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Introduction
Multiple sclerosis (MS) is a chronic inflammatory demyelinat-
ing disease of the central nervous system (CNS) that is consid-
ered the most common cause of non-traumatic neurological 
disability in young women.1 It is estimated that 2 million peo-
ple between ages 17 and 65 will suffer from MS worldwide, 
which shows a remarkable increase in its prevalence over time.2

MS has 4 main pathological characteristics: First, the immu-
nological changes in MS are considered by increasing proin-
flammatory cell infiltration, consisting of CD4+ T cells with the 
T helper 1 (Th1)/Th17 phenotypes, B cells, monocytes, mac-
rophages, natural killer (NK) cells. There is also decreases in 
CD8+ T cells, CD4+ CD25+ forkhead box P3 (FoxP3+) Treg 
cells, and impaired Treg function3; second, the inflammatory 
process destroys myelin sheath or the oligodendrocyte cell body, 
which leads to demyelination; third, inflammation also causes 
axonal damage and loss; fourth, astrocytic response to inflam-
mation-induced neural injury so-called “gliosis.”4

The first case report of MS back in 1421, but serious studies 
of this demyelinating disease began in the 19th century.5 
Considering inflammation’s role in MS pathogenesis, scientists 
have used experimental autoimmune encephalomyelitis (EAE) 
animal models to reproduce many of the clinical and immuno-
logical aspects of MS.4 In the 1970s, scientists studying EAE 
in animals speculated that some myelin protein fragments 
could prevent the disease. Therefore, they synthesized a mix of 
protein fragments and used it for treating animals with EAE 
and humans with MS.6

Diagnosis of MS currently relies on the McDonald criteria, 
which combines clinical evidence supported by paraclinical 
investigations, including magnetic resonance imaging (MRI) 
to visualize typical lesions and identification of the oligoclonal 
band (s) of IgG in cerebrospinal fluid (CSF). The initial step in 
MS diagnosis is to find clinically isolated syndrome (CIS) or 
radiologically isolated syndrome (RIS). Consequently, the final 
diagnosis of MS depends on evidence of lesions dissemination 
in the CNS, as well as the exclusion of other potential neuro-
logical disorders.7

From 1996, the US National Multiple Sclerosis Society 
(NMSS) Advisory Committee on Clinical Trials in Multiple 
Sclerosis has classified MS according to its clinical course into 
4 categories: Relapsing-Remitting (RR), Progressive-Relapsing 
(PR), Primary-Progressive (PP), and Secondary-Progressive 
(SP).8 These 4 categories handle the course that MS will fol-
low during a person’s lifetime. Within each of these 4 types of 
MS, there are varying degrees of severity. About 80% to 85% of 
patients take the RR subtype; new symptoms can appear dur-
ing relapses, and old ones recur or worsen.9 Relapses are fol-
lowed by a full or partial recovery period, marked by a lack of 
disease progression. Most of these patients progress into an SP 
phase, while 10% to 15% of MS cases follow a PP course that 
patients accumulate a progressive disability from the onset.10

Clinicians mainly take subjective and objective approaches 
for diagnosing and staging MS. However, MRI, clinical mani-
festations, and other assessments cannot specifically and accu-
rately define the activity, progression, responses to treatments, 
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and MS recurrence. In order to gain better insight into MS 
behavior, several different approaches have been used to inves-
tigate the different biological processes and affected biomark-
ers during MS. Based on the National Institute of Health 
definition, biomarkers are described as “. . .characteristic that is 
objectively measured and evaluated as an indicator of a normal 
biological process, pathogenic process, or pharmacologic 
responses to a therapeutic intervention.”11

Conventionally, scientists use 2 techniques to identify 
appropriate biomarkers: hypothesis-based and discovery-based 
methods. The hypothesis-based approach focuses on under-
standing disease mechanisms. The discovery-based biomarker 
method attempts to detect a change in concentration of the 
specific molecules such as metabolites and proteins.12 The 
complicated mechanisms and etiopathology of MS limit iden-
tifying suitable biomarkers for diagnosis and prognosis predic-
tion. However, by appearing new approaches including 
genomics, transcriptomics, epigenetics, proteomics, and metab-
olomics, which provide high throughput of information about 
the pathogenesis of diseases, scientists are approaching the 
achievement of the new and appropriate biomarker.13,14 
Finding a new biomarker is a multi-step process that includes 
the primary discovery phase, preclinical validation, and clinical 
validation. In the initial step, large omics investigations are per-
formed to mine promising candidate molecules. The possible 
biomarkers are then selected for preclinical and clinical evalua-
tions.15 Omics investigations provide large quantitative data-
sets surrounding abundant molecules in each subtype or stage 
of MS, potentially correlates with the disease susceptibility, 
severity, and pathogenesis. Scientists can explore these datasets 
to identify novel and efficient biomarkers for MS.

