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Abstract: Multiple sclerosis (MS) is a complex neurodegenerative disease. Although its pathogenesis
is rather vague in some aspects, it is well known to be an inflammatory process characterized
by inflammatory cytokine release and oxidative burden, resulting in demyelination and reduced
remyelination and axonal survival together with microglial activation. Antioxidant compounds
are gaining interest towards the manipulation of MS, since they offer, in most of the cases, many
benefits, due to their pleiotropical activity, that mainly derives from the oxidative stress decrease.
This review analyzes research articles, of the last decade, which describe biological in vitro, in vivo
and clinical evaluation of various categories of the most therapeutically applied natural antioxidant
compounds, and some of their derivatives, with anti-MS activity. It also summarizes some of the
main characteristics of MS and the role the reactive oxygen and nitrogen species may have in its
progression, as well as their relation with the other mechanistic aspects of the disease, in order for
the multi-targeting potential of those antioxidants to be defined and the source of origination of
such activity explained. Antioxidant compounds with specific characteristics are expected to affect
positively some aspects of the disease, and their potential may render them as effective candidates
for neurological impairment reduction in combination with the MS treatment regimen. However,
more studies are needed in order such antioxidants to be established as recommended treatment to
MS patients.

Keywords: multiple sclerosis; oxidative stress; neurodegeneration; natural antioxidants; antioxidant
bioactive compounds; inflammation

1. Introduction

Multiple sclerosis (MS) is a complex neurodegenerative disease, starting from the early
adulthood and up to forty years [1], and concerns chronic peripheral and central nervous
system (CNS) inflammation, oxidative stress (OS), as well as blood—-brain barrier disruption,
followed by neuronal and axonal damage and demyelination [2]. The pathogenesis of
MS is rather vague in some aspects; it is well known to be an inflammatory process
characterized by the progressive loss of oligodendrocytes, resulting in demyelination
and reduced remyelination and axonal survival, whilst microglial activation and antigen
presenting cells (APCs) can modulate the immune responses leading to the propagation
of the autoimmune MS disease [3]. MS is characterized by relapse and remission clinical
phases, with gradual deterioration, during the progression of the disease, with four defined
clinical courses, the relapsing-remitting (RR), the primary progressive (PP), the secondary
progressive (SP) and progressive-relapsing (PR). Current multiple sclerosis phenotypic
classifications include RRMS, clinically isolated syndrome (CIS), radiologically isolated
syndrome (RIS), PPMS and SPMS [4]. The RRMS is the main type of manifestation of the
disease and is characterized by inflammatory cytokines and oxidative burden, during the
relapses, which may, or may not, recover during the remission phase, and may evolve to
progressive MS as the neurological deficits and especially axonal damage incline [5].
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The aim of this study is to provide information about various currently used, almost
on a daily basis, antioxidant compounds, and their derivatives, accentuating their potential
role as therapeutic elements or adjuvants in multiple sclerosis. It presents the work that
has been performed, mainly in the last decade, on natural antioxidant treatments, with
potential pluripotent anti-inflammatory, remyelinating neuroprotective activity, in MS
progression, explaining the close interrelation of these conditions in the disease. It also
describes examples of how these compounds could be applied as leading molecules for the
design of novel derivatives that will directly or indirectly exhibit oxidative stress and MS
modulatory effects.

2. Inflammation and Oxidative Stress in MS

The etiology of MS remains unknown and most probably consists of a combination
of genetic, autoimmunological and environmental factors affecting disturbed immune
response; while it includes BBB disturbances, due to alterations of the immune system,
resulting in infiltration of T cells into CNS and release of pro-inflammatory cytokines,
promoting further the activation of macrophages, and the inflammation of the white matter,
causing myelin sheath destruction [6]. The CD4+ T-helper (Th) cells, and especially Th1
and Th17, signal the production of autoantibodies, via the induction of B lymphocytes,
decreasing the ratio between T and B lymphocytes, with CD4+, CD8+ and natural killer
cells up-regulating the immune responses, whilst regulatory T cells (T-regs), inhibiting the
T and B cells, derived autoimmune responses [7]. Various types of leucocytes may increase
BBB permeability by stimulating various peripheral cells, such as platelets [8]. Myelin
reactive CD4+ T cells perform a key role in demyelination, after their migration into the
CNS, whilst naive T lymphocytes maturation to Th1l and Th17 are another myelin specific
deterioration mechanism, secreting pro-inflammatory cytokines, with antigen presentation,
via major histocompatibility complex II, on dendritic cells, being the main T-cell activation
mechanism [9]. B-lymphocytes could also contribute to MS pathogenesis by producing
anti-myelin basic protein antibodies [10].

Oxidative stress (OS) is involved in all stages of MS, resulting in lesions on the white
and grey matter, being one of the main causes of CNS and peripheral inflammation,
and leading to tissue damage [11]. During this damage, cellular immune responses take
place, such as immune cells recruitment and proliferation, including phagocytosis and
pro-inflammatory cytokines release. They in turn give rise to reactive oxygen (ROS) and
nitrogen (RNS) species, which lead to oligodendrocyte and axonal damage, promote the
M1 phenotype of macrophages and enhance phagocytic activity [12,13]. ROS and RNS
may affect vital components (proteins, lipids, nucleic acids and sugars) and thus lead
to cellular distress, apoptosis induction and deregulation of factors such as NF-kB [14].
Neurodegeneration is exacerbated, with the main cells of production being astrocytes,
macrophages and microglia, accentuating the interrelation between the inflammatory
and oxidant conditions [15]. NO production by microglial cells and astrocytes can be
multiplied. Augmented NO, in combination with radicals, forms the oxidant peroxynitrite
and leads to neuronal damage and MS progression, also impairing the function of the
mitochondrial respiratory chain, leading to electron leakage and further propagation of
oxidative injury [16]. Mitochondrial integrity deterioration and electron leakage may
lead to decreased ATP synthesis and sodium/potassium pump function in axons, thus
enhanced neuronal dysfunction [17]. This dysfunction is further expanded, due to high
energy demand of the demyelinating axons and low energy production by mitochondria,
influencing the cellular communication and processes of neurons, even before cellular loss
occurs [18]. Another crucial participant of oxidative stress is NADPH oxidase-2 (NOX2),
producing high amounts of ROS and leading to neuroinflammation in MS, even in low
amounts [19]. High amounts of ROS, in activated microglia and macrophages, may result in
RNS generation, by the inducible nitric oxide synthase (iNOS) derived nitrogen monoxide,
insulting the axonal myelin and the peripheral nervous system, leading to RNS-dependent
deterioration of mitochondrial function [20]. These results are in accordance with the data
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that accumulation of pro-inflammatory stimuli may statistically lead to manifestation of
MS, by inflammatory reactions induction, and perhaps the decrease in ROS and RNS levels
may lead to their reduction [21]. Mitochondrial dysfunction seems to be a common factor of
deterioration seen in many neurodegenerative diseases and among the other factors, aging
and mutations in genes expressing antioxidant enzymes seen to be responsible for this [22].
Thus, since OS is a vital cause of brain damage, dietary antioxidants or diet enriched
with natural antioxidant supplements may be of assistance towards the confrontation of
oxidative stress caused from autoimmune diseases or external stimuli such as heavy metals,
pesticides and atmospheric pollutants that may hold responsibility for the imbalance in
redox status of the organism [23].

Oxidative modification of lipids results in destruction of lipid rich areas, cellular outer
and inner membranes and myelin sheaths, and leads to the production of reactive electron-
accepting aldehydes that can modulate the structure of proteins, DNA and RNA, via Schiff
base formation [24]. Malondialdehyde (MDA), acrolein, 4-hydroxy-2-nonenal (HNE) and
4-hydroxy-2-hexenal (4-HHE) are end products of the oxidation of polyunsaturated, allylic
hydrogen-containing fatty acids which are the most susceptible to oxidation. MDA serves
as a marker of lipid peroxidation (LP), together with the evaluation of other markers of
oxidative stress, and its levels are significantly high in patients with no treatment, in com-
parison to those receiving disease modifying therapies, such as interferon-f3 (INF-§3) [25].
These levels are correlated with expanded disability status scale (EDSS), and significant
elevation of MDA levels was observed in the blood of RRMS patients, before methylpred-
nisolone administration, and especially during the relapse phase, strengthening the clinical
evidence of increased oxidative stress in MS [26]. Furthermore, the mitochondrial ROS
(mtROS) production has shown to give rise to a chain of events including NF-kB stimula-
tion and pro-inflammatory cytokine and chemokine induction in endothelial cells, whilst
mitochondria targeted antioxidant molecules may at least partly provide anti-inflammatory
effects, suppressing NF-kB dependent gene expression, contributing to protection against
demyelination and vascular aging [27].

Although oxidative and mitochondrial damages play important role in all degenera-
tive conditions of the CNS, in the progressive stage of MS, the pathways of tissue damage
(by comparing the gene expression in active lesions) are more profound [28]. Since MS is
a multifactorial disease of the central nervous system (CNS), the etiology of the disease
is still not fully understood. Therefore, finding new etiological factors is of such crucial
importance. In the acute phase oxidative stress initiates inflammatory processes and in
the chronic phase it sustains neurodegeneration. Redox processes in MS are associated
with mitochondrial dysfunction, dysregulation of axonal bioenergetics, iron accumulation
in the brain, impaired oxidant/antioxidant balance, and oxidative stress memory. Neu-
ronal capability to cope with OS is limited, since low expression of antioxidant defense
regulators, such as nuclear factor-erythroid factor 2-related factor 2(Nrf2) and peroxisome
proliferator-activated receptor-gamma co-activator (PGC)-1a, seems to take place, espe-
cially during the progressive MS, whereas gene deletions in mitochondria may associate
with energy deficiency, calcium ions imbalance, axonal degeneration and apoptosis of
neurons and oligodendrocytes, that due to the high iron storage may be enhanced to-
gether with the radical formation via the Fenton reaction [29]. The liberation of iron, from
the myelin sheets during demyelination, may promote the oxidative and mitochondrial
injury, involved in plaque formation in white and grey matter [30]. Chronic subclinical
extravasation of hemoglobin, in combination with multiple other factors including, but not
limited to, dysfunction of different cellular protective mechanisms against extracellular
hemoglobin reactivity and oxidative stress, may also be reasons for amplification of the
neurodegeneration in MS [31].

3. Natural Phenolic Antioxidants

Flanonoids comprise an important part of the phenolic antioxidants. They are colored
polyphenols, categorized into six categories: flavones, flavonols, isoflavones, anthocyanins,
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flavanones and chalcones [32,33]. Their properties are based on conjugation between the
A and B rings, and the allocation of hydroxyl, methyl and glycosidic side groups. They
possess radical scavenging, metal chelating, antioxidant enzymes promoting, and pro-
oxidant enzymes silencing activity, as well as cyclo-oxygenase (COX) and lipoxygenase
(LOX) inhibitory effects that lead to anti-inflammatory potential [33,34]. Furthermore,
flavonoids can reduce the expression of pro-inflammatory mediators, IL-1§3, IL-6, TNF-a,
NF-kB, iNOS and MMP-9, and reduce the levels of kinases such as c-jun N-terminal kinase
(p-INK) and MAPK [35].

3.1. Quercetin

Among the flavonoids, quercetin (QUE) (Figure 1) holds an important place, with
neuroprotective, ROS scavenging, metal chelating and calcium inhibitory effects, but also
indirect antioxidant activities, such as the inhibition of enzymes including xanthine oxidase
and nitric oxide synthase (NOX) [36]. QUE intraperitoneal administration, in experimen-
tal autoimmune encephalomyelitis (EAE) induced mice (EAE is an animal model of MS,
produced by administering a myelin basic protein peptide fragment that induces an autoim-
mune response directed to the myelin sheath surrounding motor neurons), reduced the
mean maximum clinical severity up to 2.5 points, in comparison to the control group, whilst
it also decreased demyelination more than 50%, as well as inflammation [37]. Furthermore,
in vitro treatment of activated T-cells with quercetin in EAE amelioration may be related
with IL-12 production inhibition and the blockage of tyrosine phosphorylation of Janus
kinase 2 (JAK?2), tyrosine kinase 2 (TYK2) and signal transducer and activator of transcrip-
tion 3 (STAT3), resulting in inhibition of T cell proliferation and Th1 cells differentiation,
with parallel INF-y production decrease reaching up to 87.5% [27]. The immune modula-
tory effects of QUE may also be related to reduction in TNF-« and IL-1f3, as shown from
treatment of peripheral blood mononuclear cells, from RRMS patients, with quercetin [38].
In this report, co-treatment of QUE with IFN-f3 reduced more significantly than the QUE
alone, the levels of TNF-«, while matrix metalloproteinase-9 (MMP-9) inhibition consists of
another positive asset.

OH OH
OH
OH HO
HO I o
OH o

Luteolin Daidzein

Figure 1. Structures of referred flavonoids.

3.2. Isoflavones

Phytoestrogens have been reported to show protective effects in EAE, and this effect
may partially be linked to various processes that take place in the periphery, including
gut function, and in which they seem to implicate [39]. The estrogenic potency concerns
QUE and especially isoflavones, such as daidzein. The latter, together with suppressed
NF-kB transcriptional activity and inhibition of NO and IL-6 production, may be a thera-
peutic antioxidant tool for diseases needing multi-targeting treatment [40]. Daidzein oral
administration (300 mg/kg/day by oral gavage) in EAE mice led to significant decrease
in IFN-y and IL-12 in splenocytes, whilst IFN-y was also reduced in the brain, whereas
IL-10 secretion was induced in both areas, accentuating the reduction in inflammatory
and the induction of anti-inflammatory processes that contributed to the disease severity
decrease [41]. Similarly encouraging effects on EAE-induced female Wistar rats were de-
duced after luteolin (LUT) treatment (10 mg/kg/day i.p.), a flavonoid structurally similar
to QUE (Figure 1) [42]. LUT produced up-regulated levels of ciliary neurotropic factor



Molecules 2022, 27, 8402

50f 25

(CNTEF), cyclic AMP and total antioxidant capacity with significant decrease in the apoptotic
caspase-3, NF-kB and macrophage inflammatory protein-1 alpha (MIP-1c) [42]. These
results also showed the substantial decrease by almost three points in the mean values of
clinical paralytic score results, reported weekly, with bigger escalation between the treated
and non-treated groups as the weeks proceeded. LUT may also be used as a co-treatment,
co-administered with palmitoylethanolamide (PEA, an endogenous ethanolamide in CNS
with regenerative and protective effect towards the damaged neurons) [43]. Daily intraperi-
toneal administration of PEA-LUT (composite of ultramicronized palmitoylethanolamide
combined with the flavonoid luteolin) improved clinical scores, in a dose-dependent man-
ner. Thus, it caused statistical decreases in the mRNA expression of TNF-«, IL-13 and
IFN-y, using the highest dose of 5 mg/kg i.p. The mRNA levels of Toll-like receptor 2
(TLR2), N-formyl peptide receptor 2 (Fpr2), tumor necrosis factor receptor superfamily
member 9 (CD137), T cell co-receptor CD3 y chain (CD3-y), T cell surface glycoprotein ¢
chain (TCR-( chain) and cannabinoid receptor type 2 (CB sub-index 2) were significantly
reduced in the brainstream and the cerebellum, on the 14th day of the treatment [43].

