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Abstract

Multiple Sclerosis (MS) is one of the most prevalent chronic
inflammatory,  demyelinating and neurodegenerative
diseases of the central nervous system in young adults.
Worldwide, there are more than 2 million patients suffering
from MS. This disorder is a heterogeneous, multifactorial,
immune-mediated disease that is influenced by both genetic
and environmental factors. The pathological hallmark of MS
is the accumulation of demyelinating lesions in the white
and grey matters of the brain and the spinal cord which may
lead to neuro-axonal damage. Focal lesions are caused by
the infiltration of immune cells, including T cells, B cells
and myeloid cells, into the parenchyma of central nervous
system with associated injury. In the initial phase of this
disease, relapses occur. These are reversible episodes of
neurological deficits which usually last for days or weeks,
and termed as clinically isolated syndrome and relapsing
remitting MS. In due course, permanent neurological
deficits and clinical disability become prominent which are
termed as secondary progressive MS. However, a few
patients develop a progressive disease course from
beginning, termed as primary progressive MS. The present
review focuses on enhanced perceptive on roles of
inflammatory cells, oxidative stress and mitochondrial
dysfunction in the disease course along with the expansion
of many novel and efficient treatments that can substantially

combat, decline or delay the disease progression and disease

related activities. Current developments in treatment of
multiple sclerosis such as antioxidant therapy, selective
modulation of immune system have also been reviewed.
Keywords: Multiple sclerosis; Inflammation;
Epidemiology; Etiology; Oxidative stress; Adaptive immune
cells

Introduction

Multiple Sclerosis (MS) is a multi-factorial autoimmune

disease of the central nervous system of our body. It is
characterized by chronic inflammation, demyelination, loss
of axons and neurons. Patients may develop neurological
symptoms such as motor, sensory, and cognitive impairment
depending on the site of demyelinating lesions. In general,
symptoms of MS patients are ataxia, numbness, muscle
spasms, walking difficulties, fatigue, pain, bladder or visual
problems, depression and dementia [1].
Frequently, MS patients suffer from Chronic Neuropathic
Pain (CNP), a non-motor associated symptom. It is a
long-lasting chronic pain affecting nearly 60% of MS
patients and dramatically decreases their quality of life [2].
Since MS is a multi-factorial disease, its etiology is
complex. In major, inflammation is the driver of the
pathology. Additionally, oxidative stress also contributes to
tissue injury and promotes existing inflammatory response.
MS disease is inflammatory in nature; therefore, most
widely used therapeutic approach for combating MS is to
target the immune response.

Corticosteroids in limited dose are used to treat acute
attacks of MS. However, steroids have severe side effects;
therefore, they should not be used for chronic treatment.
Recently, many immune-modulatory agents have been
approved as disease-modifying therapies for MS. There are
adjuvant drugs including antidepressants which have been
employed to treat CNP [3]. Despite of development of all
these therapeutics, all MS symptoms are not efficiently
treated. Still, treatment options for sensory impairments are
limited and non-efficient [2,4]. Therefore, there is a need to

develop novel therapeutics that possesses the capacity to
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target both motor and sensory MS disease. The present
review ought to summarize the contribution of inflammation
along with oxidative stress in the pathology of MS. Current
therapeutic developments that may improvise treatments of
MS have also been discussed.

Epidemiology and Etiology of Multiple Sclerosis
There are around 2.5 million people suffering from MS all
over the world and the counting is increasing continuously
[4]. People may develop this disease at any time in the life;
however, it is observed that majority of persons get
diagnosed with MS at an age between 20 to 40 years.
Women are generally two to three fold more affected with
this disease compared to men [1]. Similar sex differences
are found for MS associated CNP as well as CNP in general
[2]. The factors that impact the incidence of MS include
variable epidemiology such as ethnicity, geographical
location and other environmental factors all around the
world.

The genetic factors also play an important role in the
development of MS. It has been observed that normal
individual has nearly 0.2% life time risk to develop MS
while siblings of MS patient have a 10- to 20-fold higher
risk of developing the disease [5].

The susceptibility for MS has been impacted by mutations in
specific Human Leukocyte Antigen (HLA) variants within
the major Histocompatibility Complex (MHC) gene
complex. It depicts the relevance of the immune system in
the development of MS. It is a complex genetic autoimmune
disorder and involves a polygenic etiology as well as a huge
number of MS-associated genes outside the MHC locus [6].
Clinical Demonstration of the MS

The Relapsing-Remitting Course (RRMS) is the most
prevalent form of MS. The RRMS is dominated by central
and peripheral inflammation and it leads to loss and injury
(demyelination) in axons and neurons. Due to accumulation
of demyelinated portions, various neurological signs and
symptoms develop in the course of RRMS. It may evolve
years when it is converted into Secondary Progressive MS
(SPMS). It is reported that around 15% of MS patients do

not get relapses after clinical onset. They directly develop a

Primary Progressive (PPMS) disease [1]. The average age of
clinical onset is nearly 40 years. The average age is almost
similar in SPMS and PPMS patients [7]. Around 60% of MS
related CNP patients also suffer with significant disability
and depression [2]. MS associated pain syndromes are
broadly divided into two classes of pain; primary pain that is
caused by inflammation, demyelination and
neuro-degeneration, and the secondary pain which is caused
as a result of indirect consequences of the CNS lesions [8].
MS associated CNP patients can experience a wide range of
CNP symptoms including continued dysesthesia pain in the
lower extremities, paroxysmal pain, which is divided into
Lhermitte’s phenomenon and trigeminal neuralgia along
with thermal and mechanical sensory abnormalities [2,3,8].
Pathology of MS

Demyelinating plaques within the white and grey matters of
CNS are the main hallmark of MS pathology [1]. The
quantity as well as quality of these lesions along with their
locations is variable with time. It is a crucial determinant of
the clinical outcome. The driving force for the
de-myelinating lesions is the inflammatory reaction caused
due to autoimmune response. MS is classically referred as a
disorder related to T cell-mediated autoimmunity [9].
Previously, it was reported that initiation of MS occurs by
an adaptive immune response directed against CNS
antigens. Certainly, inflammation and demyelination occur
when activated auto-reactive T cells infiltrate in CNS. In
response to this infiltration, there is an up regulation of
pro-inflammatory mediators, thereby activating
microglia/macrophages resulting into demyelination.

It has also been evident from the reports that B lymphocytes
and the innate immune response also contribute towards MS
pathology [10]. It is reported that oxidative injury and
subsequent  mitochondrial damage  resulted in
neuro-degeneration [11]. Some reports suggested that MS is
a primary inflammatory disease, in which immune-mediated
mechanisms drive the demyelination and tissue injury all
through different stages and in all different courses [12].
Some other reports suggested that MS is a primary

neurodegenerative disease, modified and amplified by the
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inflammatory  process  [13].  Non-immune-mediated
mechanisms also contribute towards MS pathology as it is
reported that oligodendrocyte apoptosis in MS lesions and
tissue damage can even take place without interference of
lymphocytes or peripheral macrophages [14].

Likewise, MS-associated CNP develops through central
inflammation, demyelination, and neurodegeneration [2].
The rodent Experimental Autoimmune Encephalomyelitis
(EAE) model revealed that in course of disease progression,
peripheral nerves suffer major pathologic changes after
neuro-degeneration in the CNS [15]. Infiltration of
lymphocytes into peripheral nerves and macrophage activity
in the dorsal root ganglion symbolize peripheral CNP
pathology [2]. It is revealed that peripheral inflammation
demyelination and nerve lesions may contribute to
MS-related CNP [16].

Inflammation in MS

Role of Adaptive Immune Cells

The presence of CD4+and CD8+ T cells in the
inflammatory lesions within the CNS has been reported. The
meninges in progressive MS revealed the presence of
ectopic germinal centers that comprised B cells and other
immune populations [17]. It signified the role of the
adaptive immune system in pathogenesis. It is reported that
MS patients showed two types of inflammation. In acute and
relapsing MS, the Blood-Brain Barrier (BBB) becomes
leaky and focal bulk invasion of T and B cells into the white
matter leads to the classical active demyelinated plaques [9].
There is correlation between lymphocyte invasion and
cytokine activity in the CNS. Increase in the disease activity
has been related to elevated expression of inflammatory
cytokines. In primary stages of MS, a slow and gradual
increase in T cells and B cells accumulation occurs and
major blood brain barrier damage is observed in the
connective tissue spaces of the brain. In the second type of
inflammation, subpial demyelinated lesions occur in the
cortex and diffused neuro-degeneration in the grey or white
matter get promoted [9]. CD4+ T cells are particularly
reported to contribute in the initiation of immune response

in MS patients. However, it does not play a major role in the

effector stage of CNS that includes inflammation and
immune-mediated demyelination and neuro-degeneration
[17]. The pathology of MS gets increased by elevated
secretion of Interferon Gamma (IFN y) and Interleukin-17
(IL-17) by CD4+ T cells. These cells act as the pathogenic
initiators of MS [17,18]. At the remitting stage of MS,
patients have elevated levels of IL-22 in the CNS [19].
Infiltration of additional lymphocytes in the CNS is
promoted by secretion of IL-22, amplifying the
inflammatory cascade [20]. CD8+ T cells are the major
lymphocytes present in active MS lesions. These cells are
potential contributors to MS pathology. In order to perform
their cytotoxic function, CD8+ T cells require MHC class |
expression and presentation. MHC class | is constitutively
expressed by all cells, but in active MS lesions. Expression
is gradually up regulated on astrocytes, oligodendrocytes,
neurons, and axons. This expression makes these cells
potential targets for CD8+ T cells in disease course [21].
Granzymes induced cytotoxicity has also found its part in
CD8+ T cell-mediated neuronal injury [22]. Axonal injury is
also found correlated with the infiltration of CD8+ T cells
into lesions [23].

T helper cell-mediated pathology gets induced by the
cytokines IFN yand IL-17 secreted by CD8+ T cells.
Regulatory T Cells (TREGS) also have an impact on MS
pathology. In immune system, TREGS act as the master
regulators that can suppress autoimmunity and contribute in
tissue regeneration. The function of TREGS is to express T
Cells Receptors (TCRS) that are able to recognize
self-antigens and get activated by self-antigens. TREGS
have functional deficits in MS patients. However, there is no
change in the frequency of TREGS in the peripheral blood
of MS patients. Only, the immune-modulatory function of
TREGS is impaired in MS patients [24].