Despite these advances, the diagnostic and prognostic bio-
markers are challenged due to the complexity of MS.1 There is 
a major unmet need for specific and reliable biomarkers that 
help better understand molecular mechanisms and the eti-
opathogenesis of MS. These biomarkers could be used in all 
patient care stages to diagnose MS, predict treatment response 
outcomes, avoid unnecessary research, and guide further man-
agement.12 This manuscript will focus on proteomics and 
metabolomics’ potential role in MS, from biomarker discovery 
to personalized medicine.

Proteomics and Metabolomics Workflow
Over the past 2 decades, “omics” approaches have emerged as a 
promising tool for recognizing molecular pathways, just as dis-
tinguishing differentially expressed molecules, independent of 
several causative agents of disease. Therefore, proteomics may 
be utilized for biomarker discovery, potential drug targets, and 
novel adjusting mechanisms.16 Up to date, an impressive num-
ber of proteomic and metabolomic studies have been per-
formed on laboratory model samples and patients with MS, 
even though all therapeutic methodologies are essentially 
founded on the inflammatory aspect of the disease.17 Moreover, 

there have been increasing efforts to characterize the connec-
tion between genome and phenotype in cells and organisms. It 
has been revealed that even a complete comprehension of the 
genome’s status and proteome in a living system does not 
reflect its phenotype. Subsequently, in addition to the pro-
teome, metabolome study is essential; thus, metabolomics is 
presently used as an independent and widespread approach, as 
well as proteomic-supplementing research.18

Identifying the most reliable biomarker arises from evaluat-
ing the “normal” state compared to the “diseased” state of the 
same subjects. The initial step in the workflow of most prot-
eomics and metabolomics experiments is sample description 
and study design. An ideal sample for biomarker evaluation 
should possess important features, including non-invasive col-
lection, acceptable sensitivity that allows early detection of dis-
ease with minor false-negative rate, high specificity that ensures 
the desired pathology, and rapid response to treatments. The 
selected sample type is also important, mainly depending on 
the available analysis methods and the disease in question.19 
Appropriate study design necessitates planning a study ques-
tion, hypothesis, appropriate selection of test and control 
groups, and conducting a study in an unbiased manner, result-
ing in proper conclusions. The results may support or refuse the 
proposed hypothesis. The second step is sample analysis that 
provides information on all molecular identities and quantities 
in the selected samples. Identification of proteins and metabo-
lites requires analysis platforms including gas chromatography 
coupled to mass spectrometry (GC-MS), liquid chromatogra-
phy coupled with single-stage mass spectrometry (LC-MS), 
and nuclear magnetic resonance (NMR), isobaric tags for rela-
tive abundance and quantitation (iTRAQ), 2-dimensional gel 
electrophoresis (2DE), and difference gel electrophoresis 
(DIGE).20 As the third step, bioinformatics helps select pro-
tein or metabolite biomarker candidates by using complicated 
statistical methods at the discovery and validation phases.16 
Utilizing standard workflow in omics studies design would 
improve the quality of results and find more appropriate bio-
markers. The workflow of most proteomics and metabolomics 
experiments shown in Figure 1. It is important to realize that 
the discovery process might be different and can follow various 
routes that choice depends on the study question, as well as 
technologies available and expense. For instance, selecting an 
analysis platform or sample type depends on the main question 
and direction of the study.21,22

Proteomics Approach in Multiple Sclerosis
In recent years, the widespread growth of mass spectrometry 
techniques toward greater accuracy, resolution, sensitivity, and 
high throughput methods have driven noteworthy advances in 
the proteomics field.23 These developments lead to significant 
advances in proteomics processes, including sample collection 
and preparation, strategies of fractionation, instrumentation, 
bioinformatics analysis, and validation studies.24 New insights 
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into molecular mechanisms of the pathophysiology of MS 
might be achieved by a proteomic approach that could be inte-
grated and translated into medical neurology. These methods 
have advantages over conventional genomic/transcriptomic 
approaches because they can detect post-translational modifi-
cations such as phosphorylation and glycosylation associated 
with the pathogenesis of MS.14

Several proteomic studies have been released in the MS dis-
ease field that mainly focus on individual proteins for their bio-
markers’ potential role.25 Mass spectrometry of proteins 
necessitates an ionized form of soluble or solid proteins in the 

gas phase before injection and acceleration in an analytic elec-
tric or magnetic field. The 2 approaches for ionizing proteins 
are electrospray ionization (ESI) and matrix-assisted laser des-
orption/ionization (MALDI). ESI creates the ions from pro-
teins in a soluble state that permits intact ionization of fragile 
molecules; however, MALDI produces ionized proteins in a 
solid form by pulses of laser light. ESI application results in 
higher multiply-charged ions than MALDI, allowing higher 
mass protein analysis and better fragmentation, whereas 
MALDI is more rapid.26 The 2 main mass spectrometry 
approaches to identify and characterize ionized proteins 