3.3. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is the most abundant active catechin, found mainly in
green tea. It has shown to decrease MS severity, administered after the appearance of EAE
clinical signs, via brain inflammation and demyelination decrease, followed by diminution
of the expression of inflammatory cytokines and chemokines and T cell responses [44].
Especially, IL-17 and INF-y production was related to STAT pathway and retinoid related
orphan receptor gamma effects, inhibiting both Th1 and Th17 cell differentiation. These
effects on Th1 and Th17 T cells may relate to decrease in IL-6, IL-13 and TNF-a and increase
in Treg cells in lymph nodes, spleen and CNS, and inhibition of T-box and retinoid orphan
receptor-yt expression (these results came after administration with a diet of 0.15-0.30%
EGCG (w/w) for 30 days) [45]. Modulation of the plasma levels of intercellular adhesion
molecule 1 (ICAM-1) and C-C Motif Chemokine Receptor 6 (CCR6) in CD4 (+) cells was
also observed, inhibiting immune infiltration and attenuating clinical signs and delayed
type hypersensitivity skin response [45]. The EGCG effects may also partly be derived by
the down-regulation of the CD80 and CD86 molecules, resulting in a decrease in T cell
proliferation and antigen presentation [46]. EGCG has also shown combinatorial effects
against glutamate and TRAIL-induced neuronal cell death, offering regeneration of hip-
pocampal axons in vitro. These effects were also translated in in vivo model, by reducing
the clinical severity and the inflammatory infiltration [47]. EGCG has also been shown
to increase the gene expression of myelin proteolipid protein (PLP) and oligodendrocyte
transcription factor 1 (Oligl) in cuprizone induced demyelination in mice, after four weeks
of treatment at 50 mg/kg body weight daily i.p., improving the maintenance of myelin and
the myelinogenesis, since PLP and, its alternative spliced isoform, DM20, constitutes more
than 50% of the total protein of myelin in the CNS [48].

EGCG has been used as a co-treatment with glatiramer acetate (GA), in stable MS
patients, with EDSS scores lower than 4.5 [49]. Since EGCG is known to improve energy
metabolism at rest or during exercise, its effects on energy metabolism and substrate utiliza-
tion was tested (via fasting and postprandial energy expenditure, and fat and carbohydrate
oxidation) in these patients, after 600 mg/day per os administration for twelve weeks.
There was a better effect in male patients, with postprandial expenditure and carbohy-
drate oxidation, as well as glucose supply and adipose tissue perfusion being significantly
lower in men, and with increased working efficiency fueled mainly by the more stable
carbohydrate and not fat oxidation, showing an improved muscle metabolism without any
significant changes in systematic lipid, insulin or glucose responses or reported adverse
effects [49]. The synergistic effects of GA and EGCG led also to protection from glutamate
and tumor necrosis factor-related apoptosis-inducing ligand neuronal death [47].
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3.4. Arbutin

Arbutin (ARB), a glycosylated hydroquinone (hydroquinone-f3-D glucopyranoside),
has antioxidant and anti-inflammatory properties, improving memory dysfunction and
down-regulating on gene expression of TNF-alpha, IL-6 and glial fibrillary acidic protein,
in a dose-dependent manner, resulting in neuronal damage and astrocytes activation
attenuation [50]. These effects are accompanied by ROS reducing potential and iNOS
activity, together with improved Nrf2 and heme oxygenase-1 (HO-1) levels in various
neurological disorders, such as epilepsy, Parkinson’s disease and MS [50]. In the latter
case, lysolecithin induced demyelination of the optic chiasm was chosen (micro-injection
of 2 uL. LPC (1%) into the rat optic chiasm and treatment with ARB with 50 mg/kg, i.p.
daily for 2 weeks) [51], since optic nerve demyelination is frequent in MS patients and
offers a reliable model of study. ARB improved visual evoked potential (VEP) waves,
decreasing P1 latency and improving functional recovery, with substantial reduction in
demyelination and enhancement of myelin repair, as it is seen by myelin basic protein (MBP)
and oligodendrocyte transcription factor 2 (Olig2), increased expression and enhanced
myelin intensity. These functional effects may also be derived by the Nrf2 and HO-1
increased and iNOS decreased mRNA expression levels, as well as by the modulation of the
transcription of pro-inflammatory cytokines (IL-13, IL-17 and TNF-«) and the increase in
the anti-inflammatory ones, such as IL-10, that may led to attenuation of glial activation [51].

3.5. Arctigenin

Arctigenin (ARC) (Figure 2), a phenylpropanoid dibenzylbutyrolactone lignan, ex-
hibits a variety of pharmacological activities, including the antioxidant, since chronic
administration (15 mg/kg/day i.p. for 6 weeks) enhances endurance, increasing the ex-
pression of antioxidant related genes, such as superoxide dismutase (SOD), glutathione
reductase (GSR), glutathione peroxidase-1 (GPX1) and thioredoxin (Txn), via AMPK (AMP-
activated protein kinase) phosphorylation and p53 activation, resulting also in Nrf2 activa-
tion [52]. ARC also offers neuroprotection, decreasing neuronal death and inflammatory
and oxidative processes that result from microglial activation [53]. PPAR-y (peroxisome
proliferator-activated receptor v) is a negative regulator of retinoid-related orphan receptor-
vt (ROR-vt) that is implicated in Th17 cell differentiation, whilst phosphorylated p38 MAPK
(mitogen-activated protein kinase) member could reduce the immune regulating activity of
PPAR-y, by modulating its expression. It has been shown that ARC (in 10 mg/kg) decreases
the demyelination and inflammation in EAE model by peripheral inhibition of Th1 and
Th17 cells, with substantial reduction in gene expression of ROR-yt, IL-17A and IFN-y,
with, interestingly, restraining only of Th17 cells differentiation in the brain, by AMPK
activation and p53 phosphorylation, which leads to PPAR-y up-regulation [54].
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Epigallocatechin gallate
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Figure 2. Epigallocatechin gallate, Arbutin and Arctigenin.
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3.6. Oleuropein

Oleuropein (OL) is a hydroxytyrosol derivative, comprising also an elanolic acid
and glucose unit, is found in olive trees and is present in greater amounts in its leaves
and unprocessed fruits that under the 3-glucosidase activity can be transformed to its
de-glycosylated form, the demethyloleuropein and oleuropein aglycone (OLA) [55]. The
bioavailability of OL seems satisfactory, with 50-60% intestinal absorption, involving
a glucose transporter-mediated carrier [55]. The lipophilic aglycone compounds of OL
succeed in BBB crossing by passive diffusion, after liver metabolism [56]. OL has been found
to exert neuroprotective, antioxidant and anti-inflammatory effects, by various mechanisms,
against many stimuli inducing neurotoxicity and memory deficits, affecting antioxidant
capacity and memory impairment, with LP and apoptosis regulation, by modulating SOD,
GPx and Bcl2/Bax proteins [57]. As far as MS is concerned, olive leaf extract containing
45.96 mg/kg of OL, was administered the eighth day after the induction of EAE, and tested
for ten successive days [58]. The intensity of clinical scores was attenuated, at the peak of
the disease, about 67%, affecting also the relapse time and score and the death rate that
was declined from 88% to 13%. The GPx and TBARs level were significantly increased and
decreased, respectively, whilst the SOD activity increased compared to untreated animals,
but not significantly. Furthermore, sirtuin-1 (SIRT1) protein expression levels were found
increased in brain tissue, including microglial cells, during both relapse and remission
phases, especially in dentate gyrus and subventricular zone, with up-regulation of the anti-
inflammatory M2 type and down-regulation of proinflammatory M1 type microglia, and
myelin integrity preservation. A secoiridoid derivative of OL, is oleacein (OLE) (Figure 3),
a dialdehyde of decarboxymethyl elenoic acid ester with dihydroxyphenyl-ethanol. In
a similar manner to OL, OLE has shown protective effects in diseases with immunological
and inflammatory profile, in which oxidative stress is a crucial mechanistic factor for their
pathology, as is the case with MS [59]. OLE treatment has been found to attenuate EAE
development in female C57BL/]6 mice, with myelin oligodendrocyte glycoprotein (MOG)
immunization, after daily injection i.p. at 10 mg/kg daily from immunization day, with
delay in disease onset and reduction in its severity up to 90%, as it was observed by the
clinical scores, with decrease in MOG specific IgGs and reduction in splenocyte function
similar to the control groups [60].

OH

OH

Oleocein

Oleoeuropain O

Figure 3. Oleuropein and its secoiridoid derivative, oleacein.

These effects explain the notable decrease in, the CNS tissues, infiltrating cells and the
increased myelin staining, indicating low immune responses and myelin preservation of the
OLE treated group, a fact that may be also derived by the reduced BBB disruption. These
effects were accompanied by TNF-a decrease and IL-10 increase in spinal cord, oxidative
stress modulation as seen by fluorescent dye dihydro-ethidium staining and MDA and
advanced oxidation protein products decrease in spinal cord, optic nerve and cerebellum.
The immunomodulation effect was also seen by the microglia modulatory potency of OLE,
after LPS stimulation, decreasing the iNOS and COX-2 production, together with ROS and
TNF-o diminution.
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3.7. Ellagic Acid

Ellagic acid (EA) (Figure 4) plays a regulatory role in inflammatory processes, via
suppression of important factors such as NF-kB, COX-2, IL-6 and TNF-a, via mitochon-
drial modulatory, iron chelating, antioxidant and axon regenerating properties [61]. In
cuprizone induced demyelination increase, accompanied with locomotor and muscle tissue
dysfunction, EA supplementation improved the performance of mice, via mitochondrial
improvement and sirtuin-3 (Sirt-3) expression increase. Since Sirt-3 is involved in suppres-
sion of ROS production, neuronal protection and myelination, oxidative stress markers
such as MDA muscle content, mitochondrial ROS levels and muscle impairment were
not observed, in EA treated groups, leading to conclusion that sub-chronic EA treatment
ameliorate, in a dose-dependent manner, the behavioral and muscular impairment, via
mitochondprial protective and oxidation preventive mechanisms [61].

Curcumin keto form

IS

Curcumin enol form

Figure 4. Ellagic acid, resveratrol and enol-keto form of curcumin.

3.8. Resveratrol

Resveratrol is a polyphenolic stilbene compound with a wide range of activities
including antioxidant, anti-inflammatory, anti-aging and neuroprotective [62]. Treatment of
proteolipid protein peptide (emulsified in complete Freund’s adjuvant with mycobacterium
tuberculosis) induced EAE, with resveratrol, reduces disease severity (decreasing mean
and long term EAE scores), via activation of sirtuin 1 (SIRT1), preventing neuronal damage
and long-term neurological dysfunction [62,63]. Reduction in leukocyte infiltration into
the CNS, and induction of Th1 to Th2 anti-inflammatory cells shift, may result in these
effects, together with Th17 suppression [63]. Additionally, in another study [64], high
levels of apoptosis in spinal cord inflammatory cells (especially activated T cells and to
a lesser extent the inactivated) was observed, in EAE-induced mice, after treatment with
resveratrol, significantly down-regulating certain cytokines and chemokines, including
TNF-alpha, INF-y, IL-2, IL-9, IL-12, IL-17 and macrophage inflammatory protein-la (MIP-
1x). Resveratrol is an estrogenic modulator, and this effect was verified in this study, by
activation of estrogen receptor (ER) that correlates with the aryl hydrocarbon receptor (AhR)
activation and Fas and Fas ligand (FasL) expression, resulting in apoptosis of primary T
cells. However, the anti-inflammatory potential of resveratrol, on EAE, is under question,
since oral administration failed to prevent or alter the phenotype of inflammation in spinal
cord or optic nerve [65]. Nevertheless, in this report resveratrol delayed by almost five
days the onset of EAE symptoms and by two weeks the retinal ganglion cells dysfunction,
with significant visual functionality.

3.9. Curcumin

Curcumin (CUR) (1,7-Bis [4-hydroxy-3-methoxyphenyl]-1,6-heptadiene-3,5,dione) is
a natural polyphenolic phytochemical with anti-inflammatory, antioxidant, wound healing
and anticancer activities, freely able to cross the BBB and regulate the CNS microenviron-
ment, offering neuroprotective potency in various CNS diseases, with increased glutathione,
HO-1, Nrf2 activation and suppressed activation of mediators such as NF-kB, COX-2, iNOS,
IL-1, IL-2, IL-6 and C-reactive protein (CRP), by activated macrophages [66,67]. Further-
more, it prevents BBB disruption, induced by Th17 cells, and activates antioxidant heat
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shock proteins 70, sirtuins and thioredoxin [68,69]. Additionally, CUR can inhibit IL-12,
and tyrosine phosphorylation of various transcription factors and their induction in T cells,
regulating the production and differentiation of Th1 and Th17 cells. CUR can achieve ROS
scavenging, blocking indirectly protein aggregation, with potent metal chelating capacity,
mainly by its enol form, but also less potently with its methyl-catechol moiety, forming
inactive complexes with Mn?*, Cu?* and iron Fe?* ions, preventing brain damage [69].

CUR has also been found to be active, in EAE Lewis rats, after oral administration
of 100 and 200 mg/kg/day, from 0 until 14 days after immunization [70]. CUR decreased
the clinical severity from 3.71 to 2.75 and 1.65, respectively, for each dose, with significant
difference from control values. In parallel, it decreased the inflammatory cells infiltration
in spinal cord and the neural Ag-specific lymphocytes proliferation, as well as the mRNA
expression of cytokines IL-17, TGF-f3, IL-6 and the Th17 cell proliferation and differentia-
tion. In another study [71], dendrosome nanoparticles of CUR (PNCs, polymerized form
of curcumin) were used, in order to overcome its poor bioavailability, at 12.5 mg/kg/day,
starting from the day of the EAE induction or the twelfth day. PNCs reduced the develop-
ment of EAE score, especially when it started from the beginning of EAE induction, and the
relapse of the symptoms, causing demyelination reduction and increasing the expression
of anti-inflammatory gene markers IL-10, tumor Growth Factor-b (TGF-b), IL-4 and FOXP3
regulatory transcription factor of T regulatory cells, regulating T helper cytokines produc-
tion. On the other hand, pro-inflammatory gene expression such as IL-1, IL-17, TNF-a and
NF-kB, was decreased, with no signal of CD8+ T helper 1 cell antibodies. These effects may
partly be derived by the antioxidant potential of the PNCs that offered iNOS suppression
and HO-1 and Nrf2 genes up-regulation in the spinal cord, whilst remyelinating processes
may also take place, as the increase in Brain Derived Neurotropic Factor (BDNF), Nerve
Growth Factor (NGF) as wells as the myelin basic protein (MBP) may dictate. In this study,
there was significant increase in expression of BDNF in both EAE and PNC treated animals
compared with healthy group, although the increase in PNC-treated was interestingly
lower than EAE, but not significantly. Towards this direction is also the finding on mRNA
levels of oligodendrocyte precursor cell markers, platelet-derived growth factor-alpha
receptor (PDGF-Ra) and Olig2 (oligodendrocyte transcription factor 2), which were found
up-regulated, compared to EAE control animals. However, one of the most interesting
findings in this study is the preventive (when applied as pretreatment) role PNCs may play
on EAE development apart from its amelioration [71].