Role of B cells in MS

In MS patients, B-cells also contribute in adaptive immune
inflammation in the CNS [25]. The Cerebrospinal Fluid
(CSF), the meninges and the brain parenchyma of MS

patients are reported to have clonally expanded B cells [26].
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The CD20+ B cells are dominant components of the lesions
in early disease course while plasma cells are major
components in later course of disease that include lesion
maturation and progressive stage of the disease [25]. The
role of B cells in MS disease course include development of
ectopic lymphoid follicles within the CNS, antigens
presentation to T cells, secretion of cytokine and chemokine
leading to production of auto-antibody in the CNS [22]. It is
revealed from the CNS of MS patients that B cells led
pathogenic effect as they produced factors that trigger
demyelination and neuro-degeneration in vitro [27,28].

Role of Macrophages/Microglia

Microglia and monocyte derived macrophages exhibit
significant roles in MS [29]. Particularly encephalitogenic T
cells interact and activate macrophages, and it is vital for
inflammatory demyelination in MS. When macrophages are
fully activated, they release cytokines, chemokines and other
inflammatory  mediators, thereby intensifying the
neuroinflammation and neuropathology [30]. Unlike bone
marrow-derived macrophages, microglial cells originate
from the embryonic yolk sac. They represent a
self-perpetuating CNS-specific glial cell population [31].
Microglial cells play a significant role in clearance of
apoptotic cells, synaptic pruning, and the formation of
mature neuronal circuits during development under
physiological conditions. They are also involved in diverse
brain processes such as synaptic plasticity, learning,
cognition and memory in adults [32]. They stand as a first
line of defense for CNS. They are crucial part of CNS
immune system and exhibit brain protection and maintain
homeostasis. They hastily sense damage or pathogen
associated signals. Subsequently, they get activated to
release pro-inflammatory mediators such as IL-1 B, isoform
nitric oxide (iNOS), chemokines and TNF. Further they
activate and recruit peripheral immune system cells to
infiltrate the CNS [33].

Diverse phenotypes of microglia with multiple functions
have been detected in the chronic neurodegenerative disease
[34]. Microglia cells are known to perpetuate
neuro-inflammation and disease pathogenesis. Microglial

cells drive chronic neuro-inflammation in the absence of
Blood Brain Barrier (BBB) breakdown and significant
infiltrating immune cells [35]. Normally, the microglia
maintain homeostasis, however, in MS, neuronal synaptic
plasticity is lost resulting in synaptic loss and thus cognitive
decline [36].

Non-microglial cells involved in MSs

There are several types of non-microglia myeloid cells
present in healthy CNS including Barrier-Associated
Macrophages (BAMS) and CNS Dendritic Cells (DC) [37].
These cells (BAMS and DC) are primarily present in
boundary regions like the meninges, perivascular spaces and
the choroid plexus [37]. BAMS are long-lived while CNS
DC are bone marrow-derived and short-lived. The CNS DC
performs a function of representation of CNS auto-antigens
to activated T cells which is a critical function for the
initiation of CNS-directed T cell autoimmune disease [38].
Next to CNS injury, CNS-resident macrophages and
microglia get activated. If CNS gets recruited with some
additional blood-born monocytes, the BBB get disrupted
and neurological symptoms become clearly evident.
Particularly during the effector stage, monocytes infiltrate in
the CNS and get differentiated into monocyte-derived
macrophages and release the pro-inflammatory mediators. It
directly promotes towards demyelination. An inflammatory
cytokine namely IL-1 B is majorly expressed in activated
macrophages, microglia and monocytes; it significantly
contributes towards the development of MS.

IL-1 B contributes towards the differentiation of T cells into
Th17 cells via the STAT3 pathway aggravating
inflammation in the CNS [39]. Likewise, demyelinated
lesions of MS patients have harmful monocyte-derived
macrophages also [40].

Myelin antigens are first sensed by microglial cells [41].
Adaptive immunity gets activated and intensified when
microglia gets transformed into Antigen-Presenting Cells
(APCS). In MS disease course of demyelination and
remyelination, microglial APCS activate T cells [36].
Therefore, it can be inferred that microglia play a significant
role for the targeting of adaptive immune cells to the CNS
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[42]. On activation, microglia express class I and 11 MHCs.
Microglia present antigen and activate adaptive immune
cells. Moreover, microglia expresses co-stimulatory
molecules including B7-1 and B7-2. These interact with
CD28 present on T cells to stimulate proliferation,
differentiation, and cytokine secretion. They also stimulate
CTLAA4 to promote T cell induced apoptosis [43]. Activated
microglia, subsequently to their interface with adaptive
immune cells, can secrete cytotoxic cytokines and oxidative
products such as NO and ROS radicals in MS lesions
thereby advancing towards oxidative stress and finally
leading to destruction of myelin [36]. Depending on their
activation state, macrophages and microglia show a high
plasticity. These have been roughly classified into two
phenotypes namely M1 has proinflammatory and M2 has
pro-repair and anti-inflammatory nature.

Proinflammatory mediators, such as TNF, IL-1 B, and IFNy
characterize M1 polarized cells. M1 cells are potent APCS
and can activate adaptive immunity. M2 polarized cells are
characterized by anti-inflammatory mediators, such as IL-4,
IL-10 and transforming growth factor - B (TGF-B). These
cells contribute in immune-regulation [44]. Also, M2
microglia promotes oligodendrocyte differentiation. It is
also reported that depletion of microglia impairs
remyelination [45].

Myelin debris has been reported to be a potent inhibitor of
differentiation process of Oligodendrocyte Precursor Cell
(OPC) into myelin-forming oligodendrocytes [46].

M2 polarized microglia also promote remyelination by
secreting anti-inflammatory mediators; for example, IL-4
enhances oligo-dendrogenesis [47] and also suppresses Thl
macrophage reaction including release of macrophage
Inflammatory Protein (MIP) and activin A, thereby
promoting differentiation of oligodendrocytes [45]. It can be
inferred that if we get the better knowledge regarding the
cellular and molecular mechanisms of the threshold control
of the microglial polarization between pro-inflammatory to
pro-repair phenotypes, it can be significant in drug
designing. This can promote the beneficial functions of the
cells and can positively reverse the inflammatory process of

demyelination in  MS. This can also provide
neuro-protection and neuro-repair in other
neurodegenerative diseases also.

Oxidative Stress and Mitochondrial Dysfunction in
Multiple Sclerosis

Redox Homeostasis and Oxidative Damage

Energy is produced as the end-product of the mitochondrial
electron transport chain by oxidative metabolism.
Mitochondria also incorporate components of the respiratory
transport chain and recruit free radicals producing enzymes.
Free radicals are chemical entities having an unpaired
electron in their outer orbit capable of inducing reactivity.
On receiving an electron, oxygen becomes superoxide anion
radical (O2-) and then subsequent addition of other
molecules form secondary Reactive Oxygen Species (ROS)
like Hydrogen Peroxide (H20z) and hydroxyl radical (OH).
Often, in response to endogenous and exogenous stimuli
such as cytokines, xenobiotics, pathogens and radiations,
cellular ROS are formed [48]. Nitric Oxide (NO) is another
free radical having an unpaired electron which belongs to
the Reactive Nitrogen Species (RNS) family. ROS such as
nitric oxide, superoxide anion act as regulatory mediators in
signaling processes. Free radicals along with their
derivatives regulate vascular tone, sense oxygen tension and
enhance the signal transduction from various membrane
receptors such as the antigen receptor of lymphocytes. They
also modulate oxidative stress responses, thereby
maintaining homeostasis [49]. Free radicals combat
oxidative damage and also maintain redox homeostasis
when cells are challenged by metabolic and temporary
environmental  stressors via endogenous  feedback
mechanisms directed towards continuously balancing
nucleophiles and electrophiles [50]. For example, upon NO
stimulation, redox signaling acts by the self-inhibition of
neuronal NO synthases which in turn gets converted into a
catalytically inactive ferrous-nitrosyl complex [51].
Sometimes, feedback loop gets disturbed by any of these
challenges such as a permanent harmful challenge, an

inappropriate defense response, an inefficient nucleophilic
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feedback, and oxidative damage and breaching of the
physiological redox steady state.

Antioxidants (both enzymatic and nonenzymatic) efficiently
delay or inhibit oxidation of substrate at low concentrations
and maintain redox homeostasis. Endogenous enzymatic
antioxidants are Superoxide Dismutase (SOD), Glutathione
Peroxidase (GSHPX) and Catalase (CAT) and the
non-enzymatic antioxidants are vitamins C and E,
carotenoids and plant polyphenols. Some cofactors such as
copper, zinc, iron, manganese support enzymatic
antioxidants and convert dangerous oxidative products to
hydrogen peroxide (H.0O) and finally to water [52].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an
important regulator of the antioxidant defense system. It is a
transcription factor that binds to a DNA sequence called
Antioxidant Response Element (ARE). Upon activation by
drug-metabolizing enzymes like cytochrome P450, Nrf2
regulates the response against high electrophiles and
oxidants, and removes and detoxifies dangerous metabolites
[53]. Nrf2 exhibits another significant function that is the
inhibition of the NF-x b pathway and inhibition of
inflammation  through thereby decreasing cytokine
production and oxidative responses [54].

Oxidative Damage of Mitochondria leading to Cell Death
ROS activates the apoptosis and promotes tissue damage via
intrinsic mitochondrial pathway. Further, it also causes
triggering of permeabilization of outer membrane and
translocation of cytochrome ¢, Apoptosis-Inducing Factor
(AIF) and Second Mitochondria-Derived Activator of
Caspases (SMAC) from mitochondria to the cytosol. These
factors induce cytosolic apoptotic signaling events or
promote nuclear chromatin condensation and DNA
fragmentation by translocation of Apoptosis Inducing Factor
(AIF) from the cytosol to the nucleus [55].

The Permeability Transition Pore (PTP) is essential to
promote the mitochondrial permeabilization and the release
of apoptotic signals. PTP spans the inner and outer
mitochondrial membrane. It is huge size pore protein mainly
composed mainly of three component proteins: The
Voltage-Dependent  Anion  Channel (VDAC) and

Cyclophilin D (CYPD) and Adenine Nucleotide Translocase
(ANT) [56,57].

The Mitochondrial Permeability Transition Pore (MTPTP)
acts as a calcium-dependent and voltage-gradient channel
which permits the entry of solutes size up to 1.5 KDa across
the usually impermeable IMM. An alteration in the
membrane permeability results in depolarization of the
trans-membrane potential, mitochondrial swelling, escape of
small solutes and proteins and further loss of oxidative
phosphorylation [58].