Figure 1. Workflow for biomarkers discovery process for multiple sclerosis through proteomics and metabolomics approaches.
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include bottom-up or shotgun, which analyzes peptides by 
enzymatic digestion, and top-down approaches, which describe 
intact proteins.27,28 Based on the prerequisites of each method, 
bottom-up and top-down approaches have different advan-
tages and disadvantages. The bottom-up approach can analyze 
high-complex samples and provide more sensitive results.  
On the other hand, the top-down analysis provides high 
sequence coverage, valuable information about post-transla-
tional modifications, and improved quantification compared to 
the bottom-up method.29 Many studies used 2-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE) as the study’s 
central methodology.30 This method has been the base of pro-
teomics from the launch, but to compare large-scale proteom-
ics, 2DE has gradually been switched by shotgun proteomics 
techniques.31 Such approaches tend to be more sensitive, repro-
ducible, and automated. Depending on the available and neces-
sary technologies, the discovery method may be somewhat 
different and may follow different directions. These studies 
have indicated an excessive variety of biomarker candidates, 
probably due to methodology variations and MS heterogene-
ity.32 Different proteomic approaches in EAE animal models 
and biological samples such as CNS tissues, CFS, and blood of 
MS patients have been used to identify biomarkers and causa-
tive agents in the disease’s pathophysiology.25,33 EAE is an 
acceptable means for studying brain inflammation, CNS tissue 
injury, and potential drug responses in MS. Considering several 
common immunological features between MS and EAE, uti-
lizing the EAE animal model can help suggest novel biomark-
ers for MS diagnosis, staging, and evaluating drug response.4,33 
Several proteomic studies for identifying the panel of biomark-
ers for MS are summarized in Table 1.

Plasma and CSF

Plasma and CSF contain valuable proteins that may vary in 
different conditions. These biological fluids share a wide spec-
trum of molecules and protein composition due to multiple 
connections. Changes in CSF can indicate neurological inflam-
mation, metabolic damage, BBB dysfunction, or brain tissue 
damage that could help predict MS progression.49 Considering 
easy access to the plasma and CSF, clinicians could benefit 
from utilizing these body fluid types to evaluate the patient 
with MS before the onset of symptoms and the possibility of 
long-term follow-up during the MS disease course.

Immune-related proteins exist in variable body parts and 
participate in innate and adaptive immune responses in differ-
ent ways. The immune-related protein, including complement 
chemokines, and cytokines are the proposed candidates as bio-
markers for MS. However, many of these immune-related pro-
tein participates in the many inflammatory processes. Therefore, 
it seems that these proteins could not be considered as specific 
biomarkers for MS.30 Bottom-up proteomics evaluation on 
CSF of the EAE model showed significant elevation of com-
plements such as Lysozyme C1 and C3 proteins.50 These 

proteins enhance opsonization and phagocytosis or create a 
cellular transmembrane channel that results in invasive cell 
death.51 The higher concentration of CXCL10 and CXCL13 
in the CSF of MS patients than the control group indicated 
the involvement of these chemokines in immunopathogenesis 
mechanisms in MS.52,53 Considering the myelin sheath of 
CNS (gray and white matter) as the primary target in MS, the 
release of proinflammatory cytokines such as interleukin 17 
(IL-17), IL-4, IL-10, IL-12, IL-23, TNF-α, and activation of 
macrophages and microglia damage the myelin sheath of neu-
rons through secretion of toxic substances such as reactive oxy-
gen species (ROS), reactive nitrogen species (RNS), and 
glutamate.54-56 Prostaglandins (PGs) are mediators of acute 
and chronic inflammation via intensification of cytokine sign-
alings.57 One study has discovered the increased presence of 
prostaglandin-H2 D employing 2-DE MS/MS in MS patients’ 
CSF.58 PGD2 prompted apoptosis of mouse oligodendrocyte 
precursor cells, which could meddle in the demyelination cycle 
that happens in multiple sclerosis.59

Heat shock proteins (HSPs) are a group of cell protector 
agents that appear when cells are exposed to environmental 
stress. These proteins also contribute to protein folding, cell 
cycle regulation, and intracellular signaling.60 A proteomics 
study on peripheral blood mononuclear cells (PBMCs) protein 
profile by employing the 2-DE method coupled to MALDI 
indicated that HSP β-1 differentially was expressed in correla-
tion with MS patients’ MRI findings.61 Altered Alpha-
crystallin B chain (CRYAB) expression, the small heat shock 
protein, has been implicated in many neurological diseases like 
MS.62 CRYAB expression in astrocytes and oligodendrocytes 
has been displayed to protect these cells from apoptosis via 
binding to cell death mediators and inhibiting caspase activ-
ity.63,64 Additionally, CRYAB prevents NF-κB and STAT3 
signaling, resulting in reduced neuroinflammation.65

