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There is increasing evidence for a sudden and unprecedented rise in the incidence of multiple sclerosis (MS) in
Westernized countries over the past decades, emphasizing the role of environmental factors. Among many candidates,
rapid changes in dietary habits seem to play a role in the pathogenesis of MS. Here, we summarize and discuss the
available evidence for the role of dietary nutrients, such as table salt, fatty acids, and flavonoids, in the development
and pathogenesis of MS. We also discuss new and emerging risk factors accompanying Western lifestyle, such as shift
work, sleep, and circadian disruption.
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Introduction opment, urbanization, and westernization, which
was marked by radical change in dietary and lifestyle
habits. The industrial revolution and the contem-
porary age in Western countries gave rise to the
fast-food industry and widespread consumption
of excessive salt, refined vegetable oils, and sugars
and also led to reduced physical activity, exposure
to artificial light at atypical biological times, and
insufficient and poor-quality sleep. The influence of
other environmental factors, such as Epstein—Barr
infection, vitamin D levels, smoking, obesity, and
geographical location, has already been extensively
reviewed.’ Here, we mainly focus on how Western
diet and sleep-circadian disruption may contribute
to our understanding of MS etiology.

Multiple sclerosis (MS) is a chronic demyeli-
nating disease of the central nervous system
(CNS) that afflicts at least 2.3 million individuals
worldwide and is among the most common
causes of neurological disability in young adults.'
The pathophysiology of MS is characterized by
chronic inflammation, blood—brain barrier (BBB)
breakdown, and immune cell infiltration into the
CNS, leading to the destruction of the protective
myelin sheath of neurons, gliosis, and axonal
loss. Generally, MS can be divided into relapsing
form of the disease (relapsing—remitting multiple
sclerosis (RRMS)) and progressive forms of the
disease (primary progressive multiple sclerosis or
secondary progressive multiple sclerosis (SPMS)).?

The precise cause of MS still remains unknown. MS and Immune cells

Genetic, environmental, and immunological factors
have been implicated in the etiology of this com-
plex and heterogeneous disease. The rise in the inci-
dence and prevalence of MS in the world in the past
decades paralleled the rapid socioeconomic devel-
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MS is characterized by lesions or so-called plaques
of demyelination and consequent neurodegen-
eration, which is associated with inflammation
mediated by autoreactive myelin-specific T and
B cells, macrophages, and activated microglia.® It is
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still not known whether the disease is triggered by
peripheral activation of the autoreactive lympho-
cytes or by intrinsic events in the brain, which is
then followed by infiltration of immune cells from
peripheral tissues across the BBB into the CNS. The
former mechanism is employed to induce exper-
imental autoimmune encephalomyelitis (EAE),
the most common model to study MS in rodents.
Initially, based on findings in EAE, MS was thought
to be mainly a T helper (Ty) 1 cell-mediated
disease. However, later studies in mice highlighted
an important pathogenic role for CD4" cells that
secrete interleukin (IL)-17 driven by IL-23 (later
referred to as Tyy17 cells).” Soon after their discov-
ery, Tyy17 cells became a main culprit in EAE/MS.
Tyl7 cells secrete proinflammatory cytokines
IL-17A, 1L-17F 1IL-21, IL-22, and granulocyte—
macrophage colony-stimulating factor, promoting
autoimmune neuroinflammation.! Human Ty17
cells are capable of inducing a functional breakdown
of the BBB, expressing high levels of granzyme B,
and directly damaging the neurons in brains of
MS patients.” Tzartos et al. revealed a significant
increase in the number of IL-17—producing T cells
in active lesions in the brains of MS patients.!
Similarly, higher frequencies of Ty17 cells were
detected in the cerebrospinal fluid of patients
with RRMS during relapse and in patients with a
first demyelinating event. Furthermore, Tyy17 cells
from these patients showed a highly pathogenic
phenotype, with higher expression of costimulatory
molecules and higher resistance to suppression.'!