ROS exhibits both direct and indirect effects on formation of
MTPTP. The oxidation of the thiol groups of IMM causes
changes in the membrane conformation that induces
formation of disulfide bond and aggregation of protein [59].
VDAC also regulates the MTPTP by exposing amino acids
to the inter-membrane space or cytosol. Therefore, they
become readily accessible for oxidation. Thus, VDAC plays
a role of a mediator in ROS-induced apoptosis [60].
Similarly, ROS exhibits direct effect on ANT also. The
difference arises in binding of ANT and CYPD [61].

The mitochondrial Ca?* overload also acts as another
important inducer of PTP opening. Ca?'interacts with
CYPD when high amount of Ca?* gets accumulated in the
mitochondrial matrix [62]. This interaction leads to
induction of opening of the MTPTP and thereafter leading to
formation of ROS and free fatty acids, thus exacerbating the
opening of MTTPTP.

Due to loss of membrane permeabilization, MMP gets
dissipated and if the overload of Ca?* persists, MTPTP will
continue to remain open leading to solutes accumulation in
the mitochondrial matrix. Eventually, there will be rupture
of outer mitochondrial membrane releasing the contents of
inter-membrane space followed by leaking of pro-apoptotic
signals into the cytoplasm resulting in death of the cell [63].
It is evident from the reports that both ROS and Ca?* plays a
vital role in determining oxidative stress-induced
mitochondrial dysfunction leading to cell death. In addition
to apoptosis, elevated levels of ROS lead to other cellular
fates such as senescence [64], necroptosis [65] and
autophagy [66].
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Oxidative Damage in Multiple Sclerosis

In MS, multiple pathological effects such as myelin
destruction, axonal degeneration and inflammation are due
to oxidative stress [67]. It is suggested that regions in CNS
which are characterized by perivascular inflammatory
infiltrates, depicted more mitochondrial dysfunction,
fragmentation and impaired trafficking than other regions in
CNS [68]. Similarly, profound mitochondrial protein
alterations and DNA deletions in neurons have been found
in active MS lesions [69].

Active lesions have oligodendrocytes which possess
increased levels of oxidized DNA whereas oxidized
phospholipids preferred to accumulate in axons with
disturbed transport. It is also revealed that higher the extent
of inflammation more is the severity of oxidative damage
[70].

CNS autopsies revealed that macrophage-derived ROS
promotes mitochondrial dysfunction and focal axonal
degeneration also in axons with intact myelin [71]. This
theory has supporting evidence as revealed in the report
stating that accumulation of Amyloid Precursor Protein
(APP), a marker for acute axonal damage, occurs not only in
active demyelinating but also in remyelinating and inactive
demyelinated lesions [72].

In fact, CNS is highly susceptible to oxidative stress owing
to numerous factors such as immense demand of energy and
mitochondrial activity, limited cell renewal and huge
amount of iron and poly unsaturated fatty acids. Thus, these
features increase the vulnerability of CNS for particular
neurodegenerative hallmarks related to oxidative stress. It
includes changes in iron metabolism, impaired
mitochondrial function, and increased oxidative damage,
defects in ubiquitin-proteasome system, presence of
abnormal, aggregated proteins, inflammation, and
excitotoxicity [73].

Nevertheless, oxidative damage is not only regulating factor
of MS within the CNS but it also directs the immune
response perpetuating in the periphery. At the first stage,
higher levels of ROS damage the brain endothelium by
decreasing its electrical resistance thereby affecting its

permeability [74]. Nitric oxide metabolites are found up
regulated in CSF samples of MS patients and found to have
correlation with relapses depicting a deleterious function of
nitric oxide played in inflammatory BBB dysfunction [75].
Reports have suggested that interaction of monocytes with
the brain endothelium causes ROS to facilitate the intrusion
of leukocytes within the CNS [76]. Infiltrating leukocytes
also produce huge quantities of ROS, thereby inducing
myelin  phagocytosis by activated microglia and
macrophages [77].
The immune system has developed resistance mechanisms
and is lesser sensitive to high ROS levels. Generating
H,O; and hypochlorous acid enables neutrophils and
phagocytes to Kill bacteria [78]. ROS signaling is also
essential to target cell killing by neutrophils and cytotoxic T
cells [79]. Further, T cell receptor activation induces
intracellular ROS production [80]. Undoubtedly, ROS
signaling is a major contributor in the organism’s defense
system, but if homeostasis is breached, a vicious circle that
comprises inflammation and degeneration will initiate [81].
Similar to MS, excessive or sustained ROS levels are
involved in the pathogenesis of other neurodegenerative
disease [82]. Moreover, the long-standing free radical theory
of ageing proposes that ROS are also heavily involved in
this natural process and in age-associated diseases [83].
Therefore, therapeutic treatments for MS and other diseases
should be aimed at restoring general homeostasis, including
redox balance, in order to prevent physiological ROS
signaling from being revert.
Targeting Inflammation and Oxidative Stress to
Treat Multiple Sclerosis
Approved MS Therapies
The therapeutics for MS has to face three major challenges:

1. To prevent relapses and progressive course of

disease;
2. To efficiently handle acute relapses and MS-related
symptoms; and

3. Cure the adverse side effects of drugs.

Now-a-days, Corticosteroids such as methylprednisolone are

used as immune suppressants to combat acute MS.
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Methylprednisolone instantly reduces CD4+ lymphocytes
and exhibit short-term reduction in production of IFNy and
expression levels of chemokines [84]. The rapid effect of
corticosteroid to transient tightening of BBB during and
shortly after treatment has been correlated [85]. However,
steroid treatment resolves the acute relapse faster but
long-lasting effects of treatment have not been yet detected.
Currently, US Food and Drug Administration (FDA) have
approved twelve disease-modifying therapies as treatment
for MS. Among them, three are injectable medications:
glatiramer acetate and interferon beta-1a and beta-1b; five
medications include small oral molecules: teriflunomide,
dimethyl fumarate, fingolimod, cladribine and siponimod,;
four medications include administration via infusion:
alemtuzumab, ocrelizumab, mitoxantrone and natalizumab.
Interferon beta-1b was the first drug approved as therapeutic
for MS in 1993, followed by interferon beta-la and
glatiramer acetate soon [86]. Since then, after MS diagnosis,
first-line treatment used has been combination of interferon
beta and glatiramer acetate. Interferon beta-1a and interferon
beta-1b are typically cytokine derivatives that decrease the
infiltration of T cell into the CNS that result in alleviated
central inflammation [87].

Glatiramer acetate is a discrete-sized mixture of peptide
composed of glutamic acid, lysine, alanine and tyrosine.
These four amino acids are major constituents of myelin
basic protein which is a central component of the myelin
sheaths [86]. It is suggested that glatiramer acetate exhibits a
shift from pro-inflammatory Th1 cells to anti-inflammatory
Th2 cells and there is increment in number of regulatory T
cells [88,89].

The  second-line  of  treatment includes  two
disease-modifying drugs: natalizumab and fingolimod.
These drugs are used in Relapsing-Remitting MS (RRMS).
Natalizumab is the humanized Monoclonal Antibody (mab)
acting against the cell adhesion molecule, o 4-integrin and
blocks trafficking of immune cells over the blood-brain
barrier into the CNS parenchyma. Whereas, Fingolimod is
the modulator of sphingosine-1-phosphate receptor and

sequesters lymphocytes in lymph nodes, thereby stopping

them from contributing to an autoimmune reaction and
transforms macrophages into an anti-inflammatory
phenotype [87].

Mitoxantrone, teriflunomide and cladribine are smaller
molecules that exhibit inhibition or suppression of
replication of T cells and B cells and also inhibit rapidly
dividing cells in MS patients [87]. Dimethyl Fumarate
(DMF) is another smaller molecule which transforms
different immune cell subsets to an anti-inflammatory state
and promotes neuronal survival [90].

Alemtuzumab is another humanized monoclonal antibody
which acts against CD52. The CD52 is a glycoprotein
present on the surface of mature lymphocytes. Their
interaction leads to a rapid and long-lasting depletion of
mature T and B cells [91]. Currently, FDA has approved a
drug namely, Ocrelizumab, which is a humanized anti-CD20
mab. It was the first drug approved for the primary
progressive form of MS. Ocrelizumab targets B
lymphocytes and kills the cells via Antibody-Dependent
Cell-Mediated Cytotoxicity (ADCC) and to a lesser extent,
Complement-Dependent Cytotoxicity (CDC) [92]. In 2019,
FDA approved a follow-up product of fingolimod named as
Siponimod. It is a modulator for sphingosine-1-phosphate
receptor. It can be used for RRMS and SPMS [93].

Current Developments

Antioxidant Therapy: As described above, progress of
neuro-degeneration during disease course of MS is a
multiple factor based complex process. It involves number
of mechanisms including but not limited to inflammation,
oxidative stress, primary apoptosis, mitochondriopathy,
synaptopathy etc. As mentioned above, oxidative stress and
inflammation are much interrelated and exhibit impact on
each other. Therefore, it can be inferred that apart from
using anti-inflammatory and immunomodulatory treatments,
neutralizing free radicals can be a potential therapeutic
approach to combat oxidative stress. For example, DMF has
been reported to activate anti-oxidative pathways and to
enhance expression of the transcription factor Nrf2. It also
stabilizes the cell metabolism and consequential protection
from oxidants and preserves integrity of myelin [94].
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Antioxidant complementary therapies and their
relevance for MS: Anti-oxidants protect the body against
free radicals. They are divided into enzymatic and
non-enzymatic  substances.  Enzymatic  anti-oxidant
substances include catalase, glutathione peroxidase,
Glutathione Reductase (GR) and Superoxide Dismutase
(SOD). Non-enzymatic anti-oxidant substances are
classified into two classes; low molecular weight
antioxidants such as melatonin, vitamins, glutathione as well
as coenzyme Q and the antioxidant elements- ions [81,95].
Melatonin is a neurohormone and important antioxidant that
also activates antioxidant enzymes such as SOD, catalase,
and glutathione peroxidase [96]. Melatonin supplementation
improved antioxidant defense in MS through up regulation
of catalase, manganese superoxide dismutase and sirtuin 1
(SIRT1), an inhibitor of oxidative stress [97]. Melatonin
exhibits both immune-modulatory and antioxidant activities.
Supplementation of Coenzyme Q10 for 12 weeks resulted in
elevated level of SOD and decline in activity of
malondialdehyde A in a randomized small clinical trial with
RRMS patients. It implies that coenzyme Q10 supplement
increases antioxidant enzyme activity and decreases
oxidative stress [98]. These results indicated that interfering
with oxidative stress is a promising therapeutic strategy to
treat MS, but might not be sufficient as a single treatment.
The combination of antioxidant therapy with other
immune-suppressive or immuno-modulatory therapies might
be superior to current approved therapies.