Neurodegeneration-related proteins play an important role 
in the pathogenesis of MS. Proteomics studies suggested vari-
able neurodegeneration-related proteins, including neurofila-
ment, proteins with enzymatic properties, and glial fibrillary 
acidic protein (GFAP) as biomarkers for MS. Studies attribute 
long-term clinical outcomes of MS to the level of neurofila-
ment.66 Two important types of neurofilament participate in 
MS pathogenesis: neurofilament light (NFL) and neurofila-
ment heavy (NFH).67 A few investigations likewise uphold a 
prognostic part for the light chain subunit of NFL in the 
beginning stages of MS.68 In a longitudinal report, CSF NF-L 
levels were prescient of conversion to MS in CIS patients.69 
Another proteomics study revealed that NFL level is elevated 
in patients with MS compared to healthy controls.70

Matrix metalloproteinases (MMPs), a group of enzymes, 
participate in the degradation of extracellular matrix (ECM) 
during some physiological processes, including angiogenesis.71 
However, some studies shed light on the immunopathologic 
role of MMPs in MS.72 Studies on the serum, CSF, and brain 
tissue of MS patients have revealed an increase in MMPs 
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activity such as MMP-1, -2, -3, -7, -9, -12, and -14.73 Some 
information proposes that microglial-derived MMPs may 
mediate the turnover of the ECM of CNS under typical condi-
tions in microglial nodules; however, in many neuroinflamma-
tory conditions such as brain tumors, encephalitis, meningitis, 
cerebral ischemia, and MS, these enzymes are significantly 
upregulated.74 In MS disease, monocytes participate in the 
neuroinflammatory process through a mechanism that includes 
the high expression of various MMPs and diminished expres-
sion of tissue inhibitors of metalloproteinases (TIMPs) such as 
TIMP-1 and TIMP-2.75 Cumulative evidence has demon-
strated that MMP-9 is a key matrix metalloproteinase in mul-
tiple sclerosis pathogenesis, enhancing blood-brain-barrier 
disruption, leukocyte migration, and myelin lysis.76 Various 
endeavors have been made to create MMPs inhibitors for the 
potential treatment of diseases in which MMPs assume a criti-
cal role. In one study, managing MS patients with natalizumab 
by inhibiting MMP-9 reduced the risk of progressive multifo-
cal encephalopathy.77 Since increased MMP activity and 
reduced TIMP levels contribute to a loss of the BBB integrity 
and infiltration of inflammatory immune cells to the CNS; 
therefore, MMPs and their TIMPs play a key role in the 
immunopathogenesis of MS.72 In contrast, one proteomics 
study utilized a multiplex aptamer proteomics platform to 
detect 1129 proteins in the plasma of patients with MS. This 
method uses base pairs for binding target proteins or peptides 
with higher specificity and affinity than common proteomics 
methods. Proteomics evaluation of MS patients revealed that 
MMP3 is lower all MS subtypes than healthy controls.78,79 
Thus, using MMPs as specific and sensitive biomarkers for MS 
requires further studies. Studies recommended that serum lev-
els of GFAP related to MRI lesion count, clinical seriousness 
scores, and disease progression in MS might be considered an 
effectively quantifiable biomarker of CNS pathology associ-
ated with disease progression.80,81

Neurotransmitters, chemical messengers, participate in 
CNS function by transmitting a neuron signal across the target 
cell’s synapse. Impaired neurotransmitter function was observed 
in many neurological disorders. For instance, dysfunctional 
glutamatergic excitation and gamma-aminobutyric acid 
(GABA)ergic prevention were reported in patients with MS.82 
Some proteomics studies revealed lower levels of GABA in RR 
patients compared to healthy control. These data suggested the 
implication of GABA in suppressing regulatory T cells and 
enhancement of Th17-type immunity. GABAergic dysfunc-
tion may be involved in MS’s pathogenesis, suggesting a strong 
association between regional GABA levels and cognitive 
impairment in patients with RR MS.83

Targeting specific signaling proteins is another approach for 
identifying new biomarkers. Interestingly, a comparison of pro-
tein profile between MS subtypes indicates activation of notch 
signaling pathway through NOTCH2, PSEN1, EP300, JAG2, 
and DTX1 proteins, in the PP and RR clinical subtypes.84,85 
Extra detailed analysis of individual protein players of Notch, 

such as the NOTCH2, PIK, and JAG2 proteins, shows the 
higher expression of these proteins in PP patients rather than 
RR (2.2 fold, P < .05).85 An increase in levels of TUBA4A, 
NCL, ACTB, FYN, KRT18, CTNNB1 proteins was displayed 
in RR subtype patients, which are a part of the pathogenic 
E.coli infection pathway.85 These findings elucidate the critical 
molecular pathways associated with MS’s inflammatory and 
neurodegenerative mechanisms.85