Further support for a pivotal role for Ty 17 cells in
MS comes from clinical studies, in which effective-
ness of immunoablative chemotherapy and autol-
ogous hematopoietic stem cell transplantation in
patients with aggressive MS was due to decreased
Ty 17 responses.'? Unlike EAE lesions, the frequen-
cies of [IL-177 CD8™ cells were almost comparable
to the number of IL-17" CD4™ T cells in acute MS
lesions.!® Moreover, expanded clones of CD8" T
but not CD4™" T cells from MS brain lesions were
found in the cerebrospinal fluid and blood, high-
lighting an important role of CD8" T cells in MS
pathogenesis. "

Suppression of autoreactive cells by regulatory T
(Treg) cells may contribute to the protection and
recovery from both MS and EAE. Transfer of in
vitro—induced T, cells ameliorates EAE,' while
depletion of T, cells in vivo by anti-CD25 antibody
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worsens disease outcome."” Initially, no significant
alterations in frequencies of T 4 cells were found in
the peripheral blood of MS. Yet, altered functional
state and plasticity of T, cells and their reduced
capacity for suppression may play a role (reviewed
in Refs. 16 and 17). Furthermore, decreased fork-
head box P3 (FOXP3) and cytotoxic T lymphocyte—
associated antigen 4 (CTLA-4) expression is noted
in many MS patients.'®!”

B cells seem to be another important player in MS
pathology, as B cell depletion is a successful thera-
peutic strategy.”>>> B cells, as well as plasmablasts
and plasma cells, are found in lesions and cere-
brospinal fluid in most patients with MS, and their
numbers correlate with lesion activity.?*~2® Despite
the rising evidence in MS, the pathological role of
CD8™ T cells and B cells has been far less well stud-
ied in experimental animal models compared with
CD4™ T cells.

Besides T and B lymphocytes, monocyte-derived
macrophages and activated resident microglia are
also abundantly present in active MS lesions.?~!
In vivo positron emission tomography imaging sug-
gests that macrophage and microglial activity corre-
lates with disability scores in individuals with MS.*?
However, recent studies indicate that macrophages
and microglia are highly heterogeneous cells dis-
playing spatial- and temporal-dependent identities
in the CNS of MS patients.’! For instance, while
uptake of myelin by phagocytes is well known
to promote demyelination, it also drives phago-
cytes toward a less inflammatory, neuroprotec-
tive phenotype.’>** This suggests that phagocytes
play roles in both disease-promoting and disease-
controlling processes in MS. Other immune cells
that may be involved in the pathogenesis of MS
include innate-like lymphocytes, such as yd T
cells, natural killer cells, innate lymphoid cells, and
mucosal-associated invariant T cells.*>~*? Investiga-
tion of some of these cell subsets in both MS patients
and EAE models yielded contradictory observa-
tions, and their role in the disease has not been

clearly defined.®
Genetic and environmental risk factors

MS has a complex etiology that involves both per-
missive genetic backgrounds and environmental
factors. Of note, genetic predisposition can only
explain a fraction of the increased susceptibility
risk.*#*> Genetic studies identified roughly about
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200 genetic risk loci involved in MS susceptibility,
mostly genes involved in the innate and adaptive
immune responses.*®™® A recent study on genetic
and epigenetic fine mapping of causal variants in
several autoimmune diseases revealed the cell types
most likely to contribute to MS by showing that
causal variants of MS are enriched in cis-regulatory
elements mostly in immune cells, particularly T,
cells, Ty cells, and B cells.*’

Classical twin studies that assess the contribu-
tion of genes and environment to a disease yielded
conflicting results. Some studies revealed a higher
concordance rate between identical (monozy-
gotic) compared with nonidentical (dizygotic) pairs
(approximately 25-30% in monozygotic versus 5%
in dizygotic twins).”>! In contrast, other studies
showed equivalent concordance rates.’>>?