4. Vitamins
4.1. Vitamin E

Vitamin E, conversely to total homocysteine, has been found to be decreased in serum
of MS patients, whilst stress markers and cholesterol (CHL) levels were increased, with
parallel decrease in the ratio of vitamin E/CHL in serum, and decreased levels of vitamin
E in the demyelination plaques of MS brains, indicating possible involvement of this
vitamin in MS chronic neurodegeneration [72], although, until nowadays, direct association
between high levels of vitamin E and reduced risk of MS has not been found. However, in
INF-p treated RRMS patients, 10 pumol/L increase in alpha-tocopherol reduced the odds
of T2 magnetic resonance imaging (MRI) combined unique activity by 35.4%, whilst after
two months the corresponding odds for T1 lesions were reduced by 65.4% [73,74].

Vit E (100 mg/kg) or Vit D3 (5 ug/kg) i.p. administration for up to 28 days post
lesion, following local ethidium bromide (EB) injection induced demyelination, showed
significant decrease in the extent of demyelination, with increased myelination intensity,
after 28 days post lesion. Results were similar for both vitamins, although Vit E increased,
but not significantly, the myelination intensity, compared with D3 [75]. The results depicted
that vitamins shortened the recovery time two-fold compared with the control group and
significantly increased (p < 0.001) the expression of MBP and decreased (p < 0.001 and
p < 0.01, respectively, for vitamins E and D3) the levels of activated caspase-3, accentuating
the remyelinating and anti-apoptotic effect of these vitamins. Furthermore, vitamin E
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supplementation in EB demyelinating model was accompanied by significant modula-
tion of the acetylcholinesterase activity in various brain regions (striatum, hippocampus,
cerebral cortex) and erythrocyte, accentuating its implication in cholinergic transmission.
Furthermore, its protective role against demyelination was confirmed [76]. Perhaps, these
effects may also derive from a modulatory activity of vitamin E on transcription factors,
such as NF-kB [77], since such factors are induced throughout the disease period and their
down-regulation has been confirmed with attenuation of EAE clinical symptoms. However,
even though vitamin E seems to permeate the BBB it seems that it reaches in lower con-
centrations than blood [77]. In view of vitamin’s E encouraging results, another synthetic
derivative of x-tocopherol, TFA-12 (Figure 5), belonging to tocopherol long-chain fatty
alcohols, have been tested (given intraperitoneally daily in 0.39 mg/kg body weight) in
200 pg of synthetic myelin oligodendrocyte glycoprotein (MOG) induced EAE in mice [78].

alpha-tocopherol trolox TFA-12

Figure 5. alpha-tocopherol, trolox (a widely used in medicinal chemistry synthetic derivative)
and TFA-12.

TFA-12 significantly down-regulated astroglial and microglial activation in vitro, in-
hibiting the expression of IL-13 and TNF-«, and the mean clinical scores, in mice, was
lower than 1.5, in comparison with the vehicle treated mice, which reached up to 2.5, from
day twenty post induction. The anti-inflammatory effect was also confirmed by the 2.8-fold
decrease in leucocytes in TFA-12-injected EAE mice, compared with controls, and the
reduction in the reactive astrogliosis after TFA-12 administration, whilst the accumulation
of myelin was diminished. This may partly explain the preventive effect of TFA-12 on
demyelination, an effect that may also derive from the oligodendrocytes differentiation
induction, which also may account for the remyelinating effects of the compound on the
focal demyelinated lesions.

4.2. Vitamin A and Carotenoids

Vitamin A (Vit A) is a group of organic compounds as retinol, retinal, retinoic acid and
structurally similar to carotenoids, with multiple actions, including hydrogen atom and
electron donating effects, resulting in antioxidant, but also under certain circumstances,
in pro-oxidant activity via the yielding of reactive hydroxyl radical [79]. Furthermore,
indirect antioxidant effects may occur, via stimulation of peroxisome proliferator-activated
receptors (PPARs) and peroxisome proliferator response elements, enhancing antioxidant
enzymes expression or decrease the transcription of other inflammatory factors, such as
NEF-kB signal activators and transducers of transcription STAT-1 and AP-1 signaling [80].
Vit A administration (as retinyl palmitate at 25,000 IU/day) to RRMS patients, at a placebo-
controlled trial, showed decreased peripheral mononuclear cell proliferation in the presence
of MOG and fetal calf serum (FCS) in the culture medium, between patients receiving
vitamin A and the placebo [81]. These results are in parallel with another double-blind
randomized clinical trial carried out on RRMS patients, that after one year of retinyl
palmitate administration with 25,000 IU/day, for 6 months, followed by 10,000 IU/day
for another six months, gave significant improvement of multiple sclerosis functional
composite (MSFC) in the group supplemented with vitamin A [82]. However, in the latter
trial, the results in the annualized relapse rate, the differences in EDSS changes, or the
volume of T2 hyper-intense lesions were not encouragingly different from the placebo
groups, demonstrating that vitamin A may affect mostly the neurodegenerative path, rather
than the inflammatory part of MS, but also accentuating the need for further research.
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Similarly, retinoic acid (RA) enhanced the induction of Treg cells and inhibited the
differentiation of Th1l and Th17 cells, whereas it promoted effector Th1l and Th17 cells
and suppressed the IL-17 production, in vivo, as well as the ability of CD4+ T cells for
EAE induction [83]. It also increased the secretion of IL-10 by MS B cells, without af-
fecting TNF-alpha, in a similar to interferon-f3 manner [84]. These effects were retained
during glatiramer and interferon-f3 treatment in RRMS, preserving the production of anti-
inflammatory IL-10, although IFN-f alone has been shown to decrease both TNF-alpha
and IL-10 production. RA also inhibited STAT3 phosphorylation that may partly be de-
rived from reduction in the expression of IL-13 and IL-23. Thus, vitamin A may promote
the differentiation of T cells, towards the immunosuppressant Th2 and Treg phenotypes,
regulating relevant transcription factors, by inhibiting the generation of cytokines, such as
IL-12, TNF-alpha and NO, and resulting in EAE suppression and proliferation of immune
reactive cells, whilst its deficiency may account for MS pathogenesis risk [85]. RA synthesis
has been shown to be important for BBB homeostasis and astrocytic control. Retinaldehyde
dehydrogenase 2 (PARLDH?2) is a key enzyme of RA synthesis, highly expressed in reactive
astrocytes at white matter lesions, offering protective role in inflammation induced brain
barriers loss, inhibiting monocytes adhesion and offering antioxidant potential, via NF-kB
transcription enhancement [86]. These results render RA an endogenous protective and
anti-inflammatory molecule for the neurons. Thus, it is suggested that vitamin A could
be beneficial in the relief of inflammation in degenerative phase, as a complementary
therapeutic support. A belief that may be accompanied by careful consideration of the dose,
route and composition of vitamin A administered preparations, since modifiable plasma
levels may account for the deduction of inconclusive results.

One of the categories of carotenoids is the apocarotenoids, derived from oxidative
cleavage of carotenoids. Bixin belongs to this category; however, extracted at the cis
formation, is highly unstable, and during isolation process can be isomerized into trans-
bixin, possessing antioxidant, anti-apoptotic and anti-inflammatory properties [87]. The
bixin activity on MOG peptide, induced EAE, in combination with Freund’s adjuvant and
Mycobacterium tuberculosis H37Ra strain, was tested, administered at the twelfth day
after immunization, intragastrically, and for eighteen consecutive days. Bixin preserved the
weight loss, induced by EAE, significantly (p < 0.01), and the symptoms (p < 0.01) at 100 and
200 mg/kg in a similar manner, showing only tail paralysis [88]. The inflammation score
and the infiltration of cells was reversed almost two-fold, with the expression of CD3+ cells,
IL-6, 8, 10 and TNF-alpha, approaching that of control mice, and with the demyelination
score to be half of the non-treated animals. Additionally, Th1l and 17 levels in spleen and
CNS were significantly reduced together with the Th1 produced cytokines IFN-y and IL-17
from Th17, respectively. The anti-inflammatory profile of bixin was completed by the
observed suppression of TXNIP/NLRP3 inflammasome, with parallel decrease in IL-1f3,
IL-18 and caspase-1, whilst the dihydroethidium decreased staining of brain and spinal
cord. The decrease in MDA and 3-nitrotyrosine, and the increase in SOD, NQO-1 and
catalase, seem to improve the antioxidant capacity, potentially partly derived from Nrf2
signaling that seems to be reversed, via the intraperitoneal administration of ML385 Nrf2
inhibitor, 1 h before bixin treatment.

Another carotenoid with cardiovascular, neural and gastrointestinal protective, cell
antiproliferative and anti-inflammatory effects is crocin, and its effects are mainly attributed
to its antioxidant capacity, decreasing oxidative markers, such as MDA, and giving very
significant decrease in clinical impairment scores (p < 0.001), in EAE induced animals.
Crocin is formed by the lipophilic dicarboxylic acid crocetin, di-esterified with disaccharide
gentiobiose, and together with crocin 2 comprise some of the major active components
of saffron, the ethanolic extract of which decreases LP and increases antioxidant levels,
dose-dependently [89]. Furthermore, the ethanolic extract seems to ameliorate the spatial
learning and memory deficits at MS, inducted, via intrahippocampal ethidium bromide
injection, in Wistar rats, as assessed using Morris Water Maze [90]. Furthermore, total
antioxidant capacity, LP products and antioxidant enzymes levels, were significantly im-
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proved, restoring the antioxidant status almost to the normal levels. The effects of crocin
have been tested also at MS patients, in a double-blind, randomized and placebo-controlled
trial [91]. The treated group had remarkable decrease in MDA levels (91.31 nmol/mL), in
comparison to placebo (106.06 nmol/mL) (p = 0.01), with further improvement of TAC
(p = 0.04), total thiol group level (p < 0.05), IL-17 (p = 0.00), TNF-a (p = 0.00) and DNA
damage improvement (p = 0.00). Some other main constituents of saffron (crocus sativus)
are safranal (SF) and its precursor, monoterpene glycoside, picrocrocin (Figure 6), that give
the final SF under enzymatic hydrolysis by glycosidase and dehydration. SF has several
neuropharmacological activities, including antioxidant, anxiolytic, anti-inflammatory and
anticonvulsant, together with immunomodulatory effects [92]. SF seems to offer neuropro-
tection and oligodendrocytes viability increase, after glutamic acid (GA) or quinolinic acid
(QA) treatment, with parallel significant (p < 0.001) decrease in ROS and MDA levels, with
the change being dose dependent up to 10 uM and remain almost stable for concentrations
up to 200 uM [93].
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Figure 6. Vitamin A and Carotenoids with anti-MS potency.

5. Polyunsaturated Fatty Acids

Omega-3 polyunsaturated fatty acids (w-3 PUFAs) offer immunomodulatory and
antioxidant activities, via decrease in inflammatory mediators and adhesion molecules,
and also by giving rise to anti-inflammatory agents, such as protectins and resolvins.
They significantly reduce ROS, under hydrogen peroxide stimulation, directly by au-
toxidation, or indirectly by regulating the expression of antioxidant enzymes as heme
oxygenase-1, thioredoxin reductase-1 and SOD-Mn and up-regulating of NRF2-mediated
antioxidant response [94]. Their effect on patients with RRMS, receiving 4 g/day fish
oil, containing 800 mg EPA (eicosapentaenoic acid) and 1600 mg DHA (docosahexaenoic
acid), per day orally, decreased TNF-«, IL-1§3 and 6, together with decrease in NO metabo-
lites [95]. Consumption of EPA and DHA acids results in their increased concentration
on the phospholipids and their incorporation at the expense of arachidonic acid derived
eicosanoids, decreasing the production of prostaglandin E2 (PGE2), thromboxanes and
various leukotrienes by the inflammatory cells, and production of eicosanoids with reduced
inflammatory potency or resolvins with anti-inflammatory action [96]. Omega-3 PUFAs
may decrease the production of IL-1  and TNF-o by monocytes, and modulate the MMP-9
protein and activity levels, on peripheral blood mononuclear cells (PBMC) migration into
the CNS and the BBB, causing less damage and disruption, respectively [97].

Punicic acid (PU) is a polyunsaturated omega-5 fatty acid, with a trans double bond
conformation, at the eleventh carbon atom, and possesses high antioxidant and anti-MS
activity, as it is shown by the beneficial effects of pomegranate seed oil (PSO), mainly
comprising PU [98,99]. PSO, especially in nanodroplet formulation (Nano-PSO), showed
significant beneficial effects, in EAE induced C57BI naive female mice, in much lower
concentration (10% dose of the lowest active concentration of PSO) of the oil, reducing
disease burden and preventing the disease onset, administered from the first day of EAE
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induction [98]. Additionally, nano-PSO treated groups showed significant demyelination
and LP decrease, with MDA levels reaching the levels of the naive brains following Nano-
PSO treatment group. Since MS substantially affects cognitive impairment, the effect
of nano-PSO was tested in placebo controlled clinical trial, where one group was given
nano-PSO for three months and placebo for another three, whereas the other group was
receiving placebo at first and nano-PSO the second three months [100]. The adverse effects
of the nano-PSO were minimized, with significant increase in z-score of the California
verbal learning test-II up to 50% [100]. Although the results in all the tests were not so
profound, all the tested cognitive functions had an overall improvement, during the nano-
PSO treatment trimester, in comparison to placebo group, with the results remaining high,
even the following, with placebo treated, trimester, suggesting a long-lasting effect of
the PSO.

Plasmalogens (PLGs) are phosphorylcholines or phosphorylethanolamines with two
hydrophobic chains attached to glycerol [101]. The sn-1 chain is a nonhydrolyzable (vinyl)-
ether-linked (with saturated or monounsaturated fatty alcohols) and the sn-2 is linked by
ester formation with w-3 or w-6 polyunsaturated fatty acids [102]. Myelin is unusually
rich in plasmalogen phospholipids, and plasmalogen deficient cells seem to be more
susceptible to oxidative stress, whilst PLGs seem to halt the LP, although pro-oxidant
capability of the oxidized PLG structure still remains (however, the radical species of vinyl
ether bond oxidation are more chemically stable and less reactive). Myelin in sciatic nerve
from plasmalogen-deficient (Pex7 knockout) mice was significantly more vulnerable to
cooper (Cu), ortho-phenanthroline (OP) and hydrogen peroxide, mediated ROS-induced
myelin compaction [103]. This effect may relate to the more efficient uptake of Cu and OP
complex, whilst the antioxidant potential of PLGs may rely on the preferential oxidation of
vinyl ether bond, and the adjacent PUFA of the PLGs, by radicals, rendering them more
vulnerable. Furthermore, PLGs mostly interfere with propagation and not initiation of LP,
since vinyl ether bond seems to interact with the lipid peroxyl radicals. Due to sterical
segregation of the PUFA pool, vinyl ether is less able to approach them and offer radical
reactions propagation [104]. Thus, it is also possible that LP is involved in intermodal
myelin compaction and the PLGs results may directly support the role of plasmalogens as
endogenous antioxidant structures for protection of ROS-vulnerable myelin.