Selective modulation of the immune System: It is reported
that treatment of MS patients via nonselective TNF
inhibitors failed in clinical trials [99]. The failure might be
due to the pleiotropic actions of TNF. TNF are of two types;
soluble (stnf) and transmembrane bound (tmtnf). TNF
activates two receptors namely TNF receptor 1 (TNFR1)
and TNF receptor 2 (TNFR2). The soluble TNF/ TNFR1
signaling activates inflammation and tissue degeneration
while transmembrane bound TNF / TNFR2 promotes
immune suppression in addition to tissue homeostasis and
neuroprotection [100]. Blocking all the effects of TNF can
diminish the MS. However, complete blocking of TNF

causes some side effects. However, the selective blocking of
soluble TNF / TNFRL1 signaling, leaving TNFR2 signaling
functional can be used to combat MS. Soluble TNF inhibits
the capacity of microglia to phagocytose and clear myelin
debris [36]. Next step to inhibition of soluble TNF / TNFR1
signaling, and specific activation of TNFR2 has come as a
novel therapy for MS. TNF via TNFR2 contributes in the
proliferation  of  oligodendrocyte  progenitors  and
remyelination [101]. It has also been revealed that selective
agonism of TNFR2 rescues neurons from oxidative
stress-induced cell death and excitotoxic cell death
[101,102]. Activation of TNFR2 induces expression of
anti-apoptotic and detoxifying proteins. The cytokine
interleukin 6 (IL-6) plays a significant role as a downstream
mediator in MS pathology [103].

Repolarization of microglial cells as a therapeutic target:
Microglia is reported to promote remyelination through
several processes such as expression of anti-inflammatory
molecules, phagocytosis of debris, and repair of tissues
[104]. It has been revealed that microglia differentiate into
discrete phenotypes both during demyelination as well as
remyelination [105]. The M1 type of microglia causes
inflammation and oxidative stress-induced oligodendrocyte
damage while M2 type of microglia functions in immune
regulation and drive oligodendrocyte differentiation at the
time of CNS remyelination. When remyelination begins,
there is a switch from M1 type to M2, a dominant response
occurs in microglia and peripherally derived macrophages
[45]. Genetic depletion of microglia is resulted in inefficient
clearance of myelin debris, and subsequently remyelinating
process gets impaired [106]. Therefore, it is
counterproductive to inhibit microglia and to stop their
proinflammatory and tissue destructive activity. On the
contrary, inflammatory modulation of the lesion such as
repolarization of M1 into M2 microglia, might offer a more
hopeful therapeutic approach. A drug named as glatiramer
acetate is an approved drug for MS. It exerts neuroprotective
effects. It is believed to be mediated by activated M2
microglia [107]. Likewise, a soluble TNF inhibitor,
Xprol595 increases the repair potential of microglia
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promoting  neuroprotection and  remyelination in
demyelinated lesions [36,108]. Many other compounds that
modulate microglia/macrophage polarization are presently at
preclinical stage. Similarly, Forskolin is an adenylyl cyclase
activator. It alleviates experimental  autoimmune
Encephalomyelitis (EAE) motor disease by causing
suppression in the expression of CD86 whereas increasing
polarization of M2 macrophage at the inflammation site
[109]. Lenalidomide is the clinically approved
immunomodulatory agent. It promotes polarization of M2
macrophage and regulates autoimmunity of CNS
subsequently resulting in abolished progression of EAE
[110].

Conclusion

MS is a multifactorial immune driven disease with a
complex etiology. Numerous other mechanisms such as
immune-independent de-myelination, neuronal cell death
and oxidative stress also contribute in MS pathology. All the
therapeutics that are approved for MS modulate the immune
system and subsequently suppress adaptive autoimmunity.
However, all the aspects of MS pathology such as sensory
deficits are not covered by this therapeutics. This
therapeutics often creates unspecific immune modulation
leading to severe side effects. Researchers are now focusing
on selective immune modulation such as targeting microglia
polarization or specific cytokines. It is reported that
cytokines TNF and IL-6 known to be pro-inflammatory
mediators and contribute to MS pathology, carve up
neuro-protection. The neutralization of these cytokines
causes detrimental effect in clinical trials of MS. In the same
way, microglial cells possess a high plasticity and contribute
towards neuro-degeneration, but also play vital role in
regeneration of tissue. Therefore, superior therapeutic
strategies must be designed by selectively targeting the
inflammatory activity of these mediators.

A number of approved MS therapeutics cause decrease in
oxidative stress. It is believed that this property of
therapeutic agents contributes to their therapeutic activity.
However, some of the therapeutic strategies that intervene

with oxidative stress failed in clinical evaluation. Yet, the

antioxidants may prove to be advantageous as co-treatments
with anti-inflammatory reagents resulting in better clinical
outcome. In all, it can be concluded that numerous novel
potential therapeutic strategies that specifically target
neuro-inflammatory components are presently under
preclinical and clinical evaluation. Subsequently, it may
progress towards the development of novel MS therapeutics
with improved and secured activity.

Acknowledgement

SS acknowledges the award of Golden Jubilee Fellowship of

Devi Ahilya University, Indore. Authors acknowledge the

facilities of the Department of Biotechnology, Ministry of

Science and Technology, Government of India, New Delhi

(DBT) present in the Department under the Bioinformatics

Sub Centre as well as M.Sc. Biotechnology program and

used in the present work.

References

1. Compston A, Coles A. Multiple sclerosis. Lancet.
2008;372(9648):1502-17.

2. Murphy KL, Bethea JR, Fischer R. Neuropathic pain in
multiple sclerosis-current therapeutic intervention and
future treatment perspectives. Exon Publications. 2017.

3. Khan N, Smith MT. Multiple sclerosis-induced
neuropathic pain: pharmacological management and
pathophysiological insights from rodent EAE models.
Inflammopharmacology. 2014;22(1):1-22.

4. Browne P, Chandraratha D, Angood C, Tremlett H,
Baker C, Taylor BV, et al. Atlas of multiple sclerosis
2013: a growing global problem with widespread
inequity. Neurology. 2014;83(11):1022-4.

5. Sadovnick AD, Baird PA. The familial nature of
multiple sclerosis: age-corrected empiric recurrence
risks for children and siblings of patients. Neurology.
1988;38(6):990-1.

6. Gourraud PA, Harbo HF, Hauser SL, Baranzini SE.
The genetics of multiple sclerosis: an up-to-date
review. Immunol Rev. 2012;248(1):87-103.

7. Koch M, Kingwell E, Rieckmann P, Tremlett H. The
natural history of primary progressive multiple
sclerosis. Neurology. 2009;73(23):1996-2002.

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

RIS


https://pubmed.ncbi.nlm.nih.gov/18970977/
https://pubmed.ncbi.nlm.nih.gov/18970977/
https://exonpublications.com/index.php/exon/article/view/153
https://exonpublications.com/index.php/exon/article/view/153
https://exonpublications.com/index.php/exon/article/view/153
https://pubmed.ncbi.nlm.nih.gov/24234347/
https://pubmed.ncbi.nlm.nih.gov/24234347/
https://pubmed.ncbi.nlm.nih.gov/24234347/
https://pubmed.ncbi.nlm.nih.gov/24234347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162299/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162299/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162299/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4162299/
https://pubmed.ncbi.nlm.nih.gov/3368082/
https://pubmed.ncbi.nlm.nih.gov/3368082/
https://pubmed.ncbi.nlm.nih.gov/3368082/
https://pubmed.ncbi.nlm.nih.gov/3368082/
https://pubmed.ncbi.nlm.nih.gov/22725956/
https://pubmed.ncbi.nlm.nih.gov/22725956/
https://pubmed.ncbi.nlm.nih.gov/22725956/
https://pubmed.ncbi.nlm.nih.gov/19996074/
https://pubmed.ncbi.nlm.nih.gov/19996074/
https://pubmed.ncbi.nlm.nih.gov/19996074/

Journal of Clinical Case Reports Online

Review Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

O’Connor AB, Schwid SR, Herrmann DN, Markman
JD, Dworkin RH. Pain associated with multiple
sclerosis: review and
classification. Pain. 2008;137(1):96-111.

Lassmann H. Pathogenic mechanisms associated with

systematic proposed

different clinical courses of multiple sclerosis. Front
Immunol. 2018;9:3116.

Li R, Patterson KR, Bar-Or A. Reassessing B cell
contributions in multiple sclerosis. Nat Immunol.
2018;19(7):696-707.

Kutzelnigg A, Lassmann H. Pathology of multiple
sclerosis and related inflammatory demyelinating
diseases. Handb Clin Neurol. 2014;122:15-58.
Hohlfeld R, Dornmair K, Meinl E, Wekerle H. The
search for the target antigens of multiple sclerosis, part
2: CD8+ T cells, B cells, and antibodies in the focus of
reverse-translational ~ research.  Lancet  Neurol.
2016;15(3):317-31.

Trapp BD, Nave KA. Multiple sclerosis: an immune or
neurodegenerative disorder? Annu Rev Neurosci.
2008;31:247-69.

Henderson AP, Barnett MH, Parratt JD, Prineas JW.
Multiple sclerosis: distribution of inflammatory cells in
newly forming lesions. Ann Neurol.
2009;66(6):739-53.

Yousuf MS, Noh MC, Friedman TN, Zubkow K,
Johnson JC, Tenorio G, et al. Sensory neurons of the
dorsal root ganglia become hyperexcitable in a
T-cell-mediated MOG-EAE model of multiple
sclerosis. eNeuro. 2019;6(2):ENEURO.0024-19.2019.
Jende JM, Hauck GH, Diem R, Weiler M, Heiland S,
Wildemann B, et al. Peripheral nerve involvement in
sclerosis:  demonstration

multiple by magnetic

resonance neurography Ann Neurol.
2017;82(5):676-85.
Baecher-Allan C, Kaskow BJ, Weiner HL. Multiple
sclerosis: mechanisms and immunotherapy. Neuron.
2018;97(4):742-68.
Lock C, Hermans G, Pedotti R, Brendolan A, Schadt

E, Garren H, et al. Gene-microarray analysis of

19.

20.

21,

22,

23.

24,

25.

26.

217.

multiple sclerosis lesions yields new targets validated
in  autoimmune
2002;8(5):500-8.
Muls N, Nasr Z, Dang HA, Sindic C, Van Pesch V.
IL-22, GM-CSF and IL-17 in peripheral CD4+ T cell

subpopulations during multiple sclerosis relapses and

encephalomyelitis. Nat  Med.

remission. Impact of corticosteroid therapy. PloS one.
2017;12(3):e0173780.