Epidemiological studies of families with twins’
and adoptees® and of migrant individuals who
moved between high- and low-risk regions demon-
strated that the environment plays an even bigger
role in MS than genetic factors. Studies on migrants
revealed that individuals moving from an area with
high to low MS incidence show a decreased MS
risk, while migrants moving in the opposite direc-
tion usually maintain the low risk of MS.>>>¢ Inter-
estingly, the risk of developing MS in migrants is
dependent on the age at migration,” " suggesting
that there is a critical time window during childhood
or adolescence in determining the risk of developing
MS.*8

0

Dietary factors

Diet and obesity as well as intestinal microbiota
are well-known players in MS. For instance, an
increased body mass index is positively associated
with an increased risk of developing MS in both
children and adults.®%-6>

The importance of the intestinal microbiota in
EAE has been recognized in pioneering work in
germ-free mice and mice after antibiotic treatment.
Berer et al. showed that germ-free mice are pro-
tected against spontaneous EAE,*’ and treatment
with broad-spectrum antibiotics dramatically
reduced EAE clinical symptoms.®* Interestingly,
EAE-resistant germ-free mice became susceptible
after colonization with segmented filamentous
bacterium,® which is known to promote intestinal
Ty 17 responses.®® Studies in MS patients revealed
that individuals with MS possess a distinct fecal
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microbiota composition.®”’”* Indeed, the intestinal
flora comprises thousands of different bacterial
species; thus, dissecting the role of specific subsets
or even single bacteria strain in MS pathogenesis
is currently being investigated in further detail.
For instance, Lactobacillus reuteri can produce
indoles from dietary tryptophan, which is in turn
metabolized into ligands for the aryl-hydrocarbon
receptor (AHR), which directly affects astrocytes
and restricts CNS inflammation in mice.”' More-
over, serum levels of indoles and its metabolites are
decreased in patients with MS.”! However, a more
recent study suggests a differential mechanism
of regulation: AHR agonistic activity is increased
during relapse episodes of MS and decreased
during remission.”> When discussing the role of
nutrients in MS, we should carefully take into
account not only a direct immunomodulatory role
of diet but also its associated effects on microbiota
composition and the development of obesity.

Salt and MS

The mean global salt intake in 2010 was estimated
to be around 10 g per person a day, correspond-
ing to 4 g/day of sodium, which is twice the ref-
erence level recommended by the World Health
Organization.”” The salt consumption varies con-
siderably among countries, ranging from 1.5 g of
sodium per day in East African countries to 3.9 g
of sodium per day in high-income countries.”?
Recently, many studies have demonstrated that a
high intake of sodium chloride can be an impor-
tant factor potentially influencing autoimmunity
in both humans and rodents.”**? In patients with
RRMS in Argentina, increased sodium intake was
associated with enhanced disease exacerbation and
new lesion development.”® On average, the chance
of developing a new lesion on magnetic resonance
imaging scans was increased 2.8-fold in individuals
whose sodium intake was above recommended lev-
els (2 g/day) and 3.4-fold higher in individuals who
consumed 4.8 g of sodium a day or more. These
findings were also accompanied by a higher exac-
erbation rate in patients with medium and high
sodium intake compared with the normal-intake
group.’® Interestingly, there is a positive correlation
between the amount of salt consumed and IL-17
plasma levels in healthy individuals.?> However, a
recent large European—Canadian trial study in MS
patients treated with interferon-B1b did not find
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any association between salt intake and MS activity
or progression in this cohort.* A possible expla-
nation of these divergent results is the different
treatments and baseline characteristics of the MS
patients included in the studies, as well as the diver-
gent approaches to assess sodium intake in these ret-
rospective analyses. Several studies have shown that
high sodium diets could exacerbate EAE.”*7>777%
When analyzing CD4™" T cells, this effect was accom-
panied by increased numbers of Ty17 cells and a
higher infiltration of Ty;17 cells into the CNS.”*7>
In agreement with these findings, Tyy17 cells gener-
ated under salt-enriched conditions show a highly
pathogenic phenotype in vitro.”*”> This increase
in Tyy17 responses under high salt conditions was
shown to be mediated by p38 mitogen-activated
protein kinase (MAPK), nuclear factor of activated
T cells (NFAT5), and serum glucocorticoid kinase-1
(SGK1).”*7> Consistently, a T cell-specific knockout
of Sgk1in mice ameliorated EAE disease severity that
was seen on a high salt diet.”> Of note, high salt con-
centrations also alter the regulatory arm of adaptive
immunity. Human and mouse T, cells in high salt
environments lose their suppressive function while
gaining a Ty 1-like phenotype.®