Some candidate biomarkers such as chitinase-3-like protein 
1 (CHI3L1), Sirtuin 1 (SIRT1), transthyretin (TTR), and 
brain-derived neurotrophic factor (BDNF) were identified 
from MS analysis of CSF samples of MS patients.86 Proteins 
CHI3L1 promise prognostic biomarkers in clinically isolated 
syndrome (CIS) patients to predict conversion to MS and 
development of neurological disability.68 The prognostic role of 
the astrocyte-derived CHI3L1, which was first proposed in a 
proteomic study directed in CIS patients grouped by limits of 
change to MS,87 was later approved in an enormous cohort 
study including CSF tests from 813 CIS patients.88 High CSF 
CHI3L1 levels brought about a risk factor for change to MS 
independent of solid indicators. More critically, CSF increased 
CHI3L1 concentrations were the main noteworthy independ-
ent risk factors related to the advancement of disability in mul-
tivariate Cox relapse models.88 In this regard, by utilizing a 
proteomic approach, CHI3L1 was identified as perhaps the 
best indicator of change to MS in CIS patients.89 Tegla et al90 
suggested that SIRT1 might symbolize a biomarker of relapses 
and a potential new target for therapeutic intervention in MS. 
Notably, TTR differentially expressed in different stages of the 
disease and indicating a significant role as a biomarker of MS.91 
Studies indicated TTR might undergo oxidative post-transla-
tional modifications (PTMs) that may considerably alter its 
folding and function.92-94 BDNF plays a neuroprotective role 
in neurodegeneration, and reduced levels have been reported in 
MS patients.95 Afterward, more proteomics investigations are 
required to suggest novel and reliable biomarkers from body 
fluids in MS patients.

Urine

Another body fluid that can be collected non-invasively is 
urine with an enriched metabolic profile. In one proteomics 
study, 1699 tryptic peptides related to 402 proteins were evalu-
ated in urine from 31 MS and 8 healthy control throughout the 
third trimester of pregnancy and the first postpartum period by 
employing the LC−MS method. Assessment of pregnancy-
associated proteins revealed alteration of 531 peptides level 
between the third trimester and the postpartum period. They 
also found that placenta-derived pregnancy-associated immu-
noregulatory proteins such as pregnancy specific beta-1-glyco-
protein 1, 9, and 11 were 10-fold higher in the third trimester 
than the postpartum period compared to healthy controls. 
These proteins play a crucial role in innate immunoregulation 
by promoting anti-inflammatory cytokine secretion.
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Additionally, evaluation of disease-associated proteins indi-
cated that the expression of 12 proteins was different between 
2 periods. Among these proteins, lysosomal-associated mem-
brane protein 2 (LAMP 2) and trefoil factor 3, which play cru-
cial roles in the innate immune system regulation and eukaryotic 
translation initiation factor 6, and hemoglobin subunit alpha, 
which have no important role in immunomodulation, were 
elevated. Plasma glutamate carboxypeptidase, Ig mu chain C 
region, and osteoclast-associated immune-like receptor were 
the other 3 proteins with a dramatically decrease ratio in MS. 
It seems that the increase of immunosuppressive proteins and 
decrease of proteins related to the immunopathology of MS 
improve disease relapse during pregnancy.96 However, more 
proteomics studies are required to shed light on urine-derived 
proteins’ role as biomarkers for the diagnosis and prognosis of 
MS disease.

Saliva

Saliva is an attractive biofluid that can be easily collected and 
stored without an invasive process. Recently, Manconi et  al. 
using top-down proteomics to evaluate 119 salivary proteins 
from 49 MS patients and 54 healthy controls. The study 
showed significant differences of 23 proteins between salivary 
proteomic profiles in MS patients and healthy controls.97 
Among these altered proteins, 8 proteins displayed lower levels 
in MS patients, including mono- and di-oxidized cystatin SN, 
mono- and di-oxidized cystatin S1, mono-oxidized cystatin 
SA, and mono-phosphorylated statherin. On the other hand, 
fifteen proteins showed increased level, including cystatin SN 
P11 → L variant, ntileukoproteinase, P-C peptide (Fr.1-14, Fr. 
26-44, and Fr. 36-44), SV1 fragment of statherin, 2 proteo-
forms of Prolactin-Inducible Protein, cystatin SN Des1-4, and 
cystatin A T96 → M variant. These identified proteins in 
patients belonged to inflammation and immune response, a 
typical MS pathology.97 Further studies are needed to evaluate 
these identified proteins’ role in MS pathology and treatment 
response as a biomarker for MS.