Wang K, Song F, Fernandez-Escobar A, Luo G, Wang
JH, Sun Y. The properties of cytokines in multiple
sclerosis: pros and cons. Am J Med Sci.
2018;356(6):552-60.

Salou M, Nicol B, Garcia A, Laplaud DA. Involvement
of CD8+ T cells in multiple sclerosis. Front Immunol.
2015;6:604.

Malmestrém C, Lycke J, Haghighi S, Andersen O,
Carlsson L, Wadenvik H, et al. Relapses in multiple
sclerosis are associated with increased CD8+ T-cell
mediated cytotoxicity in CSF. J Neuroimmunol.
2008;196(1-2):159-65.

Melzer N, Meuth SG, Wiendl H. CD8+ T cells and
neuronal damage: direct and collateral mechanisms of
cytotoxicity and impaired electrical
FASEB J. 2009; 23(11):3659-73.

Kleinewietfeld M, Hafler DA. Regulatory T cells in

excitability.

autoimmune  neuroinflammation.  Immunol  Rev.
2014;259(1):231-44.

Machado-Santos J, Saji E, Tréscher AR, Paunovic M,
Liblau R, Gabriely G, et al. The compartmentalized
inflammatory response in the multiple sclerosis brain is
composed of tissue-resident CD8+ T lymphocytes and
B cells. Brain. 2018;141(7):2066-82.

Lovato L, Willis SN, Rodig SJ, Caron T, Almendinger
SE, Howell OW, et al. Related B cell clones populate
the meninges and parenchyma of patients with multiple
sclerosis. Brain. 2011;134(Pt 2):534-41.

Lisak RP, Benjamins JA, Nedelkoska L, Barger JL,
Ragheb S, Fan B, et al. Secretory products of multiple
sclerosis B cells are cytotoxic to oligodendroglia in

vitro. J Neuroimmunol. 2012;246(1-2):85-95.

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

RITE


https://pubmed.ncbi.nlm.nih.gov/17928147/
https://pubmed.ncbi.nlm.nih.gov/17928147/
https://pubmed.ncbi.nlm.nih.gov/17928147/
https://pubmed.ncbi.nlm.nih.gov/17928147/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335289/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335289/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335289/
https://pubmed.ncbi.nlm.nih.gov/29925992/
https://pubmed.ncbi.nlm.nih.gov/29925992/
https://pubmed.ncbi.nlm.nih.gov/29925992/
https://pubmed.ncbi.nlm.nih.gov/24507512/
https://pubmed.ncbi.nlm.nih.gov/24507512/
https://pubmed.ncbi.nlm.nih.gov/24507512/
https://pubmed.ncbi.nlm.nih.gov/26724102/
https://pubmed.ncbi.nlm.nih.gov/26724102/
https://pubmed.ncbi.nlm.nih.gov/26724102/
https://pubmed.ncbi.nlm.nih.gov/26724102/
https://pubmed.ncbi.nlm.nih.gov/26724102/
https://pubmed.ncbi.nlm.nih.gov/18558855/
https://pubmed.ncbi.nlm.nih.gov/18558855/
https://pubmed.ncbi.nlm.nih.gov/18558855/
https://pubmed.ncbi.nlm.nih.gov/20035511/
https://pubmed.ncbi.nlm.nih.gov/20035511/
https://pubmed.ncbi.nlm.nih.gov/20035511/
https://pubmed.ncbi.nlm.nih.gov/20035511/
https://pubmed.ncbi.nlm.nih.gov/30957012/
https://pubmed.ncbi.nlm.nih.gov/30957012/
https://pubmed.ncbi.nlm.nih.gov/30957012/
https://pubmed.ncbi.nlm.nih.gov/30957012/
https://pubmed.ncbi.nlm.nih.gov/30957012/
https://pubmed.ncbi.nlm.nih.gov/29023976/
https://pubmed.ncbi.nlm.nih.gov/29023976/
https://pubmed.ncbi.nlm.nih.gov/29023976/
https://pubmed.ncbi.nlm.nih.gov/29023976/
https://pubmed.ncbi.nlm.nih.gov/29023976/
https://pubmed.ncbi.nlm.nih.gov/29470968/
https://pubmed.ncbi.nlm.nih.gov/29470968/
https://pubmed.ncbi.nlm.nih.gov/29470968/
https://pubmed.ncbi.nlm.nih.gov/11984595/
https://pubmed.ncbi.nlm.nih.gov/11984595/
https://pubmed.ncbi.nlm.nih.gov/11984595/
https://pubmed.ncbi.nlm.nih.gov/11984595/
https://pubmed.ncbi.nlm.nih.gov/11984595/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5354390/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5354390/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5354390/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5354390/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5354390/
https://pubmed.ncbi.nlm.nih.gov/30447707/
https://pubmed.ncbi.nlm.nih.gov/30447707/
https://pubmed.ncbi.nlm.nih.gov/30447707/
https://pubmed.ncbi.nlm.nih.gov/30447707/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4659893/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4659893/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4659893/
https://pubmed.ncbi.nlm.nih.gov/18396337/
https://pubmed.ncbi.nlm.nih.gov/18396337/
https://pubmed.ncbi.nlm.nih.gov/18396337/
https://pubmed.ncbi.nlm.nih.gov/18396337/
https://pubmed.ncbi.nlm.nih.gov/18396337/
https://pubmed.ncbi.nlm.nih.gov/19567369/
https://pubmed.ncbi.nlm.nih.gov/19567369/
https://pubmed.ncbi.nlm.nih.gov/19567369/
https://pubmed.ncbi.nlm.nih.gov/19567369/
https://pubmed.ncbi.nlm.nih.gov/24712469/
https://pubmed.ncbi.nlm.nih.gov/24712469/
https://pubmed.ncbi.nlm.nih.gov/24712469/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022681/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022681/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022681/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022681/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022681/
https://pubmed.ncbi.nlm.nih.gov/21216828/
https://pubmed.ncbi.nlm.nih.gov/21216828/
https://pubmed.ncbi.nlm.nih.gov/21216828/
https://pubmed.ncbi.nlm.nih.gov/21216828/
https://pubmed.ncbi.nlm.nih.gov/22458983/
https://pubmed.ncbi.nlm.nih.gov/22458983/
https://pubmed.ncbi.nlm.nih.gov/22458983/
https://pubmed.ncbi.nlm.nih.gov/22458983/

Journal of Clinical Case Reports Online

Review Article

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

Lisak RP, Nedelkoska L, Benjamins JA, Schalk D,
Bealmear B, Touil H, et al. B cells from patients with
multiple sclerosis induce cell death via apoptosis in
neurons in vitro. J Neuroimmunol. 2017;309:88-99.
Wang J, Wang J, Wang J, Yang B, Weng Q, He Q.
Targeting microglia and macrophages: a potential
treatment strategy for Front
Pharmacol. 2019;10:286.

Dong Y, Yong VW. When encephalitogenic T cells

multiple sclerosis.

collaborate with microglia in multiple sclerosis. Nat
Rev Neurol. 2019;15(12):704-17.

Ginhoux F, Prinz M. Origin of microglia: current
concepts and past controversies. Cold Spring Harb
Perspect Biol. 2015;7(8):a020537.

Schafer DP, Lehrman EK, Kautzman AG, Koyama R,
Mardinly AR, Yamasaki R, et al. Microglia sculpt
neural circuits in an

postnatal activity and

complement-dependent Neuron.
2012;74(4):691-705.

Hanisch UK, Kettenmann H. Microglia: active sensor

manner.

and versatile effector cells in the normal and
pathologic brain. Nat Neurosci. 2007;10(11):1387-94.
Mathys H, Adaikkan C, Gao F, Young JZ, Manet E,
Hemberg M, et al. Temporal tracking of microglia
activation in  neurodegeneration  at
resolution. Cell Rep. 2017;21(2):366-80.
Hiremath MM, Saito Y, Knapp GW, Ting JY, Suzuki
K, Matsushima  GK.
accumulation during cuprizone-induced demyelination
in C57BL/6
1998;92(1-2):38-49.
Salter MW, Stevens B. Microglia emerge as central
Nature  Med.

single-cell

Microglial/macrophage

mice. J Neuroimmunol.

players in  brain  disease.
2017;23(9):1018-27.

Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz
SG, Leung BP, et al. High-dimensional single-cell
mapping of central nervous system immune cells
reveals distinct myeloid subsets in health, aging, and

disease. Immunity. 2018;48(2):380-95.€6.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Greter M, Heppner FL, Lemos MP, Odermatt BM,
Goebels N, Laufer T, et al. Dendritic cells permit
immune invasion of the CNS in an animal model of
multiple sclerosis. Nat Med. 2005;11(3):328-34.

Lin CC, Edelson BT. New insights into the role of
IL-1B in experimental autoimmune encephalomyelitis
and multiple sclerosis. J Immunol.
2017;198(12):4553-60.

Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mérk
S, Bo L. Axonal transection in the lesions of multiple
sclerosis. N Engl J Med. 1998;338(5):278-85.

Sosa RA, Murphey C, Ji N, Cardona AE, Forsthuber
TG. The kinetics of myelin antigen uptake by myeloid
cells in the central nervous system during experimental
autoimmune  encephalomyelitis. J Immunol.
2013;191(12):5848-57.

Ransohoff RM, Perry VH. Microglial physiology:
unique stimuli, specialized responses. Annu Rev
Immunol. 2009;27:119-45.

Almolda B, Gonzélez B, Castellano B. Activated
microglial cells acquire an immature dendritic cell
phenotype and may terminate the immune response in
an acute model of EAE. J Neuroimmunol.
2010;223(1-2):39-54.

Italiani P, Boraschi D. From monocytes to M1/M2
macrophages:
differentiation. Front Immunol. 2014;5:514.

Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM,

Shadrach JL, et al. M2 microglia and macrophages

phenotypical VS, functional

drive oligodendrocyte differentiation during CNS
remyelination. Nat Neurosci. 2013;16(9):1211-8.

Kotter MR, Li WW, Zhao C, Franklin RJ. Myelin
impairs  CNS

remyelination by  inhibiting

oligodendrocyte precursor cell differentiation. J
Neurosci. 2006;26(1):328-32.

Butovsky O, Landa G, Kunis G, Ziv Y, Avidan H,
Greenberg N, et al. Induction and blockage of
oligodendrogenesis by differently activated microglia
in an animal model of multiple sclerosis. J Clin Invest.

2006;116(4):905-15.