Co-treatment with PUFA and various other antioxidant or non-antioxidant compounds
for the manipulation of MS has been tested in double blind, placebo-controlled clinical
study [105]. In this work, the potentiality of an w-3 and w-6 PUFA combination with
monounsaturated fatty acids and vitamin A, «-tocopherol and high levels of y-tocopherol
(760 mg) was conducted in patients with RRMS. 64% relative decrease in relapse rate was
recorded, reaching up to 72% the patients that are not receiving monoclonal antibody
therapy. The cumulative probability for disability progression time had almost six-fold
increase in the placebo group and even higher in the non-natalizumab treated patients,
whilst no adverse effects were recorded. This effect shows that the combination of antioxi-
dant compounds and PUFAs results in substantial improvement, since the administration
of the antioxidant vitamin y-tocopherol alone gave similar to the placebo effects. The
effects of this combined supplementation were confirmed recently [106], on gait and func-
tional capacity parameters in patients with RRMS, in a relative clinical trial, after twelve
or twenty-four months of supplementation. Functional capacity was examined using
various functional tests such as using six-minute walk, two sit-to-stand, timed up and
go, isometric handgrip strength and leg strength functional tests and spatiotemporal gait
parameters (SGP). Supplementation led to significant improvement of SGP with parallel
improvement of gait deviation index (+4% in the treated compared to —10% in the placebo
group). As for functional capacity, there has been a tendency of improvement in all the
tests, with significant improvement at the total number of sit-to-stand cycles within sixty
seconds [106]. However, the results are not always conclusive in favor of PUFAs against
MS, and they do not always offer significant results in combination with MS treatments,
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pointing out significant limitations in the clinical studies and indicating the need for further
studies [107].

In a recent article [108], a synthetic derivative of curcumin (CUR) and linoleic acid
(Lino) was synthesized, in order to test the activity of the combined structure, in comparison
to curcumin alone, on spatial memory and oxidative stress, induced by intracerebroven-
tricular administration of ethidium bromide. The synthesis of the derivative (Lino-CUR)
(Figure 7) was performed from Lino and Cur, in the presence of dimethylaminopyridine
and 1-ethyl-3-(3-dimethylaminopropyl carbodiimide), at equimolar quantities, in acetone,
overnight, and purification of resulted crude material with flash column silica chromatog-
raphy. The distance the rodents travelled, at Morris Water Maze Test, was significantly
reduced in the Lino-CUR treated group, in a dose-dependent manner, even between the
Cur and the Lino-Cur groups, treated with almost the same moles of Cur, on days three
and four of the administration. The most significant effect of Lino-CUR was observed on
the total antioxidant capacity, which was increased in the Lino-CUR treated rats, compared
with the decrease in the CUR groups, although both groups showed significant decrease in
the MDA levels. The results were significantly different in favor of Lino-CUR compared
with CUR group, and this decrease in LP, and oxidative stress in general, may depict the
low catalase and SOD activities that were found in all the treated groups, compared to the
EB group.
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Figure 7. Punicic acid, general structure of plasmalogens (R’ = R” =R” = -CHjz or -H, R; = w-3 or
w-6 lipid moiety, Ry = saturated or mono-unsaturated lipid moiety) and linoleic acid with curcumin
synthetic derivative Lino-Cur.

Another category of endogenous bioactive lipids is the aliamides (autacoid local
injury antagonist amide), a group of naturally occurring N-acyl ethanolamides as palmi-
toyl ethanolamide (PEA), oleoyl ethanolamide (OEA) and stearoyl ethanolamide (SEA),
as well as other molecules such as eicosatrienoyl ethanolamide [109]. Their main tar-
get is mast cells (MCs) and microglia, and are produced enzymatically from membrane
precursors after noxious stimuli [110]. Among them, PEA bear anti-inflammatory and
immune modulatory activities, with low toxicity, offering potential application against
neuronal damage and pain, since its concentration is found increased in the brain and
spinal cord [110]. PEA administered intraperitoneally, in a single dose, offered reduction
on the clinical neurobehavioral impairment, and decrease in demyelination and axonal
damage, and in inflammatory cytokine expression as well [111]. In a same manner, as
previously described [43], PEA combined with LUT offers clinical signs and inflammatory
genes expression improvement, accentuating also the synergistic effect aliamides may have.
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6. Sulfur Containing Antioxidants
6.1. N-Acetylcysteine

N-acetylcysteine (NAC) is a very well-established antioxidant, GSH precursor, increas-
ing GSH in brain [112]. NAC in EAE rodent models attenuated cytokine release, like TNF,
the oxidative burden, by ROS scavenging, and improved clinical symptoms [113]. NAC,
unlike cysteine, does not require active transport mechanisms for cellular permeation, and
after cell entrance it is hydrolyzed to cysteine, which mainly assists to GSH synthesis by
glutamylcysteine and glutathione synthetases. Thus, NAC is a direct and indirect antioxi-
dant and its lipophilicity plays a vital role for its action, as is the case of the ethyl ester of
NAC (Figure 8) that rapidly increases the GSH tissue content [114]. However, BBB crossing
ability of NAC is disputed, and is believed that active transport after N-deacetylation is
the sole crossing pathway, although in BBB inflammatory conditions, such as lipopolysac-
charide (LPS) intraperitoneal administration, increased concentration of 14C.NAC was
observed [115].
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Figure 8. N-acetylcysteine and the properties of its ethyl ester.

Neurovascular coupling assists the neurons to have sufficient blood flow. In various
neurological disorders there has been a decrease in cerebral blood flow (CBF), either due to
direct disease derived effects on vasculature, or by neuronal dysfunction, and such de-
creased perfusion has been seen in areas of MS patients [116]. Oxidative stress is capable of
altering CBF within the brain and decreased perfusion has been correlated with higher func-
tional disability [117]. NAC inhibits serum kinases affecting redox-sensitive mechanisms,
and regulating platelet aggregating enzymes, improving vascular smooth muscle cells
performance [114]. NAC, intravenously, once per week, in MS patients, with PP and RRMS,
showed significantly increased cerebral glucose metabolism in caudate, inferior frontal
gyrus, lateral temporal gyrus, and middle temporal gyrus, tested by integrated Positron
Emission Tomography, using 18F-fluorodeoxyglucose, and significant improvement also at
the self-reported results concerning cognition and attention [118].

6.2. S-allyl-L-cysteine

S-allyl-L-cysteine (SAC) is a water soluble organosulfur, garlic derived, compound,
with antioxidant and various other actions. It offers survival and axonal branching points
increase, with learning and cognitive deficits and memory consolidation improvement, via
oxidative stress and neuroinflammation suppressing ability [119,120]. When endoplasmic
reticulum (ER) fails to manipulate the load of misfolded, or unfolded proteins, it may
result in ER stress and apoptosis induction, with stress related factors, such as caspase-12,
activation taking place in this direction, via calpain protease activity. SAC can inhibit
calpain induced cell death and offer neuroprotection, as well as its hydrophobic S-methyl,
S-ethyl and S-propyl garlic derivatives that also offer neuroprotection [119].

In MS treatment, SAC per os administration, at 50 mg/kg/day, in MOG induced fe-
male mice, showed clinical signs and severity alleviation, with TNF-alpha, IL-17 and MMP-
9 reduction, and activity-dependent neuroprotector homeobox (ADNP) and microtubule-
associated proteins 1A /1B increase [121]. Additionally, attenuation of immune cell in-
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filtration, demyelination and axonal loss, in spinal cord, was succeeded. These results
are in accordance with Escibano et al. showing that SAC could reverse the oxidative and
nitrosative damages, induced by MOG, in spinal cord and the brain, improving the glu-
tathione levels and attenuating mitochondrial damage [122]. The beneficial effects of SAC
were better than DMF, and the oxidative markers decrease was positively correlated with
the established clinical scores, depicting that neuroprotective efficiency of SAC goes in
parallel with its antioxidant capacity.

6.3. H-1,2-dithiole-3-thione

3H-1,2-dithiole-3-thione (DTN) (Figure 9) is the simplest derivative of the sulfur
containing dithiolethiones, with antioxidant and gene inducing capacity, mainly derived
from activation of Nrf2, via Keap1 eradication, and nuclear localization of the transcription
factor, giving rise to detoxifying enzymes [123]. Dithiolethiones, as well as dithiolones,
offer hydrogen sulfide formation in a spontaneous, via hydrolysis, way, and indirectly after
metabolic transformation and dithiolane ring opening with subsequent hydrolysis [124].
DTN possesses anti-inflammatory characteristics and offers beneficial effects, in EAE, with
low disease scores (almost 65% compared to vehicle) that were reversed after treatment
withdrawal [125]. DTN was able to reduce Thl and Th17 cells infiltration in CNS, as well
as their peripheral differentiation, as it was shown by the analysis of CD4+ T cells and of
CD4+ IFNy- and IL-17-expressing T cells, in the brain and spinals cord, and in the latter
case, in splenocytes. Additionally, it suppressed the LPS induced expression of cytokines
and stimulatory molecules, by dendritic cells (DCs), with a dramatic decrease in IL-1 and
DCs maturation. This effect may be related to the Nrf2 activation by DTN, leading to an
increase in HO-1 and phase II antioxidant enzymes NQO1, GCLC, followed by decrease in
IL-23,iNOS, GM-CSF (Granulocyte macrophage colony-stimulating factor, indicative of
DCs development and maturation) and microglia activation, affecting both the peripheral
and the CNS immune cells. Similar results were accomplished by a synthetic derivative of
DTN, 3H-(1,2)dithiole-4-carboxylic acid ethyl ester (ACDT), by the same team [126]. ACDT
delayed disease onset and severity, and administered during remission phases, effectively
decreased the relapse phase in RR EAE, by prevention of T cells infiltration, in CNS, and
suppression of microglial cells, exhibiting anti-inflammatory properties, as the reduction in
mediators such as TNF-alpha, myeloperoxidase and CD40 suggests. The effect of ACDT on
matrix metalloproteinases 3 and 9 led to BBB integrity and disruption lessening, a finding
that may be related also to the mediation of astrocytes generation.
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Figure 9. Hydrogen sulfide donating effect of 3H-1,2-ditione-3-thione and its derivative ACDT.
6.4. A-Lipoic Acid

a-Lipoic acid (LA) is an antioxidant and anti-inflammatory molecule that as such, or
in its reduced form, dihydrolipoate (DHLA), offers reactive oxygen and nitrogen species
scavenging, especially DHLA, and transitional metal chelating ability, such as labile iron,
diminishing the oxidative burden of the tissues and reactivating-reducing vital antioxidant
molecules, such as alpha-tocopherol, vitamin C and glutathione [127]. Furthermore, LA
offers anti-inflammatory effects, via regulation of transcription factors, such as NF-kB,
and is a promising therapy for MS treatment, confronting the accumulating disabilities of
MS [128]. This effect was clinically shown in a placebo-controlled pilot trial of progressive
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MS patients [129]. Significant decrease in percent change in brain volume (PCBV) of LA
treated patients and with fewer falls and brain atrophy were documented. Furthermore,
LA stimulates cyclic adenosine monophosphate (cAMP), in mononuclear cells, resulting
in a less inflammatory phenotype in MS cells and monocyte derived macrophages, with
inhibitory effect on the secretion of cytokines and phagocytosis [130]. LA suppressed
the number of Thl and Th17 cells and reduced their infiltration into CNS (spinal cord
and cerebellum), with PPAR-y induction, centrally and peripherally, and T-reg cells en-
hancement, offering modulation of adaptive immunity and further antioxidant mechanistic
effects [131]. Furthermore, inflammatory mediators” modulation, such as MMP-9, sol-
uble adhesion molecule (ICAM), IFN-y and TGF-3, has been reported in animals and
humans [131,132]. The LA administration at the early or late suppression phase (8 days and
13 post MOG immunization, respectively), showed 87% and 66% reduction, in the optic
nerve and axonal damage, and significant reduction in CD4+ and CD11b+ cells [133]. These
effects showed that, both early and late administration of LA may abolish EAE impairment,
but with a more robust way at the first case, whilst subcutaneous treatment, seams more
effective, than per os, if we take into account the fluctuated bioavailability of LA [127,133].

6.5. Biotin

Biotin (vitamin B7 or vitamin H) is involved in utilization of vital structural molecules
of the tissues (lipids, sugars, proteins), and its supplementation may account for decrease in
LP and improved mitochondprial function, improving their radical formation potential [134].
High doses of biotin supplementation (median = 300 mg/day, divided in three doses,
almost 10,000 times the adequate daily intake) had positive results in more than 90% of
patients with SPMS and PPMS, and the clinical effects were obvious after two or even
eight months after the onset of treatment [135]. Biotin activates enzymes concerned with
energy and myelin production, with positive effects on chronic optic neuropathy and
myelopathy. In another randomized, double-blind, placebo-controlled study, 100 mg biotin,
thrice daily for 24 months, led to statistically significant number of patients that could
achieve the primary endpoint of EDSS decrease, more than or equal to 1 point or 20%
decrease in 25-foot walk time. An improved clinical change was achieved, and the safety
profile remained similar to that of the placebo group [136]. However, biotin should not be
considered harmless, since transient myopathy and association of new disease activity, via
its supplementation, has occurred that, combined with the relevant lack of affectivity in
recent trials, renders it not recommendable for patients with MS [137].

6.6. Thiamine

Thiamine (vitamin B1) seems to possess antioxidant potency, via formal hydrogen
transfer (FHT) and radical adduct formation mechanisms, and has been shown to inhibit
LP in rat liver microsomes, as well as of oleic acid in vitro [138]. Thiamine has shown to
abrogate the fatigue, related to dysfunction of the mechanisms of intracellular transport (ox-
idative phosphorylation in mitochondria) or enzymatic abnormalities, in MS patients [139].
Thiamine deficiency (TD) is associated with C-C Chemokine Ligand 2 (CCL2) induction, in
neurons involved in the development of EAE, in MOG induced mice [140]. TD deteriorated
the clinical scores and the spinal cord pathological alterations, via microglial activation,
leucocyte infiltration and Th1l and Th17 cells increase. Furthermore, TD mice showed
peripheral proliferation in the lymph node and spleen and migration of T lymphocytes,
posing the issue of normal thiamine levels as an important factor for the modulation of
the disease.

