarm of MS aggravation. As discussed above, turnover in

energy supply, especially in the TCA cycle, and methylation

within CNS is responsible for these features. As these exper-

iments were conducted in EAE model animals, further

confirmation is required for clinical applications in human

patients.
Concluding remarks

According to an overview of previous metabolomic studies in

MS patients and EAE model animals, variations in compre-

hensive metabolites and metabolic pathways have been

refined to be associated with the occurrence and progression

of MS. Accordance findings are concentrated with several of

the following pathways. First, a downregulated aspartate-N-

acetyl-aspartate pathway accompanied with increased

glutamatewas definedwithin CSF is specific for RRMS. Indeed,

these indicators of neuron conditions have been discovered

for a long time. Second, the enhanced conversion of trypto-

phan into kynurenine is associated with MS occurrence and

worse outcomes. In particular, implications for Trp-KP turn-

overs may bemore than an occurrence of inflammation in the

CNS and a disturbance in the gut microbe. Finally, decreased

levels of BCAAs in the blood are negative signs linked with

abnormal energetic metabolism for MS prognosis. Decreased

BCAAs and increased TCA intermediates and lactate are

common indicators of a broad spectrum of inflammation.

These findings are suggested to be proofs rather than bio-

markers for the diagnosis or prognosis of MS. To avoid bias,

integral analysis that combinesmetabolomics with other data

such as other omics and clinical variables is recommended.

To conclude, increasing data have provided evidence that

metabolomics is a valuable tool in various aspects of MS

clinical care. Informative variations of metabolites can be

potential biomarkers forMS diagnosis, predict the progression

of the disease, and estimate drug effects. We, therefore, have

reason to believe that metabolomics will be a promising

technique for improving clinical care for MS.
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