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

Page |20


https://pubmed.ncbi.nlm.nih.gov/28601295/
https://pubmed.ncbi.nlm.nih.gov/28601295/
https://pubmed.ncbi.nlm.nih.gov/28601295/
https://pubmed.ncbi.nlm.nih.gov/28601295/
https://pubmed.ncbi.nlm.nih.gov/30967783/
https://pubmed.ncbi.nlm.nih.gov/30967783/
https://pubmed.ncbi.nlm.nih.gov/30967783/
https://pubmed.ncbi.nlm.nih.gov/30967783/
https://pubmed.ncbi.nlm.nih.gov/31527807/
https://pubmed.ncbi.nlm.nih.gov/31527807/
https://pubmed.ncbi.nlm.nih.gov/31527807/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4526747/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4526747/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4526747/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528177/
https://pubmed.ncbi.nlm.nih.gov/17965659/
https://pubmed.ncbi.nlm.nih.gov/17965659/
https://pubmed.ncbi.nlm.nih.gov/17965659/
https://pubmed.ncbi.nlm.nih.gov/29020624/
https://pubmed.ncbi.nlm.nih.gov/29020624/
https://pubmed.ncbi.nlm.nih.gov/29020624/
https://pubmed.ncbi.nlm.nih.gov/29020624/
https://pubmed.ncbi.nlm.nih.gov/9916878/
https://pubmed.ncbi.nlm.nih.gov/9916878/
https://pubmed.ncbi.nlm.nih.gov/9916878/
https://pubmed.ncbi.nlm.nih.gov/9916878/
https://pubmed.ncbi.nlm.nih.gov/9916878/
https://pubmed.ncbi.nlm.nih.gov/28886007/
https://pubmed.ncbi.nlm.nih.gov/28886007/
https://pubmed.ncbi.nlm.nih.gov/28886007/
https://pubmed.ncbi.nlm.nih.gov/29426702/
https://pubmed.ncbi.nlm.nih.gov/29426702/
https://pubmed.ncbi.nlm.nih.gov/29426702/
https://pubmed.ncbi.nlm.nih.gov/29426702/
https://pubmed.ncbi.nlm.nih.gov/29426702/
https://pubmed.ncbi.nlm.nih.gov/15735653/
https://pubmed.ncbi.nlm.nih.gov/15735653/
https://pubmed.ncbi.nlm.nih.gov/15735653/
https://pubmed.ncbi.nlm.nih.gov/15735653/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5509030/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5509030/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5509030/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5509030/
https://pubmed.ncbi.nlm.nih.gov/9445407/
https://pubmed.ncbi.nlm.nih.gov/9445407/
https://pubmed.ncbi.nlm.nih.gov/9445407/
https://pubmed.ncbi.nlm.nih.gov/24227784/
https://pubmed.ncbi.nlm.nih.gov/24227784/
https://pubmed.ncbi.nlm.nih.gov/24227784/
https://pubmed.ncbi.nlm.nih.gov/24227784/
https://pubmed.ncbi.nlm.nih.gov/24227784/
https://pubmed.ncbi.nlm.nih.gov/19302036/
https://pubmed.ncbi.nlm.nih.gov/19302036/
https://pubmed.ncbi.nlm.nih.gov/19302036/
https://pubmed.ncbi.nlm.nih.gov/20451260/
https://pubmed.ncbi.nlm.nih.gov/20451260/
https://pubmed.ncbi.nlm.nih.gov/20451260/
https://pubmed.ncbi.nlm.nih.gov/20451260/
https://pubmed.ncbi.nlm.nih.gov/20451260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4201108/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4201108/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4201108/
https://pubmed.ncbi.nlm.nih.gov/23872599/
https://pubmed.ncbi.nlm.nih.gov/23872599/
https://pubmed.ncbi.nlm.nih.gov/23872599/
https://pubmed.ncbi.nlm.nih.gov/23872599/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674302/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674302/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674302/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6674302/
https://pubmed.ncbi.nlm.nih.gov/16557302/
https://pubmed.ncbi.nlm.nih.gov/16557302/
https://pubmed.ncbi.nlm.nih.gov/16557302/
https://pubmed.ncbi.nlm.nih.gov/16557302/
https://pubmed.ncbi.nlm.nih.gov/16557302/

Journal of Clinical Case Reports Online

Review Article

48.

49.

50.

Sl

52.

53.

54.

55.

56.

57.

58.

Bhattacharyya A, Chattopadhyay R, Mitra S, Crowe
SE. Oxidative stress: an essential factor in the
pathogenesis of gastrointestinal mucosal diseases.
Physiol Rev. 2014;94(2):329-54.

Droge W. Free radicals in the physiological control of
cell function. Physiol Rev. 2002;82(1):47-95.

Ursini F, Maiorino M, Forman HJ. Redox homeostasis:
The Golden Mean of healthy living. Redox Biol.
2016;8:205-15.

Abu-Soud HM, Wang J, Rousseau DL, Fukuto JM,
Ignarro LJ, Stuehr DJ. Neuronal nitric oxide synthase
self-inactivates by forming a ferrous-nitrosyl complex
during  aerobic Chem.
1995;270(39):22997-3006.

Nimse SB, Pal D. Free radicals, natural antioxidants,

RSC Advances.

catalysis. J  Biol

and their reaction mechanisms.
2015;5(35):27986-8006.

He X, Chen MG, Ma Q. Activation of Nrf2 in defense
against cadmium-induced oxidative stress. Chem Res
Toxicol. 2008;21(7):1375-83.

Wardyn JD, Ponsford AH, Sanderson CM. Dissecting
molecular cross-talk between Nrf2 and NF-xB

response  pathways. Biochem Soc  Trans.
2015;43(4):621-6.

Circu ML, Aw TY. Reactive oxygen species, cellular
redox systems, and apoptosis. Free Radic Biol Med.
2010;48(6):749-62.

Baines CP, Kaiser RA, Sheiko T, Craigen WJ,
Molkentin JD. Voltage-dependent anion channels are
dispensable for mitochondrial-dependent cell death.
Nat Cell Biol. 2007;9(5):550-5.

Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou
Z, Rubens J, et al. Cyclophilin D is a component of
mitochondrial permeability transition and mediates
neuronal cell death after focal cerebral ischemia. Proc
Natl Acad Sci U S A. 2005;102(34):12005-10.

Cheng Y, Gulbins E, Siemen D. Activation of the
permeability transition pore by Bax via inhibition of
the mitochondrial BK channel. Cell Physiol Biochem.

2011;27(3-4):191-200.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kowaltowski AJ, Vercesi AE, Castilho RF.
Mitochondrial membrane protein thiol reactivity with
N-ethylmaleimide or mersalyl is modified by Ca2+:
correlation with mitochondrial permeability transition.
Biochim Biophys Acta. 1997;1318(3):395-402.

Martel C, Wang Z, VDAC
phosphorylation, a lipid sensor influencing the cell
fate. Mitochondrion. 2014;19 Pt A:69-77.

Le Bras M, Clement MV, Pervaiz S, Brenner C.

Reactive oxygen species and the mitochondrial

Brenner C.

signaling pathway of cell death. Histol Histopathol.
2005;20(1):205-19.

Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA,
Bernardi P. Properties of the permeability transition
pore in mitochondria devoid of Cyclophilin D. J Biol
Chem. 2005;280(19):18558-61.

Green DR, Kroemer G. The pathophysiology of
mitochondrial cell death. Science.
2004;305(5684):626-9.

Colavitti R, Finkel T. Reactive oxygen species as
mediators of cellular senescence. IUBMB Life.
2005;57(4-5):277-81.

Schenk B, Fulda S. Reactive oxygen species regulate
Smac mimetic/TNFa-induced necroptotic signaling
and cell death. Oncogene. 2015;34(47):5796-806.
Filomeni G, De Zio D, Cecconi F. Oxidative stress and
autophagy: the clash between damage and metabolic
needs. Cell Death Differ. 2015;22(3):377-88.
Adamczyk-Sowa M, Galiniak S, Zyracka E, Grzesik
M, Naparto K, Sowa P, et al. Oxidative modification of
blood serum proteins in multiple sclerosis after
interferon beta and melatonin treatment. Oxid Med
Cell Longev. 2017;2017:7905148.

Sadeghian M, Mastrolia V, Haddad AR, Mosley A,
Mullali G, Schiza D, et al. Mitochondrial dysfunction
is an important cause of neurological deficits in an
inflammatory model of multiple sclerosis. Sci Rep.

2016;6:33249.