6.7. Sulfarophane and Moringin

Among the sulfur containing bioactive molecules, sulfarophane (SFN) (Figure 10) is
a naturally occurring isothiocyanate, with cytoprotective and chemopreventive effects, via
indirect antioxidant activity by NRF2 activation that subsequently leads to thioredoxine
reductase-1, heme oxygenase-1, glutathione reductase and quinone oxireductase-1 expres-
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sion induction [141]. However, these effects are highly related to the concentration of SFN
that at low doses seems to result in up-regulation of antioxidant enzymes and at higher
doses lead to cytotoxic effects, via apoptosis and DNA damaging responses [142]. The
effect of SFN on MS has been tested in EAE model of mice, induced with subcutaneous
myelin oligodendrocyte glycoprotein peptide [143]. Intraperitoneal SFN administration,
of 50 mg/kg, inhibited the inflammatory processes, induced by T cells, and increased the
anti-inflammatory IL-10 production, with parallel BBB protection and matrix metallopro-
teinase 9 reduction. SFN improved the behavioral deficits and reduce the demyelination
and inflammatory cells infiltration in the spinal cord, with reduction in NO levels and an
increase in GSH and NQO-1 activity [144]. Moringin (MR, 4-[x-L-rhamnopyranosyloxy]-
benzyl isothiocyanate), is another isothiocyanate O-glycosylated phenol derivative, that
offers antioxidant and anti-inflammatory, neuroprotective effects in pre-treated hydrogen
peroxide induced apoptosis [145]. Moringin administration, 1 week before and 4 weeks
after EAE induction, showed Wnt—[3-catenin pathway (Wnt—f3-catenin-dependent pathway
consists of secreted signaling proteins which activate (3-catenin) normalization, inhibition
of GSK3{ enzyme, responsible for phosphorylation of 3-catenin, and regulation of T cell
activation, with inflammatory mediators” suppression, by PPARy activation [146]. These
effects also led to caspase-9 cleavage and apoptosis attenuation, via parallel increase in
Nrf2 expression.
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Moringin
Figure 10. Structures of S-allyl-L-cysteine, Sulforaphane and Moringin.

7. Conclusions

In this review, we tried to analyze the role of naturally derived or combined deriva-
tives of natural compounds, with well-known antioxidant potential, in MS progression
modulation, at the level of clinical progression, demyelination, remyelination, immune
infiltration reduction and various other pathobiological mechanisms that are induced dur-
ing the MS progression (Figure 11). In most of them, evidence suggests that they can have
considerable role in MS pathogenesis, decelerating its progression or improving some of its
unfavorable clinical characteristics, such as fatigue, cognitive dysfunction and paralysis,
and their deficiency may account or relate to MS deterioration. Furthermore, many oxida-
tive and inflammatory markers have shown to be substantially reduced, as the levels of
their gene expression or their activity shows, offering advanced protection towards two
main directions that affect the MS progression. Thus, the research towards the antioxidant
compounds, with multi-targeting and disease modulating potential, reveal that more trials
are needed for the establishment of new treatment or co-treatment approaches in MS, since
many of these activities may remain inconclusive and require clinical verification. However,
they also shed light into many unexplored pathways of MS pathology, clarifying its etiology
that may open new opportunities for efficient treatments, or the development of naturally
derived antioxidant compounds, or novel lead compounds to be used for more active and
competent therapeutic agents.
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Author Contributions: Investigation, P.T.-N.; supervision and writing, P.T.-N.; review and editing,
P.T.-N. and E.A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Goldenberg, M.M. Multiple sclerosis review. Pharm. Ther. 2012, 37, 175-184.

2. Ohl, K,; Tenbrock, K.; Kipp, M. Oxidative stress in multiple sclerosis: Central and peripheral mode of action. Exp. Neurol. 2016,
277,58-67. [CrossRef] [PubMed]

3. Kempuraj, D.; Thangavel, R.; Natteru, P.A.; Selvakumar, G.P.; Saeed, D.; Zahoor, H.; Zaheer, S.; Iyer, S.S.; Zaheer, A. Neuroinflam-
mation induces neurodegeneration. J. Neurol. Neurosurg. Spine 2016, 1, 1003. [PubMed]

4. Lublin, FED.; Reingold, S.C.; Cohen, ]J.A.; Cutter, G.R; Serensen, S.P.; Thompson, A.]J.; Wolinsky, ].S.; Balcer, L.J.; Banwell, B.;
Barkhof, F; et al. Defining the clinical course of multiple sclerosis. The 2013 revisions. Neurology 2014, 83, 278-286. [CrossRef]

5. Dutta, R,; Trapp, B.D. Relapsing and progressive forms of multiple sclerosis—Insights from pathology. Curr. Opin. Neurol. 2014,
27,271-278. [CrossRef]

6. Miller, E.D.; 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, 1528. [CrossRef]

7. Yadav, SK.; Mindur, J.E; Ito, K.; Dhib-Jalbut, S. Advances in the immunopathogenesis of multiple sclerosis. Curr. Opin. Neurol.
2015, 28, 206-219. [CrossRef]

8.  Sun, Y,; Langer, H.F Platelets, Thromboinflammation and Neurovascular Disease. Front. Immunol. 2022, 13, 843404. [CrossRef]

9. Raphael, I; Nalawade, S.; Eagar, T.N.; Forsthuber, T.G. T cell subsets and their signature cytokines in autoimmune and
inflammatory diseases. Cytokine 2015, 74, 5-17. [CrossRef]

10. Liu, R; Du, S.; Zhao, L.; Jain, S.; Sahay, K.; Rizvanov, A.; Lezhnyova, V.; Khaibullin, T.; Martynova, E.; Khaiboullina, S.; et al.

Autoreactive lymphocytes in multiple sclerosis: Pathogenesis and treatment target. Front. Immunol. 2022, 13, 996469. [CrossRef]


http://doi.org/10.1016/j.expneurol.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26626971
http://www.ncbi.nlm.nih.gov/pubmed/28127589
http://doi.org/10.1212/WNL.0000000000000560
http://doi.org/10.1097/WCO.0000000000000094
http://doi.org/10.3390/nu11071528
http://doi.org/10.1097/WCO.0000000000000205
http://doi.org/10.3389/fimmu.2022.843404
http://doi.org/10.1016/j.cyto.2014.09.011
http://doi.org/10.3389/fimmu.2022.996469

Molecules 2022, 27, 8402 20 of 25

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

Van Horssen, J.; Witte, M.E.; Schreibelt, G.; de Vries, H.E. Radical changes in multiple sclerosis pathogenesis. Biochim. Biophys. Acta
2011, 1812, 141-150. [CrossRef]

Covarrubias, A.; Byles, V.; Horng, T. ROS sets the stage for macrophage differentiation. Cell Res. 2013, 23, 984-985. [CrossRef]
[PubMed]

O'Neill, L.A; Kishton, R.J.; Rathmell, . A Guide to Inmunometabolism for Inmunologists. Nat. Rev. Immunol. 2016, 16, 553-565.
[CrossRef]

Papagiouvannis, G.; Theodosis-Nobelos, P.; Kourounakis, PN.; Rekka, E.A. Multi-Target Directed Compounds with Antioxidant
and/or Anti- Inflammatory Properties as Potent Agents for Alzheimer’s Disease. Med. Chem. 2021, 17, 1086-1103. [CrossRef]
Radandish, M.; Khalilian, P.; Esmaeil, N. The Role of Distinct Subsets of Macrophages in the Pathogenesis of MS and the Impact
of Different Therapeutic Agents on These Populations. Front. Immunol. 2021, 20, 667705. [CrossRef] [PubMed]

Lassmann, H.; van Horssen, J. Oxidative stress and its impact on neurons and glia in multiple sclerosis lesions. Biochim. Biophys. Acta
2016, 1862, 506-510. [CrossRef] [PubMed]

Bhattacharyya, A.; Chattopadhyay, R.; Mitra, S.; Crowe, S.E. Oxidative stress: An essential factor in the pathogenesis of
gastrointestinal mucosal diseases. Physiol. Rev. 2014, 94, 329-354. [CrossRef] [PubMed]

Burté, F; Carelli, V.; Chinnery, PF; Yu-Wai-Man, P. Disturbed mitochondrial dynamics and neurodegenerative disorders.
Nat. Rev. Neurol. 2015, 11, 11-24. [CrossRef]

Sorce, S.; Krause, K.H. NOX enzymes in the central nervous system: From signaling to disease. Antioxid. Redox Signal 2009, 11,
2481-2504. [CrossRef]

Madigan, C.A.; Cambier, C.J.; Kelly-Scumpia, K.M.; Scumpia, P.O.; Cheng, T.Y.; Zailaa, J.; Bloom, B.R.; Moody, D.B.; Smale, S.T.;
Sagasti, A.; et al. A macrophage response to Mycobacterium leprae phenolic glycolipid initiates nerve damage in leprosy. Cell
2017, 170, 973-985.e10. [CrossRef]

Hedstrom, A.K.; Hossjer, O.; Katsoulis, M.; Kockum, I.; Olsson, T.; Alfredsson, L. Organic solvents and MS susceptibility.
Interaction with MS risk HLA genes. Neurology 2018, 91, e455—-e462. [CrossRef] [PubMed]

Elfawy, H.A.; Das, B. Crosstalk between mitochondrial dysfunction, oxidative stress, and age related neurodegenerative disease:
Etiologies and therapeutic strategies. Life Sci. 2019, 218, 165-184. [CrossRef] [PubMed]

Winiarska-Mieczan, A.; Baranowska-Wojcik, E.; Kwiecieri, M.; Grela, E.R.; Szwajgier, D.; Kwiatkowska, K.; Kiczorowska, B. The
Role of Dietary Antioxidants in the Pathogenesis of Neurodegenerative Diseases and Their Impact on Cerebral Oxidoreductive
Balance. Nutrients 2020, 12, 435. [CrossRef]

Ortiz, G.G.; Pacheco-Moisés, EP.; Bitzer-Quintero, O.K.; Ramirez-Anguiano, A.C.; Flores-Alvarado, L.J.; Ramirez-Ramirez, V.;
Macias-Islas, M.A.; Torres-Sanchez, E.D. Immunology and oxidative stress in multiple sclerosis: Clinical and basic approach.
Clin. Dev. Immunol. 2013, 2013, 708659. [CrossRef]

Ghonimi, N.A.M.; Elsharkawi, K.A.; Khyal, D.5.M.; Abdelghani, A.A. Serum malondialdehyde as a lipid peroxidation marker
in multiple sclerosis patients and its relation to disease characteristics. Mult. Scler. Relat. Disord. 2021, 51, 102941. [CrossRef]
[PubMed]

Zhang, S.Y.; Gui, L.N,; Liu, Y.Y,; Shi, S.; Cheng, Y. Oxidative Stress Marker Aberrations in Multiple Sclerosis: A Meta-Analysis
Study. Front. Neurosci. 2020, 14, 823. [CrossRef] [PubMed]

Zinovkin, R.A.; Romaschenko, V.P; Galkin, LL; Zakharova, V.V.; Pletjushkina, O.Y.; Chernyak, B.V.; Popova, E.N. Role of
mitochondrial reactive oxygen species in age-related inflammatory activation of endothelium. Aging 2014, 6, 661-674. [CrossRef]
[PubMed]

Fischer, M.T.; Wimmer, I.; Hoftberger, R.; Gerlach, S.; Haider, L.; Zrzavy, T., Hametner, S.; Mahad, D.; Binder, CJ;
Krumbholz, M.; et al. Disease-specific molecular events in cortical multiple sclerosis lesions. Brain 2013, 136, 1799-1815.
[CrossRef]

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. [CrossRef]

Haider, L. Inflammation, Iron, Energy Failure, and Oxidative Stress in the Pathogenesis of Multiple Sclerosis. Oxid. Med.
Cell. Longev. 2015, 2015, 725370. [CrossRef]

Bamm, V.V,; Harauz, G. Hemoglobin as a source of iron overload in multiple sclerosis: Does multiple sclerosis share risk factors
with vascular disorders? Cell. Mol. Life Sci. 2014, 71, 1789-1798. [CrossRef] [PubMed]

Karak, P. Biological activities of flavonoids: An overview. IJPSR 2019, 3, 1567-1574.

Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef] [PubMed]
Banjarnahor, S.D.S.; Artant, N. Antioxidant properties of flavonoids. Med. |. Indones. 2014, 23, 239-244. [CrossRef]

Ginwala, R.; Bhavsar, R.; Chigbu, D.I; Jain, P; Khan, Z.K. Potential Role of Flavonoids in Treating Chronic Inflammatory Diseases
with a Special Focus on the Anti-Inflammatory Activity of Apigenin. Antioxidants 2019, 8, 35. [CrossRef]

Dajas, F. Life or death: Neuroprotective and anticancer effects of quercetin. J. Ethnopharmacol. 2012, 143, 383-396. [CrossRef]
Muthian, G.; Bright, J.J. Quercetin, a flavonoid phytoestrogen, ameliorates experimental allergic encephalomyelitis by blocking
IL-12 signaling through JAK-STAT pathway in T lymphocyte. J. Clin. Immunol. 2004, 24, 542-552. [CrossRef]

Sternberg, Z.; Chadha, K.; Lieberman, A.; Hojnacki, D.; Drake, A.; Zamboni, P.; Rocco, P.; Grazioli, E.; Weinstock-Guttman, B.;
Munschauer, F. Quercetin and interferon-3 modulate immune response (s) in peripheral blood mononuclear cells isolated from
multiple sclerosis patients. J. Neuroimmunol. 2008, 205, 142-147. [CrossRef]


http://doi.org/10.1016/j.bbadis.2010.06.011
http://doi.org/10.1038/cr.2013.88
http://www.ncbi.nlm.nih.gov/pubmed/23835480
http://doi.org/10.1038/nri.2016.70
http://doi.org/10.2174/1573406416666201013161303
http://doi.org/10.3389/fimmu.2021.667705
http://www.ncbi.nlm.nih.gov/pubmed/34489926
http://doi.org/10.1016/j.bbadis.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26432481
http://doi.org/10.1152/physrev.00040.2012
http://www.ncbi.nlm.nih.gov/pubmed/24692350
http://doi.org/10.1038/nrneurol.2014.228
http://doi.org/10.1089/ars.2009.2578
http://doi.org/10.1016/j.cell.2017.07.030
http://doi.org/10.1212/WNL.0000000000005906
http://www.ncbi.nlm.nih.gov/pubmed/29970406
http://doi.org/10.1016/j.lfs.2018.12.029
http://www.ncbi.nlm.nih.gov/pubmed/30578866
http://doi.org/10.3390/nu12020435
http://doi.org/10.1155/2013/708659
http://doi.org/10.1016/j.msard.2021.102941
http://www.ncbi.nlm.nih.gov/pubmed/33895606
http://doi.org/10.3389/fnins.2020.00823
http://www.ncbi.nlm.nih.gov/pubmed/32982663
http://doi.org/10.18632/aging.100685
http://www.ncbi.nlm.nih.gov/pubmed/25239871
http://doi.org/10.1093/brain/awt110
http://doi.org/10.1155/2016/1973834
http://doi.org/10.1155/2015/725370
http://doi.org/10.1007/s00018-014-1570-y
http://www.ncbi.nlm.nih.gov/pubmed/24504127
http://doi.org/10.1017/jns.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/28620474
http://doi.org/10.13181/mji.v23i4.1015
http://doi.org/10.3390/antiox8020035
http://doi.org/10.1016/j.jep.2012.07.005
http://doi.org/10.1023/B:JOCI.0000040925.55682.a5
http://doi.org/10.1016/j.jneuroim.2008.09.008

Molecules 2022, 27, 8402 21 of 25

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Jensen, S.N.; Cady, N.M.; Shahi, S.K,; Peterson, S.R.; Gupta, A.; Gibson-Corley, K.N.; Mangalam, A K. Isoflavone diet ameliorates
experimental autoimmune encephalomyelitis through modulation of gut bacteria depleted in patients with multiple sclerosis.
Sci. Adv. 2021, 7, eabd4595. [CrossRef]

Choi, E.Y;; Jin, ].Y,; Lee, ].Y.; Choi, ].I; Choi, I; Kim, S.J. Anti-inflammatory effects and the underlying mechanisms of action of
daidzein in murine macrophages stimulated with Prevotella intermedia lipopolysaccharide. J. Periodontal Res. 2012, 47, 204-211.
[CrossRef]

Jahromi, S.R.; Arrefhosseini, S.R.; Ghaemi, A.; Alizadeh, A.; Moradi Tabriz, H.; Togha, M. Alleviation of experimental allergic
encephalomyelitis in C57BL/6 mice by soy daidzein. Iran. ]. Allergy Asthma Immunol. 2014, 13, 256-264.