In addition to its effects on T cells, a high salt
diet was also associated with altered macrophage
responses in EAE.”” Enhanced infiltration and acti-
vation of macrophages in the CNS was accompa-
nied by increased levels of the myeloid-attracting
chemokines CCL2 and CXCL10. Both in vitro
and in vivo high salt concentrations promoted a
proinflammatory M1 phenotype of macrophages,
with upregulation of iNOS and IL-1B. Mechanis-
tically, macrophages pretreated with NaCl showed
activation of members of the MAPK pathway,
such as ERK1/2, JNK, p38, and p38-dependent
NFATS5, leading to increased production of nitric
oxide and tumor necrosis factor-a.””*® Moreover,
adoptive transfer of salt-treated bone marrow-
derived macrophages (BMMs) aggravated ongoing
EAE compared with control BMMs.”” Dietary salt
could also affect anti-inflammatory macrophage
responses. It was recently demonstrated that high
salt levels suppress alternative macrophage activa-
tion to an M2 or M(IL-4IL-13") phenotype, pro-
moting tissue inflammation and attenuating wound
healing.?’

The adoptive and innate responses to high salt
seem to be tightly interconnected. Another recent
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study demonstrated that increased Ty 17 responses
under high sodium diets might also depend on
inflammasome activation in macrophages, most
likely through the enhanced production of the
Ty 17-promoting cytokine IL-13. Heightened Ty 17
responses in an inflammation model were signifi-
cantly abrogated in caspase-1—deficient mice.®®

Although translational evidence of these findings
is still scarce, Yi et al. demonstrated in a long-term
longitudinal study that there is a strong positive
correlation between serum monocytes and dietary
salt intake in healthy donors. Interestingly, high salt
intake was associated with increased levels of IL-6
and IL-23 and decreased levels of IL-10, thus creat-
ing a milieu that promotes Ty17 differentiation.®’
Furthermore, 1 week of high salt diet in healthy vol-
unteers resulted in expansion of nonclassical CD14™
CD16" monocytes and monocyte—platelet aggre-
gates with enhanced reactive oxygen species pro-
duction by monocytes.*

Besides its effects on immune cells, a high salt
challenge can directly affect BBB permeability by
suppressing the expression of tight junction pro-
teins on endothelial cells.”’ Taken together, these
studies demonstrate that a high sodium environ-
ment could influence and shape the balance between
pro- and anti-inflammatory immune cells, which
are involved in the pathogenesis of MS, indicating
that high salt intake could represent an environmen-
tal risk factor for disease.

Involvement of fatty acids in CNS
autoimmunity: saturated versus
unsaturated fatty acids

Another hallmark of a typical Western diet is
increased consumption of fat (especially saturated
fatty acids (SFA), w-6 polyunsaturated fatty acids
(PUFAs), and trans-fatty acids) accompanied by an
overall decrease in w-3 PUFA intake.
Epidemiological and animal studies indicate that
the consumption of excessive fats is closely asso-
ciated with an increased MS incidence and more
severe EAE.'®7 An increasing amount of literature
shows that fat-induced alterations in T cell lineages
and the activation status of macrophages and
microglia exacerbate neuroinflammation in MS
and the EAE model.”*"1*? Interestingly, excessive fat
consumption is also a key factor inducing obesity,
which increases the risk of developing MS.%0-52
Obesity-induced inflammation may partially
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underlie changes in the inflammatory status of
immune cell subsets in MS.”” Interestingly, a
plethora of studies indicate that the fatty acid
saturation status and carbon chain length largely
define whether fatty acids promote or suppress
inflammation. Below, we elaborate on how these
structural differences among fatty acids may
influence MS pathogenesis.