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

Page |21


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4044300/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4044300/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4044300/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4044300/
https://pubmed.ncbi.nlm.nih.gov/11773609/
https://pubmed.ncbi.nlm.nih.gov/11773609/
https://pubmed.ncbi.nlm.nih.gov/26820564/
https://pubmed.ncbi.nlm.nih.gov/26820564/
https://pubmed.ncbi.nlm.nih.gov/26820564/
https://pubmed.ncbi.nlm.nih.gov/7559438/
https://pubmed.ncbi.nlm.nih.gov/7559438/
https://pubmed.ncbi.nlm.nih.gov/7559438/
https://pubmed.ncbi.nlm.nih.gov/7559438/
https://pubmed.ncbi.nlm.nih.gov/7559438/
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra13315c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra13315c#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c4ra13315c#!divAbstract
https://pubmed.ncbi.nlm.nih.gov/18512965/
https://pubmed.ncbi.nlm.nih.gov/18512965/
https://pubmed.ncbi.nlm.nih.gov/18512965/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613495/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613495/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613495/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613495/
https://pubmed.ncbi.nlm.nih.gov/20045723/
https://pubmed.ncbi.nlm.nih.gov/20045723/
https://pubmed.ncbi.nlm.nih.gov/20045723/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680246/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680246/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680246/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2680246/
https://pubmed.ncbi.nlm.nih.gov/16103352/
https://pubmed.ncbi.nlm.nih.gov/16103352/
https://pubmed.ncbi.nlm.nih.gov/16103352/
https://pubmed.ncbi.nlm.nih.gov/16103352/
https://pubmed.ncbi.nlm.nih.gov/16103352/
https://pubmed.ncbi.nlm.nih.gov/21471707/
https://pubmed.ncbi.nlm.nih.gov/21471707/
https://pubmed.ncbi.nlm.nih.gov/21471707/
https://pubmed.ncbi.nlm.nih.gov/21471707/
https://pubmed.ncbi.nlm.nih.gov/9048976/
https://pubmed.ncbi.nlm.nih.gov/9048976/
https://pubmed.ncbi.nlm.nih.gov/9048976/
https://pubmed.ncbi.nlm.nih.gov/9048976/
https://pubmed.ncbi.nlm.nih.gov/9048976/
https://pubmed.ncbi.nlm.nih.gov/25087640/
https://pubmed.ncbi.nlm.nih.gov/25087640/
https://pubmed.ncbi.nlm.nih.gov/25087640/
https://pubmed.ncbi.nlm.nih.gov/15578439/
https://pubmed.ncbi.nlm.nih.gov/15578439/
https://pubmed.ncbi.nlm.nih.gov/15578439/
https://pubmed.ncbi.nlm.nih.gov/15578439/
https://pubmed.ncbi.nlm.nih.gov/15792954/
https://pubmed.ncbi.nlm.nih.gov/15792954/
https://pubmed.ncbi.nlm.nih.gov/15792954/
https://pubmed.ncbi.nlm.nih.gov/15792954/
https://pubmed.ncbi.nlm.nih.gov/15286356/
https://pubmed.ncbi.nlm.nih.gov/15286356/
https://pubmed.ncbi.nlm.nih.gov/15286356/
https://pubmed.ncbi.nlm.nih.gov/16036611/
https://pubmed.ncbi.nlm.nih.gov/16036611/
https://pubmed.ncbi.nlm.nih.gov/16036611/
https://pubmed.ncbi.nlm.nih.gov/25867066/
https://pubmed.ncbi.nlm.nih.gov/25867066/
https://pubmed.ncbi.nlm.nih.gov/25867066/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4326572/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4326572/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4326572/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664347/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664347/
https://pubmed.ncbi.nlm.nih.gov/27624721/#:~:text=The%20metabolic%20changes%20preceded%20any,neuroinflammatory%20disease%2C%20such%20as%20MS.
https://pubmed.ncbi.nlm.nih.gov/27624721/#:~:text=The%20metabolic%20changes%20preceded%20any,neuroinflammatory%20disease%2C%20such%20as%20MS.
https://pubmed.ncbi.nlm.nih.gov/27624721/#:~:text=The%20metabolic%20changes%20preceded%20any,neuroinflammatory%20disease%2C%20such%20as%20MS.
https://pubmed.ncbi.nlm.nih.gov/27624721/#:~:text=The%20metabolic%20changes%20preceded%20any,neuroinflammatory%20disease%2C%20such%20as%20MS.
https://pubmed.ncbi.nlm.nih.gov/27624721/#:~:text=The%20metabolic%20changes%20preceded%20any,neuroinflammatory%20disease%2C%20such%20as%20MS.

Journal of Clinical Case Reports Online

Review Article

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Mahad DJ, Ziabreva I, Campbell G, Lax N, White K,
Hanson PS, et al. Mitochondrial changes within axons
in multiple sclerosis. Brain. 2009;132(Pt 5):1161-74.
Haider L, Fischer MT, Frischer JM, Bauer J,
Hoftberger R, Botond G, et al. Oxidative damage in
multiple sclerosis lesions. Brain. 2011;134(7):1914-24.
Niki¢ I, Merkler D, Sorbara C, Brinkoetter M,
Kreutzfeldt M, Bareyre FM, et al. A reversible form of
axon damage in  experimental autoimmune
encephalomyelitis and multiple sclerosis. Nat Med.
2011;17(4):495-9.

Bitsch A, Schuchardt J, Bunkowski S, Kuhlmann T,
Brick W. Acute axonal injury in multiple sclerosis:
correlation with demyelination and inflammation.
Brain. 2000;123(6):1174-83.

Halliwell B. Oxidative stress and neurodegeneration:
where are we now? J Neurochem. 2006;97(6):1634-58.
Olesen SP. Free oxygen radicals decrease electrical
resistance of microvascular endothelium in brain. Acta
Physiol Scand. 1987;129(2):181-7.

Giovannoni G, Silver NC, O'riordan J, Miller RF,
Heales SJ, Land JM, et al. Increased urinary nitric
oxide metabolites in patients with multiple sclerosis
correlates with early and relapsing disease. Mult Scler.
1999;5(5):335-41.

Van der Goes A, Wouters D, van der Pol SM, Huizinga
R, Ronken E, Adamson P, et al. Reactive oxygen
species enhance the migration of monocytes across the
blood-brain FASEB .
2001;15(10):1852-4.

Van der Goes A, Brouwer J, Hoekstra K, Roos D, van

barrier in vitro.

den Berg TK, Dijkstra CD. Reactive oxygen species
are required for the phagocytosis of myelin by
macrophages. J Neuroimmunol. 1998;92(1-2):67-75.
Odobasic D, Kitching AR, Holdsworth SR.
Neutrophil-mediated regulation of innate and adaptive
immunity: the role of myeloperoxidase. J Immunol
Res. 2016;2016:2349817.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ohl K, Tenbrock K, Kipp M. Oxidative stress in
multiple sclerosis: central and peripheral mode of
action. Expe Neurol. 2016 ;277:58-67.

Devadas S, Zaritskaya L, Rhee SG, Oberley L,
Williams MS. Discrete generation of superoxide and
hydrogen peroxide by T cell receptor stimulation:
selective regulation of mitogen-activated protein kinase
activation and fas ligand expression. J Exp Med. 2002;
195(1):59-70.

Adamczyk B, Adamczyk-Sowa M. New insights into
the role of oxidative stress mechanisms in the
pathophysiology and treatment of multiple sclerosis
Oxid Med Cell Longev. 2016;2016:1973834.

Fischer R, Maier O. Interrelation of oxidative stress
and inflammation in neurodegenerative disease: role of
TNF. Oxidative Medicine and Cellular Longevity.
2015;2015.

Beckman KB, Ames BN. The free radical theory of
aging matures. Physiol Rev. 1998;78(2):547-81.
Martinez-Céaceres EM, Barrau MA, Brieva L, Espejo
C, Barbera N, Montalban X. Treatment with
methylprednisolone in relapses of multiple sclerosis
patients: immunological evidence of immediate and
short-term but not long-lasting effects. Clin Exp
Immunol. 2002;127(1):165-71.

Miller DH, Thompson AJ, Morrissey SP, MacManus
DG, Moore SG, Kendall BE, et al. High dose steroids
in acute relapses of multiple sclerosis: MRI evidence
for a possible mechanism of therapeutic effect. J
Neurol Neurosurg Psychiatry. 1992;55(6):450-3.
Lublin F. History of modern multiple sclerosis therapy.
J Neurol. 2005;252 Suppl 3:iii3-iii9.

Gholamzad M, Ebtekar M, Ardestani MS, Azimi M,
Mahmodi Z, Mousavi MJ, et al. A comprehensive
review on the treatment approaches of multiple
sclerosis: currently and in the future. Inflamm Res.
2019;68(1):25-38.

Oreja-Guevara C, Ramos-Cejudo J, Aroeira LS,
Chamorro B, Diez-Tejedor E. TH1/TH2 Cytokine

profile in relapsing-remitting multiple sclerosis patients

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

Page |22


https://pubmed.ncbi.nlm.nih.gov/19293237/
https://pubmed.ncbi.nlm.nih.gov/19293237/
https://pubmed.ncbi.nlm.nih.gov/19293237/
https://pubmed.ncbi.nlm.nih.gov/21653539/
https://pubmed.ncbi.nlm.nih.gov/21653539/
https://pubmed.ncbi.nlm.nih.gov/21653539/
https://pubmed.ncbi.nlm.nih.gov/21441916/
https://pubmed.ncbi.nlm.nih.gov/21441916/
https://pubmed.ncbi.nlm.nih.gov/21441916/
https://pubmed.ncbi.nlm.nih.gov/21441916/
https://pubmed.ncbi.nlm.nih.gov/21441916/
https://pubmed.ncbi.nlm.nih.gov/10825356/
https://pubmed.ncbi.nlm.nih.gov/10825356/
https://pubmed.ncbi.nlm.nih.gov/10825356/
https://pubmed.ncbi.nlm.nih.gov/10825356/
https://pubmed.ncbi.nlm.nih.gov/16805774/
https://pubmed.ncbi.nlm.nih.gov/16805774/
https://pubmed.ncbi.nlm.nih.gov/3107345/
https://pubmed.ncbi.nlm.nih.gov/3107345/
https://pubmed.ncbi.nlm.nih.gov/3107345/
https://pubmed.ncbi.nlm.nih.gov/10516777/
https://pubmed.ncbi.nlm.nih.gov/10516777/
https://pubmed.ncbi.nlm.nih.gov/10516777/
https://pubmed.ncbi.nlm.nih.gov/10516777/
https://pubmed.ncbi.nlm.nih.gov/10516777/
https://pubmed.ncbi.nlm.nih.gov/11481252/
https://pubmed.ncbi.nlm.nih.gov/11481252/
https://pubmed.ncbi.nlm.nih.gov/11481252/
https://pubmed.ncbi.nlm.nih.gov/11481252/
https://pubmed.ncbi.nlm.nih.gov/11481252/
https://pubmed.ncbi.nlm.nih.gov/9916881/
https://pubmed.ncbi.nlm.nih.gov/9916881/
https://pubmed.ncbi.nlm.nih.gov/9916881/
https://pubmed.ncbi.nlm.nih.gov/9916881/
https://pubmed.ncbi.nlm.nih.gov/26904693/
https://pubmed.ncbi.nlm.nih.gov/26904693/
https://pubmed.ncbi.nlm.nih.gov/26904693/
https://pubmed.ncbi.nlm.nih.gov/26904693/
https://pubmed.ncbi.nlm.nih.gov/26626971/
https://pubmed.ncbi.nlm.nih.gov/26626971/
https://pubmed.ncbi.nlm.nih.gov/26626971/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196010/
https://pubmed.ncbi.nlm.nih.gov/27829982/
https://pubmed.ncbi.nlm.nih.gov/27829982/
https://pubmed.ncbi.nlm.nih.gov/27829982/
https://pubmed.ncbi.nlm.nih.gov/27829982/
https://www.hindawi.com/journals/omcl/2015/610813/
https://www.hindawi.com/journals/omcl/2015/610813/
https://www.hindawi.com/journals/omcl/2015/610813/
https://www.hindawi.com/journals/omcl/2015/610813/
https://pubmed.ncbi.nlm.nih.gov/9562038/
https://pubmed.ncbi.nlm.nih.gov/9562038/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1906276/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1014899/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1014899/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1014899/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1014899/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1014899/
https://pubmed.ncbi.nlm.nih.gov/16170498/
https://pubmed.ncbi.nlm.nih.gov/16170498/
https://pubmed.ncbi.nlm.nih.gov/30178100/
https://pubmed.ncbi.nlm.nih.gov/30178100/
https://pubmed.ncbi.nlm.nih.gov/30178100/
https://pubmed.ncbi.nlm.nih.gov/30178100/
https://pubmed.ncbi.nlm.nih.gov/30178100/
https://pubmed.ncbi.nlm.nih.gov/22989378/
https://pubmed.ncbi.nlm.nih.gov/22989378/
https://pubmed.ncbi.nlm.nih.gov/22989378/

Journal of Clinical Case Reports Online

Review Article

89.