El-Deeb, O.S.; Ghanem, H.B.; El-Esawy, R.O.; Sadek, M.T. The modulatory effects of luteolin on cyclic AMP/Ciliary neurotrophic
factor signaling pathway in experimentally induced autoimmune encephalomyelitis. IUBMB Life 2019, 71, 1401-1408. [CrossRef]
[PubMed]

Contarini, G.; Franceschini, D.; Facci, L.; Barbierato, M.; Giusti, P.; Zusso, M. A co-ultramicronized palmitoylethanolamide/luteolin
composite mitigates clinical score and disease-relevant molecular markers in a mouse model of experimental autoimmune
encephalomyelitis. J. Neuroinflam. 2019, 16, 126. [CrossRef] [PubMed]

Sun, Q.; Zheng, Y.; Zhang, X.; Hu, X.; Wang, Y.; Zhang, S.; Zhang, D.; Nie, H. Novel immunoregulatory properties of EGCG on
reducing inflammation in EAE. Front. Biosci. 2013, 18, 332-342.

Wang, J.; Ren, Z.; Xu, Y.; Xiao, S.; Meydani, S.N.; Wu, D. Epigallocatechin-3-gallate ameliorates experimental autoimmune
encephalomyelitis by altering balance among CD4+ T-cell subsets. Am. . Pathol. 2012, 180, 221-234. [CrossRef]

Jin, S.L.; Zhou, B.R; Luo, D. Protective effect of epigallocatechin gallate on the immune function of dendritic cells after ultraviolet
B irradiation. . Cosmet. Dermatol. 2009, 8, 174-180. [CrossRef]

Herges, K.; Millward, ].M.; Hentschel, N. Neuroprotective effect of combination therapy of glatiramer acetate and epigallocatechin-
3-gallate in neuroinflammation. PLoS ONE 2011, 6, e25456. [CrossRef]

Semnani, M.; Mashayekhi, F.; Azarnia, M.; Salehi, Z. Effects of green tea epigallocatechin-3-gallate on the proteolipid protein and
oligodendrocyte transcription factor 1 messenger RNA gene expression in a mouse model of multiple sclerosis. Folia Neuropathol.
2017, 55, 199-205. [CrossRef]

Mahler, A.; Steiniger, J.; Bock, M.; Klug, L.; Parreidt, N.; Lorenz, M.; Zimmermann, B.F,; Krannich, A.; Paul, E; Boschmann, M.
Metabolic response to epigallocatechin-3-gallate in relapsing-remitting multiple sclerosis: A randomized clinical trial. Am. ].
Clin. Nutr. 2015, 101, 487-495. [CrossRef]

Ahmadian, S.R.; Ghasemi-Kasman, M.; Pouramir, M.; Sadeghi, F. Arbutin attenuates cognitive impairment and inflammatory
response in pentylenetetrazol-induced kindling model of epilepsy. Neuropharmacology 2019, 146, 117-127. [CrossRef]
Ebrahim-Tabar, F.; Nazari, A.; Pouramir, M.; Ashrafpour, M.; Pourabdolhossein, F. Arbutin Improves Functional Recovery
and Attenuates Glial Activation in Lysolecethin-Induced Demyelination Model in Rat Optic Chiasm. Mol. Neurobiol. 2020, 57,
3228-3242. [CrossRef]

Wu, RM,; Sun, Y.Y.; Zhou, T.T.; Zhu, Z.Y.; Zhuang, ].].; Tang, X.; Chen, J.; Hu, L.H.; Shen, X. Arctigenin enhances swimming
endurance of sedentary rats partially by regulation of antioxidant pathways. Acta Pharmacol. Sin. 2014, 35, 1274-1284. [CrossRef]
[PubMed]

Zhang, Y.; Wang, Z.; Chen, H.; Chen, Z.; Tian, Y. Antioxidants: Potential antiviral agents for Japanese encephalitis virus infection.
Int. J. Infect. Dis. 2014, 24, 30-36. [CrossRef] [PubMed]

Li, W;; Zhang, Z.; Zhang, K.; Xue, Z.; Li, Y,; Zhang, Z.; Zhang, L.; Gu, C.; Zhang, Q.; Hao, J.; et al. Arctigenin Suppress Th17 Cells
and Ameliorates Experimental Autoimmune Encephalomyelitis Through AMPK and PPAR-y/ROR-yt Signaling. Mol. Neurobiol.
2016, 53, 5356-5366. [CrossRef]

Butt, M.S,; Tariq, U.; Iahtisham-Ul-Haq; Naz, A.; Rizwan, M. Neuroprotective effects of oleuropein: Recent developments and
contemporary research. J. Food Biochem. 2021, 45, €13967. [CrossRef] [PubMed]

Angeloni, C.; Malaguti, M.; Barbalace, M.C.; Hrelia, S. Bioactivity of olive oil phenols in neuroprotection. Int. . Mol. Sci. 2017, 18,
2230. [CrossRef] [PubMed]

Shibani, F.; Sahamsizadeh, A.; Fatemi, I.; Allahtavakoli, M.; Hasanshahi, J.; Rhmani, M.; Azin, M.; Hassanipour, M.; Moza-
fari, N.; Kaeidi, A. Effect of oleuropein on morphine-induced hippocampus neurotoxicity and memory impairments in rats.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2019, 392, 1383-1391. [CrossRef]

Giacometti, J.; Grubi¢-Kezele, T. Olive leaf polyphenols attenuate the clinical course of experimental autoimmune encephalomyeli-
tis and provide neuroprotection by reducing oxidative stress, regulating microglia and SIRT1, and preserving myelin integrity.
Oxid. Med. Cell. Longev. 2020, 2020, 6125638. [CrossRef]

Castejon, M.L.; Montoya, T.; Alarcén-De-La-Lastra, C.; Sdnchez-Hidalgo, M. Potential Protective Role Exerted by Secoiridoids
from Olea europaea L. in Cancer, Cardiovascular, Neurodegenerative, Aging-Related, and Immunoinflammatory Diseases.
Antioxidants 2020, 9, 149. [CrossRef]

Gutiérrez-Miranda, B.; Gallardo, L; Melliou, E.; Cabero, I.; Alvarez, Y.; Magiatis, P.; Hernandez, M.; Nieto, M.L. Oleacein
attenuates the pathogenesis of experimental autoimmune encephalomyelitis through both antioxidant and anti-inflammatory
effects. Antioxidants 2020, 9, 1161. [CrossRef]

Ahmed, T.; Setzer, W.N.; Nabavi, S.F; Orhan, LE.; Braidy, N.; Sobarzo-Sanchez, E.; Nabavi, S.M. Insights into effects of ellagic acid
on the nervous system: A mini review. Curr. Pharm. Des. 2016, 22, 1350-1360. [CrossRef] [PubMed]


http://doi.org/10.1126/sciadv.abd4595
http://doi.org/10.1111/j.1600-0765.2011.01422.x
http://doi.org/10.1002/iub.2099
http://www.ncbi.nlm.nih.gov/pubmed/31185137
http://doi.org/10.1186/s12974-019-1514-4
http://www.ncbi.nlm.nih.gov/pubmed/31221190
http://doi.org/10.1016/j.ajpath.2011.09.007
http://doi.org/10.1111/j.1473-2165.2009.00443.x
http://doi.org/10.1371/journal.pone.0025456
http://doi.org/10.5114/fn.2017.70484
http://doi.org/10.3945/ajcn.113.075309
http://doi.org/10.1016/j.neuropharm.2018.11.038
http://doi.org/10.1007/s12035-020-01962-x
http://doi.org/10.1038/aps.2014.70
http://www.ncbi.nlm.nih.gov/pubmed/25152028
http://doi.org/10.1016/j.ijid.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24780919
http://doi.org/10.1007/s12035-015-9462-1
http://doi.org/10.1111/jfbc.13967
http://www.ncbi.nlm.nih.gov/pubmed/34716610
http://doi.org/10.3390/ijms18112230
http://www.ncbi.nlm.nih.gov/pubmed/29068387
http://doi.org/10.1007/s00210-019-01678-3
http://doi.org/10.1155/2020/6125638
http://doi.org/10.3390/antiox9020149
http://doi.org/10.3390/antiox9111161
http://doi.org/10.2174/1381612822666160125114503
http://www.ncbi.nlm.nih.gov/pubmed/26806345

Molecules 2022, 27, 8402 22 of 25

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Gianchecchi, E.; Fierabracci, A. Insights on the Effects of Resveratrol and Some of Its Derivatives in Cancer and Autoimmunity: A
Molecule with a Dual Activity. Antioxidants 2020, 9, 91. [CrossRef]

Shindler, K.S.; Ventura, E.; Dutt, M.; Elliott, P; Fitzgerald, D.C.; Rostami, A. Oral resveratrol reduces neuronal damage in a model
of multiple sclerosis. J. Neuroophthalmol. 2010, 30, 328-339. [CrossRef] [PubMed]

Singh, N.P,; Hegde, V.L.; Hofseth, L.J.; Nagarkatti, M.; Nagarkatti, P. Resveratrol (trans-3,5,4' -trihydroxystilbene) ameliorates
experimental allergic encephalomyelitis, primarily via induction of apoptosis in T cells involving activation of aryl hydrocarbon
receptor and estrogen receptor. Mol. Pharmacol. 2007, 72, 1508-1521. [CrossRef] [PubMed]

Fonseca-Kelly, Z.; Nassrallah, M.; Uribe, J.; Khan, R.S.; Dine, K.; Dutt, M.; Shindler, K.S. Resveratrol neuroprotection in a chronic
mouse model of multiple sclerosis. Front. Neurol. 2012, 3, 84. [CrossRef]

Makuch, S.; Wiecek, K.; Wozniak, M. The Immunomodulatory and Anti-Inflammatory Effect of Curcumin on Immune Cell
Populations, Cytokines, and In Vivo Models of Rheumatoid Arthritis. Pharmaceuticals 2021, 14, 309. [CrossRef] [PubMed]
Miller, E.; Markiewicz, L..; Kabziriski, J.; Odrobina, D.; Majsterek, I. Potential of redox therapies in neuro-degenerative disorders.
Front. Biosci. 2017, 9, 214-234. [CrossRef]

Dattilo, S.; Mancuso, C.; Koverech, G.; Di Mauro, P.; Ontario, M.L.; Petralia, C.C.; Petralia, A.; Maiolino, L.; Serra, A.; Calabrese,
E.J.; et al. Heat shock proteins and hormesis in the diagnosis and treatment of neurodegenerative diseases. Immun. Ageing 2015,
12, 20. [CrossRef]

Qureshi, M.; Al-Suhaimi, E.A.; Wahid, E; Shehzad, O.; Shehzad, A. Therapeutic potential of curcumin for multiple sclerosis.
Neurol. Sci. 2018, 39, 207-214. [CrossRef]

Xie, L.; Li, X K.; Funeshima-Fuji, N.; Kimura, H.; Matsumoto, Y.; Isaka, Y.; Takahara, S. Amelioration of experimental autoimmune
encephalomyelitis by curcumin treatment through inhibition of IL-17 production. Int. Immunopharmacol. 2009, 9, 575-581.
[CrossRef]

Mohajeri, M.; Sadeghizadeh, M.; Najafi, F.; Javan, M. Polymerized nano-curcumin attenuates neurological symptoms in EAE
model of multiple sclerosis through down regulation of inflammatory and oxidative processes and enhancing neuroprotection
and myelin repair. Neuropharmacology 2015, 99, 156-167. [CrossRef] [PubMed]

Salemi, G.; Gueli, M.C.; Vitale, F; Battaglieri, F.; Guglielmini, E.; Ragonese, P.; Trentacosti, A.; Massenti, M.E,; Savettieri, G.;
Bono, A. Blood lipids, homocysteine, stress factors, and vitamins in clinically stable multiple sclerosis patients. Lipids Health Dis.
2010, 9, 19. [CrossRef] [PubMed]

Ramsaransing, G.S.; Mellema, S.A.; De Keyser, . Dietary patterns in clinical subtypes of multiple sclerosis: An exploratory study.
Nutr. J. 2009, 8, 36. [CrossRef] [PubMed]

Loken-Amsrud, K.I.; Myhr, K.-M.; Bakke, S.J.; Beiske, A.G.; Bjerve, K.S.; Bjornara, B.T.; Hovdal, H.; Lilleés, F.; Midgard, R.;
Pedersen, T.; et al. Alpha-tocopherol and MRI outcomes in multiple sclerosis—Association and prediction. PLoS ONE 2013, 8,
e54417. [CrossRef]

Goudarzvand, M,; Javan, M.; Mirnajafi-Zadeh, ]J.; Mozafari, S.; Tiraihi, T. Vitamins E and D3 attenuate demyelination and potenti-
ate remyelination processes of hippocampal formation of rats following local injection of ethidium bromide. Cell. Mol. Neurobiol.
2010, 30, 289-299. [CrossRef]

Mazzanti, C.M.; Spanevello, R.; Ahmed, M.; Pereira, L.B.; Gongalves, J.F.,; Corréa, M.; Schmatz, R.; Stefanello, N.; Leal, D.B.; Maz-
zanti, A.; et al. Pre-treatment with ebselen and vitamin E modulate acetylcholinesterase activity: Interaction with demyelinating
agents. Int. |. Dev. Neurosci. 2009, 27, 73-80. [CrossRef] [PubMed]

Theodosis-Nobelos, P.; Papagiouvannis, G.; Rekka, E.A. A Review on Vitamin E Natural Analogues and on the Design of
Synthetic Vitamin E Derivatives as Cytoprotective Agents. Mini Rev. Med. Chem. 2021, 21, 10-22. [CrossRef] [PubMed]
Blanchard, B.; Heurtaux, T.; Garcia, C. Tocopherol derivative TFA-12 promotes myelin repair in experimental models of multiple
sclerosis. J. Neurosci. 2013, 33, 11633-11642. [CrossRef]

Dao, D.Q.; Ngo, T.C.; Thong, N.M.; Nam, P.C. Is Vitamin A an Antioxidant or a Pro-oxidant? J. Phys. Chem. B 2017, 12, 9348-9357.
[CrossRef] [PubMed]

Tyagi, S.; Gupta, P.; Saini, A.S.; Kaushali, C.; Sharma, S. The peroxisome proliferator-activated receptor: A family of nuclear
receptors role in various diseases. |. Adv. Pharm. Technol. Res. 2011, 2, 236-240. [CrossRef]

Jafarirad, S.; Siassi, F.; Harirchian, M.H.; Sahraian, M.A.; Eshraghian, M.R.; Shokri, F; Amani, R.; Bitarafan, S.; Mozafari, S.;
Saboor-Yaraghi, A. The effect of vitamin A supplementation on stimulated T-cell proliferation with myelin oligodendrocyte
glycoprotein in patients with multiple sclerosis. J. Neurosci. Rural Pract. 2012, 3, 294-298. [CrossRef] [PubMed]

Bitarafan, S.; Saboor-Yaraghi, A.; Sahraian, M.-A.; Nafissi, S.; Togha, M.; Moghadam, N.B.; Roostaei, T.; Siassi, F.; Eshraghian,
M.-R.; Ghanaati, H.; et al. Impact of vitamin A supplementation on disease progression in patients with multiple sclerosis.
Arch. Iran. Med. 2015, 18, 435-440.