Tear

Tear analysis, a less invasive procedure, may help the lumbar 
puncture is not recommended or refused by the patient. Devos 
et al. showed that the sensitivity and specificity of oligoclonal 
IgG bands in tears from MS patients were similar to CSF, 
while is the collecting procedure is less invasive.98 The team 
indicated that tear fluid should be considered a valuable bio-
logical material for measuring MS biomarkers.98 Salvisberg 
et  al. carried out 3 independent quantitative experiments 
between MS patients’ tears and healthy control.99 They found 
among 42 differential proteins, alpha-1 antichymotrypsin was 
the only protein to be dramatically increased in all experiments 
(P < .05). The authors concluded that tear proteomic modifi-
cation could reflect biological abnormalities related to MS and 

other inflammatory conditions influencing the CNS.99 The 
elevated level of tear alpha-1 antichymotrypsin emerges as a 
promising MS biomarker, replacing traditional lumbar punc-
tures.100 Later on, more clinical investigations are required to 
identify and verify novel and reliable biomarkers from CNS 
tissue and body fluids in MS patients.

Brain tissue

Biopsy and autopsy of the brain represent a critical avenue for 
MS research to explore demyelination, axonal degeneration, 
perivascular inflammation, and gliosis. A proteomics study uti-
lized a 2-DE-based proteomics approach to evaluate the pat-
tern of protein expression in the brain tissues of EAE models. 
Among approximately 1000 proteins analyzed, 70 proteins dis-
played significant alteration in the EAE model compared to 
controls. These proteins participate in the variable biological 
process, including ionic and neurotransmitter release, apopto-
sis, and signal transduction. Additionally, these proteins involve 
blood barriers and mitochondria formation and function.101 
The presence of ephrinB3 and oligodendrocyte differentiation 
inhibitor in demyelinated white matter lesions was reported 
using LCM and proteomic analysis methods.102 Future studies 
require investigation of differentially expressed proteins’ role in 
the initiation and progression of MS and their probable func-
tion during the different stages of the disease.

Although several proteomics approaches were conducted to 
identify efficient biomarkers, they have not reached any reliable 
protein molecules as a biomarker. Nevertheless, these studies 
have suggested many potential protein candidates. Differentially 
expressed proteins can precisely guide studies to suggest more 
appropriate biomarkers that would be used in clinical practice. 
The entire therapeutic option for MS targets the disease’s 
inflammatory aspects; thus, understanding the pathobiology of 
MS and finding new targets in the neurodegenerative aspect 
will help scientists suggest new treatments.

Metabolomics Approach in Multiple Sclerosis
Metabolites are low molecular weight (<900 Da) products of 
enzyme-mediated biochemical reactions. The heterogeneous 
composition of biological metabolites and specific alterations 
in different pathological processes have brought them up as a 
biomarker. Metabolomics is the comprehensive investigation 
of metabolites within biochemical processes that can provide 
immediate clues of the physiology of the metabolic frame-
work.103 There are 3 most commonly used analytical tech-
niques in metabolomics: gas chromatography coupled to 
GC–MS, LC-MS, and NMR. GC-MS and LC-MS combine 
the features of gas-chromatography and liquid-chromatogra-
phy with and mass spectrometry, respectively. NMR is an 
important tool in which nuclei of specific molecules produce an 
electromagnetic signal as an exclusive characteristic of the 
nucleus in a strong magnetic field. NMR has considerable 
advantages, such as quantitative and exceptionally reproducible, 
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fast measurement, and minimal sample preparation. This tool 
gives insight into finding out the disease’s pathogenesis and 
mechanisms.104 In MS, identifying sensitive and specific 
metabolite markers would help diagnose and separate patients 
with different disease stages and use appropriate medications. 
Additionally, these markers will provide better insight into 
drug response and prognosis of MS. Studies used various body 
samples, such as CSF, plasma, urine, and brain tissue, to dis-
cover novel metabolite biomarkers. Several metabolomics 
studies for identifying the panel of biomarkers for MS are 
summarized in Table 2.

CSF and plasma

CSF and plasma contain different metabolites that may pro-
vide better insight into the diagnosis and prognosis of MS. 
Reinke et al. reported 8 differentially metabolites between MS 
patients and healthy controls in CSF by NMR spectroscopy 
analysis.105 They showed a significant decrease in phenylala-
nine, citrate, 3-hydroxybutyrate, mannose, and 2-hydroxyis-
ovalerate in MS patients.105,106 As it has been reported by Zhao 
et al.107 after methionine enkephalin treatment, an accumula-
tion of the intracellular metabolites suggested their neuron 
protective effect. Kim et  al.108 demonstrated a comparative 
metabolome analysis in CSF from MS and neuromyelitis 
optica spectrum disorder (NMOSD) patients. The authors 
reported higher amounts of 2-hydroxybutyrate, acetone, fuma-
rate, and pyroglutamate and lower acetate and glucose in MS 
and NMOSD. They revealed a lower level of citrate, isoleucine, 
and valine in MS patients but a whole higher lactate level in 
NMOSD, specifically.109 The authors speculated these metab-
olite changes are related to altered fatty acid biosynthesis and 
energy metabolism in the brain and could help understand the 
biological background of MS.108 Significant upregulation of 
glutamine and increase of O-phosphoethanolamine, putres-
cine, and branched-chain amino acids in the case of MS was 
described by Noga et al.109 Actually, unlike the genome or pro-
teome, the metabolome reacts to stimuli almost instantane-
ously, thereby making it possible to evaluate the disease 
response to environmental disturbances such as surgical resec-
tion or drug therapy on a nearly real-time basis.110 For example, 
lactate concentration may be considered a disease biomarker 
because it increased significantly in MS patients.111 As oxida-
tive stress plays in MS disease, nitric oxide, and its metabolites, 
including nitrates and nitrites, also increased in CSF and urine 
during acute exacerbations and related to disability and inflam-
matory activity progression.112