90.

91.

92.

93.

94.

95.

96.

97.

treated with Glatiramer acetate or Natalizumab. BMC
Neurol. 2012;12:95.

Haas J, Korporal M, Balint B, Fritzsching B, Schwarz
A, Wildemann B. Glatiramer acetate improves
regulatory T-cell function by expansion of naive CD4+
CD25+ FOXP3+ CD31+ T-cells in patients with
multiple
2009;216(1-2):113-7.

Mills EA, Ogrodnik MA, Plave A, Mao-Draayer Y.

sclerosis. J Neuroimmunol.

Emerging understanding of the mechanism of action
for dimethyl fumarate in the treatment of multiple
sclerosis. Front Neurol. 2018;9:5.

Ruck T, Bittner S, Wiendl H, Meuth SG.
Alemtuzumab in multiple sclerosis: mechanism of
beyond. Int J Mol Sci.
2015;16(7):16414-39.

Myhr KM, Torkildsen @, Lossius A, Bg L, Holmgy T.

action and

B cell depletion in the treatment of multiple sclerosis.
Expert Opinion on
2019;19(3):261-71.

Faissner S, Gold R. Progressive multiple sclerosis:

Biological Therapy.

latest therapeutic developments and future directions.
Ther Adv Neurol Disord. 2019;12:1756286419878323.
Kees F. Dimethyl fumarate: a Janus-faced substance?
Expert Opin Pharmacother. 2013;14(11):1559-67.
Miller ED, Dziedzic A, Saluk-Bijak J, Bijak M. A
review of various antioxidant compounds and their
potential utility as complementary therapy in multiple
sclerosis. Nutrients. 2019;11(7):1528.

Miller E, Walczak A, Majsterek I, Kedziora J.
Melatonin reduces oxidative stress in the erythrocytes
of multiple sclerosis

patients with secondary

progressive clinical course. J Neuroimmunol.
2013;257(1-2):97-101.

Emamgholipour S, Hossein-nezhad A, Sahraian MA,
Askarisadr F, Ansari M. Evidence for possible role of
melatonin in reducing oxidative stress in multiple
sclerosis through its effect on SIRT1 and antioxidant

enzymes. Life Sci. 2016;145:34-41.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Sanoobar M, Eghtesadi S, Azimi A, Khalili M,
S, Reza Gohari M. Coenzyme Q10

supplementation reduces oxidative stress and increases

Jazayeri

antioxidant enzyme activity in patients with
relapsing—remitting multiple sclerosis. Int J Neurosci.
2013;123(11):776-82.

Probert L. TNF and its receptors in the CNS: The
essential, the desirable and the deleterious effects.
Neuroscience. 2015;302:2-2.

Arnett HA, Mason J, Marino M, Suzuki K,
GK, Ting JP. TNFa
proliferation of oligodendrocyte progenitors and
remyelination. Nat Neurosci. 2001;4(11):1116-22.
Fischer R, Maier O, Siegemund M, Wajant H,

Scheurich P, Pfizenmaier K. A TNF receptor 2

Matsushima promotes

selective agonist rescues human neurons from

oxidative stress-induced cell death. PloS one.
2011;6(11):e27621.

Marchetti L, Klein M, Schlett K, Pfizenmaier K, Eisel
UL. Tumor (TNF)-mediated

Neuroprotection Glutamate-induced

Necrosis  Factor
against
Excitotoxicity Is Enhanced by N-Methyl-D-aspartate
Receptor Activation Essential role of a tnf receptor
2-mediated phosphatidylinositol
nf-kb pathway. J Biol Chem. 2004;279(31):32869-81.
GC, Annunziata P. IL-6
detection in multiple sclerosis brain. J Neurol Sci.
1997;146(1):59-65.

Prinz M, Priller J. Microglia and brain macrophages

3-kinase-dependent

Maimone D, Guazzi

in the molecular age: from origin to neuropsychiatric
disease. Nat Rev Neurosci. 2014;15(5):300-12.

Olah M, Amor S, Brouwer N, Vinet J, Eggen B, Biber
K, et al. Identification of a microglia phenotype
supportive of remyelination. Glia. 2012;60(2):306-21.

Lampron A, Larochelle A, Laflamme N, Préfontaine
P, Plante MM, Sanchez MG, et al. Inefficient clearance
of myelin debris by microglia impairs remyelinating
processes. J Exp Med. 2015;212(4):481-95.

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002

Page |23


https://pubmed.ncbi.nlm.nih.gov/22989378/
https://pubmed.ncbi.nlm.nih.gov/22989378/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://pubmed.ncbi.nlm.nih.gov/19646767/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5787128/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5787128/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5787128/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5787128/
https://pubmed.ncbi.nlm.nih.gov/26204829/
https://pubmed.ncbi.nlm.nih.gov/26204829/
https://pubmed.ncbi.nlm.nih.gov/26204829/
https://pubmed.ncbi.nlm.nih.gov/26204829/
https://www.tandfonline.com/doi/abs/10.1080/14712598.2019.1568407
https://www.tandfonline.com/doi/abs/10.1080/14712598.2019.1568407
https://www.tandfonline.com/doi/abs/10.1080/14712598.2019.1568407
https://www.tandfonline.com/doi/abs/10.1080/14712598.2019.1568407
https://pubmed.ncbi.nlm.nih.gov/31598138/
https://pubmed.ncbi.nlm.nih.gov/31598138/
https://pubmed.ncbi.nlm.nih.gov/31598138/
https://pubmed.ncbi.nlm.nih.gov/23697607/
https://pubmed.ncbi.nlm.nih.gov/23697607/
https://pubmed.ncbi.nlm.nih.gov/31284389/
https://pubmed.ncbi.nlm.nih.gov/31284389/
https://pubmed.ncbi.nlm.nih.gov/31284389/
https://pubmed.ncbi.nlm.nih.gov/31284389/
https://pubmed.ncbi.nlm.nih.gov/23517928/
https://pubmed.ncbi.nlm.nih.gov/23517928/
https://pubmed.ncbi.nlm.nih.gov/23517928/
https://pubmed.ncbi.nlm.nih.gov/23517928/
https://pubmed.ncbi.nlm.nih.gov/23517928/
https://pubmed.ncbi.nlm.nih.gov/26679105/
https://pubmed.ncbi.nlm.nih.gov/26679105/
https://pubmed.ncbi.nlm.nih.gov/26679105/
https://pubmed.ncbi.nlm.nih.gov/26679105/
https://pubmed.ncbi.nlm.nih.gov/26679105/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/23659338/
https://pubmed.ncbi.nlm.nih.gov/26117714/
https://pubmed.ncbi.nlm.nih.gov/26117714/
https://pubmed.ncbi.nlm.nih.gov/26117714/
https://pubmed.ncbi.nlm.nih.gov/11600888/
https://pubmed.ncbi.nlm.nih.gov/11600888/
https://pubmed.ncbi.nlm.nih.gov/11600888/
https://pubmed.ncbi.nlm.nih.gov/11600888/
https://pubmed.ncbi.nlm.nih.gov/22110694/
https://pubmed.ncbi.nlm.nih.gov/22110694/
https://pubmed.ncbi.nlm.nih.gov/22110694/
https://pubmed.ncbi.nlm.nih.gov/22110694/
https://pubmed.ncbi.nlm.nih.gov/22110694/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/15155767/
https://pubmed.ncbi.nlm.nih.gov/9077497/
https://pubmed.ncbi.nlm.nih.gov/9077497/
https://pubmed.ncbi.nlm.nih.gov/9077497/
https://pubmed.ncbi.nlm.nih.gov/24713688/
https://pubmed.ncbi.nlm.nih.gov/24713688/
https://pubmed.ncbi.nlm.nih.gov/24713688/
https://pubmed.ncbi.nlm.nih.gov/22072381/
https://pubmed.ncbi.nlm.nih.gov/22072381/
https://pubmed.ncbi.nlm.nih.gov/22072381/
https://pubmed.ncbi.nlm.nih.gov/25779633/
https://pubmed.ncbi.nlm.nih.gov/25779633/
https://pubmed.ncbi.nlm.nih.gov/25779633/
https://pubmed.ncbi.nlm.nih.gov/25779633/

Journal of Clinical Case Reports Online

Review Article

107.

108.

109.

Prod'homme T, Zamvil SS. The evolving mechanisms
of action of glatiramer acetate. Cold Spring Harbor
Perspectives in Medicine. 2018:a029249.

Steed PM, Tansey MG, Zalevsky J, Zhukovsky EA,
Desjarlais JR, Szymkowski DE, et al. Inactivation of
TNF signaling by rationally designed
dominant-negative TNF variants. Science.
2003;301(5641):1895-8.

Veremeyko T, Yung AW, Dukhinova M, Kuznetsova
IS, Pomytkin 1, Lyundup A, et al. Cyclic AMP
pathway suppress autoimmune neuroinflammation by
inhibiting functions of encephalitogenic CD4 T cells
and enhancing M2 macrophage polarization at the site

of inflammation. Front Immunol. 2018;9:50.

110. Weng Q, Wang J, Wang J, Wang J, Sattar F, Zhang Z,
et al. Correction: Lenalidomide regulates CNS
autoimmunity by promoting M2 macrophages
polarization. Cell Death Dis. 2020;11(2):108.

Copyright © 2020 Shreya Shah and Anil Kumar.
This is an open access article published under the Creative
Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided

the original work is properly cited.

Follow the URL for one-step submission

https://casereportsonline.com/submit-manuscript.php

https://casereportsonline.com/ | 2020 | Volume 1 | Issue 1 | Article 1002 Page |24


http://perspectivesinmedicine.cshlp.org/content/early/2018/02/12/cshperspect.a029249
http://perspectivesinmedicine.cshlp.org/content/early/2018/02/12/cshperspect.a029249
http://perspectivesinmedicine.cshlp.org/content/early/2018/02/12/cshperspect.a029249
https://pubmed.ncbi.nlm.nih.gov/14512626/
https://pubmed.ncbi.nlm.nih.gov/14512626/
https://pubmed.ncbi.nlm.nih.gov/14512626/
https://pubmed.ncbi.nlm.nih.gov/14512626/
https://pubmed.ncbi.nlm.nih.gov/14512626/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5788911/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7005684/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7005684/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7005684/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7005684/