Fatty acids can be subdivided into unsaturated
and saturated fats. Generally, excessive intake of
SFAs is suggested to be a causative factor in MS.'%*
However, to date, there is still controversy regard-
ing the detrimental impact that SFA intake has
on MS disease initiation and progression.” Sim-
ilarly, the precise underlying pathogenic molecu-
lar mechanisms remain largely unknown. Recently,
increased consumption of saturated medium- and
long-chain fatty acids was found to worsen autoim-
munity in the EAE model.”® The exacerbated EAE
severity was paralleled by increased Ty17 cell fre-
quencies in the CNS and elevated Tyl and Ty17
cell numbers in the spleen. In line with the lat-
ter, exogenous SFAs are reported to enrich the
binding of RORvyt at the IL-17 and IL-23R loci,
thereby inducing the polarization of “pathogenic”
Ty 17 cells.®” Similarly, an increase in systemic endo-
toxin levels after SFA consumption'® may par-
tially account for exacerbated neuroinflammation
after SFA intake. Endotoxins can promote Ty1 and
Ty 17 polarization,'%®197 as well as the inflammatory
activation of peripheral and CNS-resident innate
immune cells.!%!% Of interest, SFAs, such as palmi-
tate (C16:0) and laurate (C12:0), can also directly
activate TLR-mediated proinflammatory signaling
pathways in innate immune cells.!® Finally, while
feeding dietary monounsaturated fats reduces low-
density lipoprotein (LDL) levels, SFAs are reported
to elevate circulating LDL.!! Elevated levels of LDL
may stimulate inflammatory innate and adaptive
immune responses.!!"!!? In contrast to SFAs, high
intake of PUFAs is associated with a lower risk of
MS.!3 In particular, the PUFA a-linolenic acid is
inversely associated with MS risk, while the long-
chain fatty acids, such as eicosapentaenoic acid
and docosahexaenoic acid, are not.!'* Interestingly,
a recent case—control study in Australia showed
that high intake of PUFA from fish but not plants
was associated with a reduced risk of first clinical
attack of CNS demyelination.!!* This study suggests
that the dietary source of PUFAs is crucial for its
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beneficial impact on CNS demyelination. Of note,
not all PUFA species harbor anti-inflammatory
properties. Omega-3 PUFAs are known to have
anti-inflammatory properties, repressing NLRP3
inflammasome activation in macrophages,'’!
reducing Ty17 cell differentiation,'*? activating
peroxisome proliferator—activated receptors,'!> and
inhibiting the migratory activity of leukocytes.!!®
By using the fat-1 mouse model, in which w-3
PUFAs are endogenously formed from w-6 PUFAs,
-3 PUFAs were found to boost remyelination.'"”
Some of the anti-inflammatory effects of w-3
PUFAs may be explained by the fact that they act
as precursors of anti-inflammatory resolvins and
protectins.!'®!"” Unlike w-3 PUFAs, w-6 PUFAs
have been suggested to be proinflammatory and
may stimulate Ty;17 cell activation,'?° likely by act-
ing as precursors of inflammatory lipid mediators,
such as eicosanoids.'?® Interestingly, w-3 PUFAs
are also reported to inhibit the formation of ®w-6
PUFA—derived proinflammatory eicosanoids,'?!
which may be another way in which w-3 PUFAs
are beneficial in MS. However, a Cochrane review
of randomized trials of dietary interventions for MS
did not observe a significant effect of w-6 PUFAs on
disease progression and relapse rate.'?> Moreover,
oral feeding of w-6 PUFAs attenuated the disease
course of acute and chronic EAE, which was paral-
leled by an increased production of prostaglandin
E2 (PGE2) and transforming growth factor beta 1
(TGF-B1).% Itis worth mentioning that trans-fatty
acids, unsaturated fatty acids that contain at least
one double bond in the trans-configuration, pro-
mote the inflammatory activation of macrophages
and Ty 17 polarization.'** Collectively, these stud-
ies indicate that the SFA/UFA balance is important
for MS disease initiation and progression, but more
research is needed to unravel the culprit fatty acid
species involved (Fig. 1).