Raverdeau, M.; Breen, C.J.; Misiak, A.; Mills, K.H. Retinoic acid suppresses IL-17productionandpathogenic activity of ydT-cells in
CNS autoimmunity. Immunol. Cell Biol. 2016, 94, 763-773. [CrossRef] [PubMed]

Eriksen, A.B.; Berge, T.; Gustavsen, M.W.; Leikfoss, L.S.; Bos, S.D.; Spurkland, A.; Harbo, H.F.; Blomhoff, H.K. Retinoic acid
enhances the levels of IL-10 in TLR-stimulated B cells from patients with relapsing-remitting multiple sclerosis. . Neuroimmunol.
2015, 278, 11-18. [CrossRef] [PubMed]

Dorosty-Motlagh, A.R.; Honarvar, M.N.; Sedighiyan, M.; Abdolahi, M. The molecular mechanisms of vitamin A deficiency in
multiple sclerosis. J. Mol. Neurosci. 2016, 60, 82-90. [CrossRef] [PubMed]


http://doi.org/10.3390/antiox9020091
http://doi.org/10.1097/WNO.0b013e3181f7f833
http://www.ncbi.nlm.nih.gov/pubmed/21107122
http://doi.org/10.1124/mol.107.038984
http://www.ncbi.nlm.nih.gov/pubmed/17872969
http://doi.org/10.3389/fneur.2012.00084
http://doi.org/10.3390/ph14040309
http://www.ncbi.nlm.nih.gov/pubmed/33915757
http://doi.org/10.2741/e797
http://doi.org/10.1186/s12979-015-0046-8
http://doi.org/10.1007/s10072-017-3149-5
http://doi.org/10.1016/j.intimp.2009.01.025
http://doi.org/10.1016/j.neuropharm.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26211978
http://doi.org/10.1186/1476-511X-9-19
http://www.ncbi.nlm.nih.gov/pubmed/20163740
http://doi.org/10.1186/1475-2891-8-36
http://www.ncbi.nlm.nih.gov/pubmed/19664270
http://doi.org/10.1371/journal.pone.0054417
http://doi.org/10.1007/s10571-009-9451-x
http://doi.org/10.1016/j.ijdevneu.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18930802
http://doi.org/10.2174/1389557520666200807132617
http://www.ncbi.nlm.nih.gov/pubmed/32767937
http://doi.org/10.1523/JNEUROSCI.0774-13.2013
http://doi.org/10.1021/acs.jpcb.7b07065
http://www.ncbi.nlm.nih.gov/pubmed/28937764
http://doi.org/10.4103/2231-4040.90879
http://doi.org/10.4103/0976-3147.102609
http://www.ncbi.nlm.nih.gov/pubmed/23188981
http://doi.org/10.1038/icb.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27089940
http://doi.org/10.1016/j.jneuroim.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25595247
http://doi.org/10.1007/s12031-016-0781-0
http://www.ncbi.nlm.nih.gov/pubmed/27356515

Molecules 2022, 27, 8402 23 of 25

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Mizee, M.R,; Nijland, P.G.; van der Pol, S.M.; Drexhage, J.A.; van Het Hof, B.; Mebius, R.; van der Valk, P.; van Horssen, J.;
Reijerkerk, A.; de Vries, H.E. Astrocyte-derived retinoic acid: A novel regulator of blood-brain barrier function in multiple
sclerosis. Acta Neuropathol. 2014, 128, 691-703. [CrossRef] [PubMed]

de Oliveira, R.G,, Jr.; Bonnet, A.; Braconnier, E.; Groult, H.; Prunier, G.; Beaugeard, L.; Grougnet, R.; da Silva Almeida, ].R.G;
Ferraz, C.A.A.; Picot, L. Bixin, an apocarotenoid isolated from Bixa orellana L., sensitizes human melanoma cells to dacarbazine-
induced apoptosis through ROS-mediated cytotoxicity. Food Chem. Toxicol. 2019, 125, 549-561. [CrossRef]

Yu, Y.; Wu, D.M,; Lj, J.; Deng, S.H.; Liu, T.; Zhang, T.; He, M.; Zhao, Y.Y.; Xu, Y. Bixin Attenuates Experimental Autoimmune
Encephalomyelitis by Suppressing TXNIP/NLRP3 Inflammasome Activity and Activating NRF2 Signaling. Front. Immunol. 2020,
11, 593368. [CrossRef]

Fathimoghadam, H.; Farbod, Y.; Ghadiri, A.; Fatemi, R. Moderating effects of crocin on some stress oxidative markers in rat brain
following demyelination with ethidium bromide. Heliyon 2019, 5, e01213. [CrossRef]

Ghaffari, S.; Hatami, H.; Dehghan, G. Saffron ethanolic extract attenuates oxidative stress, spatial learning, and memory
impairments induced by local injection of ethidium bromide. Res. Pharm. Sci. 2015, 10, 222-232.

Ghiasian, M.; Khamisabadi, F.; Kheiripour, N.; Karami, M.; Haddadi, R.; Ghaleiha, A.; Taghvaei, B.; Oliaie, S.S.; Salehi, M.;
Samadi, P; et al. Effects of crocin in reducing DNA damage, inflammation, and oxidative stress in multiple sclerosis patients: A
double-blind, randomized, and placebo-controlled trial. . Biochem. Mol. Toxicol. 2019, 33, €22410. [CrossRef] [PubMed]
Sadeghnia, H.R.; Shaterzadeh, H.; Forouzanfar, F.; Hosseinzadeh, H. Neuroprotective effect of safranal, an active ingredient of
Crocus sativus, in a rat model of transient cerebral ischemia. Folia Neuropathol. 2017, 55, 206-213. [CrossRef] [PubMed]

Alavi, M.S.; Fanoudi, S.; Fard, A.V.; Soukhtanloo, M.; Hosseini, M.; Barzegar, H.; Sadeghnia, H.R. Safranal Attenuates Excitotoxin-
Induced Oxidative OLN-93 Cells Injury. Drug Res. 2019, 69, 323-329. [CrossRef] [PubMed]

Sakai, C.; Ishida, M.; Ohba, H.; Yamashita, H.; Uchida, H.; Yoshizumi, M.; Ishida, T. Fish oil omega-3 polyunsaturated fatty acids
attenuate oxidative stress-induced DNA damage in vascular endothelial cells. PLoS ONE 2017, 12, e0187934. [CrossRef]
Ramirez-Ramirez, V.; Macias-Islas, M.A.; Ortiz, G.G.; Pacheco-Moises, F.; Torres-Sanchez, E.D.; Sorto-Gomez, T.E.; Cruz-Ramos,
J.A.; Orozco-Avifa, G.; Celis de la Rosa, A.]. Efficacy of fish oil on serum of TNF-«, IL-1 3, and IL-6 oxidative stress markers in
multiple sclerosis treated with interferon beta-1b. Oxid. Med. Cell. Longev. 2013, 2013, 709493. [CrossRef]

Calder, P.C. n-3 polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am. . Clin. Nutr. 2006, 83, 15055-1519S.
[CrossRef]

Shinto, L.; Marracci, G.; Bumgarner, L.; Yadav, V. The Effects of omega-3 fatty acids on matrix metallo-proteinase-9 production
and cell migration in human immune cells: Implications for multiple sclerosis. Autoimmune Dis. 2011, 2011, 134592.

Binyamin, O.; Larush, L.; Frid, K; Keller, G.; Friedman-Levi, Y.; Ovadia, H.; Abramsky, O.; Magdassi, S.; Gabizon, R. Treatment of
a multiple sclerosis animal model by a novel nanodrop formulation of a natural antioxidant. Int. |. Nanomed. 2015, 10, 7165-7174.
[CrossRef]

Guerra-Vazquez, C.M,; Martinez-Avila, M.; Guajardo-Flores, D.; Antunes-Ricardo, M. Punicic Acid and Its Role in the Prevention
of Neurological Disorders: A Review. Foods 2022, 11, 252. [CrossRef]

Petrou, P,; Ginzberg, A.; Binyamin, O.; Karussis, D. Beneficial effects of a nano formulation of pomegranate seed oil, GranaGard,
on the cognitive function of multiple sclerosis patients. Mult. Scler. Relat. Disord. 2021, 54, 103103. [CrossRef]

Messias, M.C.F.; Mecatti, G.C.; Priolli, D.G.; de Oliveira Carvalho, P. Plasmalogen lipids: Functional mechanism and their
involvement in gastrointestinal cancer. Lipids Health Dis. 2018, 17, 41. [CrossRef] [PubMed]

Fuchs, B. Analytical methods for (oxidized) plasmalogens: Methodological aspects and applications. Free Radic. Res. 2015, 49,
599-617. [CrossRef] [PubMed]

Luoma, AM.; Kuo, E; Cakici, O.; Crowther, M.N.; Denninger, A.R.; Avila, R.L.; Brites, P.; Kirschner, D.A. Plasmalogen
phospholipids protect internodal myelin from oxidative damage. Free Radic. Biol. Med. 2015, 84, 296-310. [CrossRef] [PubMed]
Stadelmann-Ingrand, S.; Pontcharraud, R.; Fauconneau, B. Evidence for the reactivity of fatty aldehydes released from oxidized
plasmalogens with phosphatidylethanolamine to form Schiff base adducts in rat brain homogenates. Chem. Phys. Lipids 2004, 131,
93-105. [CrossRef] [PubMed]

Pantzaris, M.C.; Loukaides, G.N.; Ntzani, E.E.; Patrikios, I.S. A novel oral nutraceutical formula of omega-3 and omega-6
fatty acids with vitamins (PLP10) in relapsing remitting multiple sclerosis: A randomised, double-blind, placebo-controlled
proof-of-concept clinical trial. BM] Open 2013, 3, e002170. [CrossRef]

Aristotelous, P; Stefanakis, M.; Pantzaris, M.; Pattichis, C.S.; Calder, P.C.; Patrikios, 1.S.; Sakkas, G.K.; Giannaki, C.D. The Effects
of Specific Omega-3 and Omega-6 Polyunsaturated Fatty Acids and Antioxidant Vitamins on Gait and Functional Capacity
Parameters in Patients with Relapsing-Remitting Multiple Sclerosis. Nutrients 2021, 13, 3661. [CrossRef]

Torkildsen, O.; Wergeland, S.; Bakke, S.; Beiske, A.G.; Bjerve, K.S.; Hovdal, H.; Midgard, R.; Lilleas, F.; Pedersen, T,
Bjeornara, B.; et al. w-3 fatty acid treatment in multiple sclerosis (OFAMS Study): A randomized, double-blind, placebo-controlled
trial. Arch. Neurol. 2012, 69, 1044-1051. [CrossRef]

Barzegarzadeh, B.; Hatami, H.; Dehghan, G.; Khajehnasiri, N.; Khoobi, M.; Sadeghian, R. Conjugated Linoleic Acid-Curcumin
Attenuates Cognitive Deficits and Oxidative Stress Parameters in the Ethidium Bromide-Induced Model of Demyelination.
Neurotox. Res. 2021, 39, 815-825. [CrossRef]

Chiurchit, V.; Leuti, A.; Smoum, R.; Mechoulam, R.; Maccarrone, M. Bioactive lipids ALIAmides differentially modulate
inflammatory responses of distinct subsets of primary human T lymphocytes. FASEB J. 2018, 32, 5716-5723. [CrossRef]


http://doi.org/10.1007/s00401-014-1335-6
http://www.ncbi.nlm.nih.gov/pubmed/25149081
http://doi.org/10.1016/j.fct.2019.02.013
http://doi.org/10.3389/fimmu.2020.593368
http://doi.org/10.1016/j.heliyon.2019.e01213
http://doi.org/10.1002/jbt.22410
http://www.ncbi.nlm.nih.gov/pubmed/31617649
http://doi.org/10.5114/fn.2017.70485
http://www.ncbi.nlm.nih.gov/pubmed/28984113
http://doi.org/10.1055/a-0790-8200
http://www.ncbi.nlm.nih.gov/pubmed/30463091
http://doi.org/10.1371/journal.pone.0187934
http://doi.org/10.1155/2013/709493
http://doi.org/10.1093/ajcn/83.6.1505S
http://doi.org/10.2147/IJN.S179354
http://doi.org/10.3390/foods11030252
http://doi.org/10.1016/j.msard.2021.103103
http://doi.org/10.1186/s12944-018-0685-9
http://www.ncbi.nlm.nih.gov/pubmed/29514688
http://doi.org/10.3109/10715762.2014.999675
http://www.ncbi.nlm.nih.gov/pubmed/25536419
http://doi.org/10.1016/j.freeradbiomed.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25801291
http://doi.org/10.1016/j.chemphyslip.2004.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15210368
http://doi.org/10.1136/bmjopen-2012-002170
http://doi.org/10.3390/nu13103661
http://doi.org/10.1001/archneurol.2012.283
http://doi.org/10.1007/s12640-020-00310-0
http://doi.org/10.1096/fj.201800107R

Molecules 2022, 27, 8402 24 of 25

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

D’Amico, R.; Impellizzeri, D.; Cuzzocrea, S.; Di Paola, R. ALIAmides Update: Palmitoylethanolamide and Its Formulations on
Management of Peripheral Neuropathic Pain. Int. ]. Mol. Sci. 2020, 21, 5330. [CrossRef]

Landolfo, E.; Cutuli, D.; Petrosini, L.; Caltagirone, C. Effects of Palmitoylethanolamide on Neurodegenerative Diseases: A Review
from Rodents to Humans. Biomolecules 2022, 12, 667. [CrossRef] [PubMed]