Boccio et al. found in their study the altered serum phos-
phatidylcholine (PC) and LysoPC levels in MS subjects and 
a significant decrease of the total LysoPC/PC ratio the total 
LysoPC/PC ratio in MS compared to controls and other 
neurological diseases patients.113 Moreover, several studies 
indicated the upregulation of fructose, creatinine, glutamine, 

glucose, and acetate downregulation in patients with 
CIS.114,115 Lutz et al. assumed that the lactate level in CSF is 
correlated with inflammatory plaques number, while the β-
hydroxyisobutyrate level is related to the presence of these 
plaques.115

Urine

Urine is an easy-collecting sample that may contain valuable 
metabolites related to MS diagnosis and prognosis. Urine 
metabolites in MS patients compared to healthy and NMOSD 
controls were evaluated by NMR.116 Findings illustrated dif-
ferent alterations in 27 metabolites associated with synthesis 
and degradation of amino acids, ketone bodies, tricarboxylic 
acid cycle, glycolysis, propionate, and pyruvate metabolism. 
Urine metabolites change in MS patients are related to known 
pathogenic processes relevant to the disease, comprising 
changes in mitochondrial activity, energy and fatty acid metab-
olism, and the gut microbiota.116

Brain tissue

Tisell et al. demonstrated elevated glutamine in MS patients. 
They speculated that elevated glutamine might be associated 
with the destruction of oligodendrocytes and a diffuse neuro-
degenerative MS process.117 Additionally, the authors reported 
an increased level of Myo-inositol and creatine in patients. 
Considering that these metabolites are glial cell-specific 
markers, the authors concluded that the increased concentra-
tions result from increased glial cell density in MS patients.117 
Wheeler et  al.118 completely studied phosphatidylethanola-
mines of normal white and gray matter from MS and control 
brain tissues using electrospray ionization tandem MS 
(ESI-MS/MS). Results showed a higher phospholipid and 
lower sphingolipid content in these tissues’ lipid composi-
tion.118 However, the level of phosphatidylethanolamine in 
inactive MS appears to be higher than inactive tissues, sug-
gesting that the metabolic may reflect different states in the 
same disease, a significant feature for a useful biomarker in 
prognosis.118

In metabolomics analysis, standardization of sample collec-
tion and processing methods are important; because they can 
cause changes in metabolite concentration that can disrupt 
biological differences. The metabolite’s extremely responsive 
nature can be exploited to monitor treatment effectiveness in 
response to drug or surgical interventions.110,119 Identifying 
specific biomarkers, markers of therapeutic efficacy, and other 
pharmacodynamic endpoints may improve therapeutic effica-
cies while avoiding toxicity and unnecessary side effects. 
Additionally, metabolomics analysis may suggest new path-
ways and therapeutic targets that can help pharmacologists 
and biotechnology experts design new agents for the targeted 
treatment of MS.
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Personalized Medicine in Multiple Sclerosis
The terms ‘personalized medicine’ and ‘precision medicine’ may 
often be used mutually in several fields, including MS. It is 
pivotal to distinguish between these 2 terms concerning MS 
care. Personalized medicine is defined as a strategy to diagnose, 
treat, and follow up disease regarding an individual’s character-
istics, environment, disease features, and biomolecular traits. 
Personalized medicine researches aim to ensure that patients 
get the right amounts of the right medicine at the right time. 
On the other hand, precision medicine contains the same prin-
ciples, but genomics and pharmacogenomics are the crucial 
players.125-127