Long- versus short-chain (saturated) fatty
acids

Increasing evidence indicates that the length of fatty
acids also determines how they affect inflamma-
tion in the context of autoimmunity. Fatty acids
can be classified into short- (SCFA, <10 carbon
atoms), medium- (MCFA, 10-14 carbon atoms),
long- (LCFA, 1620 carbon atoms), and very-long-
chain fatty acids (VLCFA, >20 carbon atoms).
SCFAs were recently found to ameliorate EAE,
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Figure 1. The impact of dietary fats, salt, and flavonoids on the immunopathogenesis of MS. Dietary factors are increasingly
acknowledged to affect immune cell function in MS. For example, diets rich in salt and diverse fatty acids species, such as trans-
unsaturated fatty acids (UFAs), saturated fatty acids (SFAs), w-6 unsaturated fatty acids (w-6 UFAs), medium-chain fatty acids
(MCFAs), long-chain fatty acids (LCFAs), or very-long-chain fatty acids (VLCFAs), induce Ty 1/T17 cells and the inflammatory
activation of phagocytes, such as macrophages and microglia. A diet rich in these nutritional factors may promote MS disease
progression. In contrast, saturated short-chain fatty acids (SCFA), w-3 unsaturated fatty acids (w-3 UFAs), and flavonoids may
beneficially affect immune cell function in MS. Upon dietary consumption or after intestinal formation, SCFAs are reported to
increase Tyeq cell differentiation and proliferation. -3 UFAs may reduce inflammasome activation, the formation of inflammatory
eicosanoids, Ty 17 cell numbers, and leukocyte migration into the CNS. In addition, w-3 UFAs can activate the anti-inflammatory
peroxisome proliferator—activated receptor. Plant-derived flavonoids reduce phagocyte activation and migration, as well as the
uptake of myelin by these cells. Furthermore, they may promote T cell apoptosis and the differentiation and proliferation of Ty 1 cells.

as well as other autoimmune diseases, such as
type 1 diabetes, by expanding lamina propria—
derived T, cells through suppression of the JNK1
and p38 pathway.”®!> In line with these stud-
ies, SFCAs also increase the number of colonic
Treg cells in an experimental model of inflamma-
tory bowel disease.'*>!*” In addition to controlling
JNKI and p38 signaling, SCFA may also function
as histone deacetylase inhibitors, thereby poten-
tially controlling the acetylation of T,.,-associated
genes.'?

The main source of SCFA in humans is a fiber-
rich diet (i.e., consisting of complex polysaccha-
rides) that is fermented by gut bacteria: diet and
the gut microbiota are closely interlinked and deter-
mine the level of SCFAs available.!?? It is believed
that the amount of plant-derived fiber in the diet
and hence the concentration of fermented SCFAs,
both of which dramatically reduced into the West-
ern diet, are inversely correlated with metabolic and

cardiovascular disease. The resulting lower diversity
of bacterial taxa due to high levels of fats and car-
bohydrates in the Western diet further contributes
to this vicious circle.