Holmay, M.].; Terpstra, M.; Coles, L.D.; Mishra, U.; Ahlskog, M.; Oz, G,; Cloyd, J.C,; Tuite, PJ. N-Acetylcysteine boosts brain and
blood glutathione in Gaucher and Parkinson diseases. Clin. Neuropharmacol. 2013, 36, 103-106. [CrossRef] [PubMed]
Ljubisavljevic, S.; Stojanovic, I.; Pavlovic, D.; Sokolovic, D.; Stevanovic, I. Aminoguanidine and N-acetyl-cysteine supress
oxidative and nitrosative stress in EAE rat brains. Redox Rep. 2011, 16, 166-172. [CrossRef] [PubMed]

Bavarsad Shahripour, R.; Harrigan, M.R.; Alexandrov, A.V. N-acetylcysteine (NAC) in neurological disorders: Mechanisms of
action and therapeutic opportunities. Brain Behav. 2014, 4, 108-122. [CrossRef]

Samuni, Y.; Goldstein, S.; Dean, O.M.; Berk, M. The chemistry and biological activities of N-acetylcysteine. Biochim. Biophys. Acta
2013, 1830, 4117-4129. [CrossRef]

Doche, E.; Lecocq, A.; Maarouf, A.; Duhamel, G.; Soulier, E.; Confort-Gouny, S.; Rico, A.; Guye, M.; Audoin, B.; Pelletier, J.; et al.
Hypoperfusion of the thalamus is associated with disability in relapsing remitting multiple sclerosis. . Neuroradiol. 2017, 44,
158-164. [CrossRef]

de la Pena, M.].; Pena, 1.C.; Garcia, P.G.; Gavilan, M.L.; Malpica, N.; Rubio, M.; Gonzélez, R.A.; de Vega, V.M. Early perfusion
changes in multiple sclerosis patients as assessed by MRI using arterial spin labeling. Acta Radiol. Open 2019, 8, 2058460119894214.
[CrossRef]

Monti, D.A.; Zabrecky, G.; Leist, T.P.; Wintering, N.; Bazzan, A.]J.; Zhan, T.; Newberg, A.B. N-acetyl Cysteine Administration Is
Associated with Increased Cerebral Glucose Metabolism in Patients With Multiple Sclerosis: An Exploratory Study. Front. Neurol.
2020, 11, 88. [CrossRef]

Kosuge, Y. Neuroprotective mechanisms of S-allyl-L-cysteine in neurological disease. Exp. Ther. Med. 2020, 19, 1565-1569.
[CrossRef]

Baluchnejadmojarad, T.; Kiasalari, Z.; Afshin-Majd, S.; Ghasemi, Z.; Roghani, M. S-allyl cysteine ameliorates cognitive deficits in
streptozotocin-diabetic rats via suppression of oxidative stress, inflammation, and acetylcholinesterase. Eur. J. Pharmacol. 2017,
794, 69-76. [CrossRef]

Zeinali, H.; Baluchnejadmojarad, T.; Fallah, S.; Sedighi, M.; Moradi, N.; Roghani, M. S-allyl cysteine improves clinical and
neuropathological features of experimental autoimmune encephalomyelitis in C57BL/6 mice. Biomed. Pharmacother. 2018, 97,
557-563. [CrossRef] [PubMed]

Escribano, B.; Agtiera, E.; Aguilar-Luque, M.; Luque, E.; Feijéo, M.; LaTorre, M.; Giraldo, A.; Galvan-Jurado, A.; Caballero-
Villarraso, J.; Garcia-Maceira, E1.; et al. Neuroprotective effect of S-allyl cysteine on an experimental model of multiple sclerosis:
Antioxidant effects. . Funct. Foods 2018, 42, 281-288. [CrossRef]

Brown, D.A.; Betharia, S.; Yen, J.H.; Tran, Q.; Mistry, H.; Smith, K. Synthesis and structure-activity relationships study of
dithiolethiones as inducers of glutathione in the SH-SY5Y neuroblastoma cell line. Bioorgan. Med. Chem. Lett. 2014, 24, 5829-5831.
[CrossRef] [PubMed]

Dali, M.M.; Dansette, PM.; Mansuy, D.; Boucher, J.L. Comparison of Various Aryl-Dithiolethiones and Aryl-Dithiolones As
Hydrogen Sulfide Donors in the Presence of Rat Liver Microsomes. Drug Metab. Dispos. 2020, 48, 426—431. [CrossRef]

Kuo, P.C.; Brown, D.A.; Scofield, B.A.; Yu, I.C.; Chang, F; Wang, P.Y.; Yen, ].H. 3H-1,2-dithiole-3-thione as a novel therapeutic
agent for the treatment of experimental autoimmune encephalomyelitis. Brain Behav. Immun. 2016, 57, 173-186. [CrossRef]
Kuo, P.C.; Brown, D.A.; Scofield, B.A ; Paraiso, H.C.; Wang, P.Y;; Yu, I.C.; Yen, ].H. Dithiolethione ACDT suppresses neuroinflam-
mation and ameliorates disease severity in experimental autoimmune encephalomyelitis. Brain Behav. Immun. 2018, 70, 76-87.
[CrossRef]

Theodosis-Nobelos, P.; Papagiouvannis, G.; Tziona, P.; Rekka, E.A. Lipoic acid. Kinetics and pluripotent biological properties and
derivatives. Mol. Biol. Rep. 2021, 48, 6539-6550. [CrossRef]

Loy, B.D,; Fling, B.W.; Horak, EB.; Bourdette, D.N.; Spain, R.I. Effects of lipoic acid on walking performance, gait, and balance in
secondary progressive multiple sclerosis. Complement. Ther. Med. 2018, 41, 169-174. [CrossRef]

Spain, R.; Powers, K.; Murchison, C.; Heriza, E.; Winges, K.; Yadav, V.; Cameron, M.; Kim, E.; Horak, E; Simon, J.; et al. Lipoic acid
in secondary progressive MS: A randomized controlled pilot trial. Neurol. Neuroimmunol. Neuroinflamm. 2017, 4, e374. [CrossRef]
Fiedler, S.E.; Spain, R.I.; Kim, E.; Salinthone, S. Lipoic acid modulates inflammatory responses of monocytes and monocyte-
derived macrophages from healthy and relapsing-remitting multiple sclerosis patients. Immunol. Cell Biol. 2021, 99, 107-115.
[CrossRef]

Wang, K.C.; Tsai, C.P,; Lee, C.L.; Chen, S.Y,; Lin, G.]J.; Yen, M.H.; Sytwu, H.K,; Chen, S.]. alpha-Lipoic acid enhances endogenous
peroxisome-proliferator-activated receptor-gamma to ameliorate experimental autoimmune encephalomyelitis in mice. Clin. Sci.
2013, 125, 329-340. [CrossRef] [PubMed]

Khalili, M.; Azimi, A.; Izadi, V.; Eghtesadi, S.; Mirshafiey, A.; Sahraian, M.A.; Motevalian, A.; Norouzi, A.; Sanoobar, M.;
Eskandari, G.; et al. Does lipoic acid consumption affect the cytokine profile in multiple sclerosis patients: A double-blind,
placebo-controlled, randomized clinical trial. Neuroimmunomodulation 2014, 21, 291-296. [CrossRef] [PubMed]

Chaudhary, P.; Marracci, G.; Yu, X.; Galipeau, D.; Morris, B.; Bourdette, D. Lipoic acid decreases inflammation and confers
neuroprotection in experimental autoimmune optic neuritis. J. Neuroimmunol. 2011, 233, 90-96. [CrossRef]


http://doi.org/10.3390/ijms21155330
http://doi.org/10.3390/biom12050667
http://www.ncbi.nlm.nih.gov/pubmed/35625595
http://doi.org/10.1097/WNF.0b013e31829ae713
http://www.ncbi.nlm.nih.gov/pubmed/23860343
http://doi.org/10.1179/1351000211Y.0000000007
http://www.ncbi.nlm.nih.gov/pubmed/21888767
http://doi.org/10.1002/brb3.208
http://doi.org/10.1016/j.bbagen.2013.04.016
http://doi.org/10.1016/j.neurad.2016.10.001
http://doi.org/10.1177/2058460119894214
http://doi.org/10.3389/fneur.2020.00088
http://doi.org/10.3892/etm.2019.8391
http://doi.org/10.1016/j.ejphar.2016.11.033
http://doi.org/10.1016/j.biopha.2017.10.155
http://www.ncbi.nlm.nih.gov/pubmed/29101799
http://doi.org/10.1016/j.jff.2017.12.068
http://doi.org/10.1016/j.bmcl.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25455499
http://doi.org/10.1124/dmd.119.090274
http://doi.org/10.1016/j.bbi.2016.03.015
http://doi.org/10.1016/j.bbi.2018.03.010
http://doi.org/10.1007/s11033-021-06643-z
http://doi.org/10.1016/j.ctim.2018.09.006
http://doi.org/10.1212/NXI.0000000000000374
http://doi.org/10.1111/imcb.12392
http://doi.org/10.1042/CS20120560
http://www.ncbi.nlm.nih.gov/pubmed/23550596
http://doi.org/10.1159/000356145
http://www.ncbi.nlm.nih.gov/pubmed/24821457
http://doi.org/10.1016/j.jneuroim.2010.12.002

Molecules 2022, 27, 8402 25 of 25

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Sghaier, R.; Zarrouk, A.; Nury, T.; Badreddine, I.; O’Brien, N.; Mackrill, ].].; Vejux, A.; Samadi, M.; Nasser, B.; Caccia, C.; et al.
Biotin attenuation of oxidative stress, mitochondrial dysfunction, lipid metabolism alteration and 7f3-hydroxycholesterol-induced
cell death in 158N murine oligodendrocytes. Free Radic. Res. 2019, 53, 535-561. [CrossRef]

Sedel, F,; Papeix, C.; Bellanger, A.; Touitou, V.; Lebrun-Frenay, C.; Galanaud, D.; Gout, O.; Lyon-Caen, O.; Tourbah, A. High doses
of biotin in chronic progressive multiple sclerosis: A pilot study. Mult. Scler. Relat. Disord. 2015, 4, 159-169. [CrossRef] [PubMed]
Tourbah, A.; Lebrun-Frenay, C.; Edan, G.; Clanet, M.; Papeix, C.; Vukusic, S.; De Seze, J.; Debouverie, M.; Gout, O.; Clavelou,
P; et al. MD1003 (high-dose biotin) for the treatment of progressive multiple sclerosis: A randomised, double-blind, placebo-
controlled study. Mult. Scler. |. 2016, 22, 1719-1731. [CrossRef]

Cree, B.A.C,; Cutter, G.; Wolinsky, J.S.; Freedman, M.S.; Comi, G.; Giovannoni, G.; Hartung, H.P.; Arnold, D.; Kuhle, J;
Block, V; et al. Safety and efficacy of MD1003 (high-dose biotin) in patients with progressive multiple sclerosis (SPI2): A
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Neurol. 2020, 19, 988-997. [CrossRef]

Nga, N.T.T,; Quang, D.D. Unraveling the antioxidant potential of thiamine: Thermochemical and kineticsstudies in aqueous
phase using DFT. Vietnam. |. Chem. 2019, 57, 485—490. [CrossRef]

Costantini, A.; Nappo, A.; Pala, M.L; Zappone, A. High dose thiamine improves fatigue in multiple sclerosis. BM] Case Rep. 2013,
2013, bcr2013009144. [CrossRef]

Ji, Z.; Fan, Z.; Zhang, Y.; Yu, R.; Yang, H.; Zhou, C.; Luo, J.; Ke, Z.-J. Thiamine deficiency promotes T cell infiltration in experimental
autoimmune encephalomyelitis: The involvement of CCL2. J. Immunol. 2014, 193, 2157-2167. [CrossRef]

Santos, PW.; Machado, A.R.T.; De Grandis, R.; Ribeiro, D.L.; Tuttis, K.; Morselli, M.; Aissa, A.F,; Pellegrini, M.; Antunes, L M.G.
Effects of sulforaphane on the oxidative response, apoptosis, and the transcriptional profile of human stomach mucosa cells
in vitro. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2020, 854-855, 503201. [CrossRef] [PubMed]

Zhang, Y.; Gilmour, A.; Ahn, YH.; de la Vega, L.; Dinkova-Kostova, A.T. The isothiocyanate sulforaphane inhibits mTOR in an
NRE2-independent manner. Phytomedicine 2021, 86, 153062. [CrossRef] [PubMed]

Li, B;; Cui, W,; Liu, J.; Li, R.; Liu, Q.; Xie, X.H.; Ge, X.L.; Zhang, J.; Song, X.J.; Wang, Y.; et al. Sulforaphane ameliorates the
development of experimental autoimmune encephalomyelitis by antagonizing oxidative stress and Th17-related inflammation in
mice. Exp. Neurol. 2013, 250, 239-249. [CrossRef] [PubMed]

Schepici, G.; Bramanti, P.; Mazzon, E. Efficacy of Sulforaphane in Neurodegenerative Diseases. Int. . Mol. Sci. 2020, 21, 8637.
[CrossRef] [PubMed]

Jaafaru, M.S.; Nordin, N.; Shaari, K.; Rosli, R.; Abdull Razis, A.F. Isothiocyanate from Moringa oleifera seeds mitigates hydrogen
peroxide-induced cytotoxicity and preserved morphological features of human neuronal cells. PLoS ONE 2018, 13, e0196403.
[CrossRef]

Giacoppo, S.; Soundara Rajan, T.; De Nicola, G.R.; Iori, R.; Bramanti, P.; Mazzon, E. Moringin activates Wnt canonical pathway by
inhibiting GSK3p in a mouse model of experimental autoimmune encephalomyelitis. Drug Des. Dev. Ther. 2016, 10, 3291-3304.
[CrossRef]


http://doi.org/10.1080/10715762.2019.1612891
http://doi.org/10.1016/j.msard.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25787192
http://doi.org/10.1177/1352458516667568
http://doi.org/10.1016/S1474-4422(20)30347-1
http://doi.org/10.1002/vjch.201900081
http://doi.org/10.1136/bcr-2013-009144
http://doi.org/10.4049/jimmunol.1302702
http://doi.org/10.1016/j.mrgentox.2020.503201
http://www.ncbi.nlm.nih.gov/pubmed/32660825
http://doi.org/10.1016/j.phymed.2019.153062
http://www.ncbi.nlm.nih.gov/pubmed/31409554
http://doi.org/10.1016/j.expneurol.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24120440
http://doi.org/10.3390/ijms21228637
http://www.ncbi.nlm.nih.gov/pubmed/33207780
http://doi.org/10.1371/journal.pone.0196403
http://doi.org/10.2147/DDDT.S110514

	Introduction 
	Inflammation and Oxidative Stress in MS 
	Natural Phenolic Antioxidants 
	Quercetin 
	Isoflavones 
	Epigallocatechin Gallate 
	Arbutin 
	Arctigenin 
	Oleuropein 
	Ellagic Acid 
	Resveratrol 
	Curcumin 

	Vitamins 
	Vitamin E 
	Vitamin A and Carotenoids 

	Polyunsaturated Fatty Acids 
	Sulfur Containing Antioxidants 
	N-Acetylcysteine 
	S-allyl-L-cysteine 
	H-1,2-dithiole-3-thione 
	A-Lipoic Acid 
	Biotin 
	Thiamine 
	Sulfarophane and Moringin 

	Conclusions 
	References