Utilizing personalized medicine in MS requires 3 crucial 
components; (1) Assessment of prognosis soon after diagno-
sis, (2) Considering an early therapeutic plan based on risk-
benefit and patient predilections, (3) An early assessment of 
response to therapy and taking alternative therapies in the 
case of failure.127 As described before, MS is a highly hetero-
geneous disease with different phenotypes evident in various 
disease stages and without a certain cure.128 In order to ensure 
appropriate treatment for patients with MS, considering the 
numerous clinical and immunopathological subtypes of the 
disease, profiling and the individual patient’s characterization 
are critical.125,128 Despite extensive researches on MS, there is 
no effective treatment for this disease. For RR subtype 
patients, several disease-modifying drugs (DMDs), classified 
into first- and second-line therapies, are accessible with dif-
ferent efficacy and safety outlines.129 The standard injectable 
first-line therapies with a good safety profile are interferon 
beta-1a (IFN-β 1a), IFN-β 1b, and glatiramer acetate.129,130 
Also, oral first-line therapies such as teriflunomide and dime-
thyl fumarate with diverse activity mechanisms, similar effi-
cacy, and various security profiles are used. When first-line 
therapies fail, second-line therapies such as fingolimod, natal-
izumab, mitoxantrone, and alemtuzumab are recommended.131 
The treatment strategy for MS mainly targets early inflam-
matory processes that are more effective than other treat-
ments; however, anti-inflammatory agents have greater side 
effects than first-line DMDs.132 Conventional clinical and 
radiological predictors poorly predict the progression of neu-
rological and neuropsychological disability in MS due to the 
lack of vigorous biomarkers and detailed understanding of 
MS pathogenesis.133 Therefore, the achievement of more 
exact evaluations of valuable predictors in MS is needed. 
With more accurate and earlier diagnoses, MS patients will 
be treated sooner, along with increased opportunities for early 
preventive interventions.134,135 In this context, personalized 
medicine is recently considered beyond the precision medi-
cine concept in the therapeutic approach in MS.1,125,135 
Biomarkers are important for understanding MS patient dis-
ease profile, prognosis, diagnosis, and disease course predic-
tion. They are also critical in identifying the benefits and side 
effects of new therapies on patients.

Future Directions and Conclusion
The results demonstrate the potential of integrated “omics” 
approaches to characterize the phenotype that places discover-
ies into a biological context. The proteomics and metabolomics 
approach may allow personalizing treatment for MS patients. 
The complexity of the disease itself and its effect on the nerv-
ous system and immune system makes it difficult to identify its 
underlying pathogenic mechanisms. Therefore, it seems that 
MS does not have a single biomarker that might distinguish 
and fully reflect the pathology of this disease. In this context, 
proteomics and metabolomics analysis of CNS tissue and body 
fluids may be great tools to distinguish biomarkers and thera-
peutic candidates.

The vital step in biomarker identification is reducing the 
number of supposed biomarkers’ possibilities from a large 
omics dataset by utilizing appropriate methods such as tradi-
tional statistics and artificial intelligence.136,137 Traditional sta-
tistics’ main concept is that significant expression changes in 
some molecules bring them up as disease- or treatment-related 
biomarker candidates. Additionally, significant alteration of 
some molecules can predict the prognosis and stage of the dis-
ease. This approach identifies molecules from omics datasets 
that have not been formerly related to disease’s different 
aspects.138 Machine learning is a subfield of artificial intelli-
gence that includes various algorithms and techniques to create 
an accurate model that mimics a procedure and predicts new 
samples’ outputs. Creating the model will be done by combin-
ing computing and machine learning algorithms without any 
explicit function and based on learning from the relation 
between features of recorded samples as inputs and labels as 
outputs of the procedure.137 A variety of machine learning 
methods have been utilized to analyze transcriptomics and 
metabolomics datasets to classify unknown samples and iden-
tify disease-associated molecules.139,140 However, developing 
efficient new approaches for integrating datasets of different 
omics investigations will help identify more appropriate bio-
markers for MS. For example, the development of novel gene 
sequencing technologies at the beginning of the 2000s results 
in bulk RNA-sequencing (RNA-seq) or DNA-based microar-
rays to evaluate cellular pathways and molecular alteration at 
the transcript level. The development of next-generation 
sequencing (NGS) improved transcriptomic approaches by 
discovering new RNA variants and splice sites or evaluating 
epigenetic factors, including DNA methylation patterns and 
DNA-protein interactions.141 Despite the development of 
many “omics” technologies, there is a lack of integrating and 
linking studies to see the full picture of cellular pathways in the 
future. This association would improve our insight into human 
pathologies that result in a revolution in preclinical and clinical 
studies of the disease diagnosis, prognosis, drug response, and 
new drug development.142

In conclusion, we would like to highlight that future bio-
markers’ discovery and execution will face numerous challenges. 
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Consequently, serious cooperative attempts among scientists, 
clinicians, and industry are needed. This collaboration will 
move us one step forward from hope to the ultimate goal of 
personalized medicine in MS. We hope that standardizing 
critical elements of proteomics studies, as well as metabolomics 
signature with different omics such as genomics, microbiome, 
and transcriptomic information, provide insights into the 
pathogenesis of MS shortly.
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