Propionic acid (PA), a three-carbon saturated
SCFA for which much of the data are available from
immune- and metabolic-related research, is also
readily available in crustaceans and Swiss cheese.
PA had also been extensively used as food preser-
vative in the past (e.g., in bread and pastries) and
thus is approved by the European (European Food
Safety Authority; E280 and E281) and American
(Food and Drug Administration) food agencies as a
food additive.!?*13! While, in recent decades, there
has been a decline in the use of PA and its salts as
food additives, there has been a contemporaneous
rise in the incidence of several autoimmune dis-
eases, including MS, as mentioned above. However,
it has not been tested whether there is a causal link
between these trends.
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MS patients show reduced levels of species
belonging to Clostridia XIVa and IV clusters, which
are known to produce anti-inflammatory SCFAs,
such as propionate and butyrate.®” This argues
for a dysfunctional microbiome being a possi-
ble culprit for MS disease initiation or progres-
sion. SCFAs, MCFAs, and LCFAs, the most abun-
dant components of a Western diet, worsen EAE
severity by enhancing Tyl and Ty17 differentia-
tion and proliferation and possibly by decreasing
intestinal SCFA levels.”® In line with this finding,
LCFA also induced the polarization of human naive
T cells toward Tyl and Tyl7 fates in vitro.®® In
addition to its effects on T cells, MCFA may also
affect macrophage physiology through the activa-
tion of G protein-coupled receptor 84 (GPR84).!%?
The expression of GPR84 is elevated in the CNS
of EAE animals, and GPR84 promotes the inflam-
matory activation of macrophages.*>!** VLFCAs
can be derived from both dietary and endogenous
origin through elongation of LCFAs. In X-linked
adrenoleukodystrophy (X-ALD), elevated levels of
VLCFAs are well known to promote neuroinflam-
mation and demyelination.'*> Classically, structural
changes in myelin lipid components were suggested
to trigger destabilization of the myelin sheath in X-
ALD patients, leading to demyelination and eventu-
ally neuroinflammation.'® However, accumulation
of VLCFAs in membrane domains associated with
signal transduction pathways may also directly trig-
ger the inflammatory activation of macrophages and
microglia.!**~13 In MS, SPMS, and RRMS, patients
with longer disease duration show elevated lev-
els of VLCFAs compared with controls and RRMS
patients with shorter disease duration. However,
another study demonstrated no changes in serum
levels of VLCFAs in MS patients.!* More research is
warranted to define the impact that dietary VLCFAs
or VLCFAs formed upon dietary intake of LCFAs
have on MS pathogenesis. In summary, these find-
ings indicate that SCFAs, either dietary or formed by
the microbiota, may have therapeutic value for MS
by inducing Treg cells. In contrast, diets rich in par-
ticular MCFA, LCFA, and VLCFA species may exert
a detrimental effect on MS disease progression.

Flavonoids

Despite the detrimental effects of a Western diet
on MS, it also contains factors that may counteract
these disease-promoting constituents. An example
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of a class of beneficial factors is flavonoids, which
are present in a wide range in plant-derived food
products. Flavonoids are present in a Western diet,
although in limited amounts. Flavonoids are a large
class of plant components withimmunomodulatory
and antioxidative properties.'*’ Some flavonoids
have been shown to modulate disease mechanisms
that are involved in the pathology of MS and may
thus have a beneficial influence on the progression
of the disease. In a Western diet, flavonoids are
present in food products, such as cereals, choco-
late, beans, wine, beer, tea, and coffee. The most
abundant flavonoids in these dietary products are
quercetin, resveratrol, catechin, epicatechin, and
kaemperfol.!4!

Some of the flavonoids present in a Western
diet are described to have immunomodulatory,
neuroprotective, and repair-promoting proper-
ties. Quercetin and epigallocatechin gallate (EGCG)
reduce the production of proinflammatory
cytokines by macrophages and microglia.!*>-14°
Moreover, flavonoids, such as quercetin, suppress
the capacity of monocytes to cross the BBB and limit
the uptake of myelin by macrophages.!***” Inter-
estingly, quercetin was shown to suppress proin-
flammatory cytokine production by monocytes
derived from MS patients.*® Moreover, quercetin,
EGCG, and resveratrol reduce disease severity in
the EAE model.!*”141°0 [n EAE, flavonoids mainly
exert their beneficial effects through their anti-
inflammatory properties. While quercetin modu-
lates neuroinflammation predominantly by inter-
fering with Ty1 differentiation, resveratrol amelio-
rates EAE by promoting the integrity of the BBB and
the induction of T cell apoptosis.'*>1°1152 Various
signaling pathways may underlie these functional
changes. Flavonoids inhibit STAT signaling through
the induction of SOCS3, and they inhibit RhoA
GTPases, thus impairing cytoskeletal changes.'*”1>?
While the flavonoids present in a Western diet may
have some capacity to modulate disease mechanisms
in MS, flavonoids that are less abundant may have
a higher potential to modulate CNS inflammation.
Here, the flavonoid subclass of flavones may be par-
ticularly effective. Flavones, such as hesperidin, api-
genin, and luteolin, are present in herbs, fruits, and
vegetables, like parsley, oregano, celery, citrus fruit,
artichoke, and lettuce, of which the intake is typically
low in a Western diet and high in a Mediterranean
diet."*! These flavones effectively suppress disease
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progression in the EAE model.’>*!>7 Interestingly, it
was recently demonstrated that flavonoids, such as
scutellarin, promote CNS repair, as demonstrated
in the cuprizone model, which is commonly used
to study de- and remyelination.'*>!*° This indicates
that flavonoids may be useful not only to target the
inflammatory response in MS but also to promote
repair of damage within the CNS.

Most of the data that suggest beneficial effects of
flavonoids for MS are based on cell culture and ani-
mal models. Thus, their efficacy in MS patients has
not yet been studied. Therefore, caution has to be
taken when extrapolating these results to the human
situation. When EGCG was tested in a clinical phase
I/II study in MS patients, no neuroprotective effects
were found. The dose tested induced hepatotoxi-
city, which led to a premature termination of the
study, which questions the potential of flavonoids
to be used as a complementary treatment in MS."’
Since flavonoids could differ in their mechanism
of action, testing long-term intake of physiological
doses of flavonoids may still be a potential strategy
to slow chronic inflammatory and neurodegenera-
tive diseases like MS. However, this has first to be
explored in larger studies in detail.

Shift work, sleep, and circadian disruption
in MS

The Industrial Revolution and urbanized living not
only changed eating habits but also altered life
behaviors in ways that were never possible before.
The advent of artificial light made it possible for
individuals to be exposed to light at unnatural bio-
logical times, leading to sleep and circadian mis-
alignment. As a consequence of a Western “24/7”
society, there is an increase in numbers of work-
ers employed in shift work, which is estimated to
be between 15% and 25% in industrialized coun-
tries. Shift work is work on a schedule outside of
the traditional working hours from 9 am to 5 pm
for 5 days a week. In Europe, it is estimated that
only 24% of work force follows the classical working
schedule.'® Shift work can be permanent or rotat-
ing, with or without night shifts. Importantly, an
increasing amount of epidemiological studies have
shown a strong evidence that shift work is associated
with severe health conditions, including cardiovas-
cular diseases, obesity, metabolic syndrome, type 2
diabetes, certain cancers, and gastrointestinal disor-
ders and can bear a potential risk to reproduction.'”’
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Research in the past decade also revealed the
increased risk of autoimmune diseases, such as
psoriasis,'® rheumatoid arthritis, ' systemic lupus
erythematosus,'®? and thyroid disorders'® linked to
shift work. Recently, two large case—control studies
in Sweden uncovered an association between shift
work and increased risk of MS.'**1¢> Hedstrom et al.
showed that there is a twofold greater risk of devel-
oping MS for individuals who worked night shifts
for at least 3 years as teens before age 20 compared
with those who only worked day shifts, which was
possibly due to a circadian rhythm and sleep disrup-
tion. Another Scandinavian study, from Denmark,
confirmed the link between night shift work during
the critical period between 15 and 19 years and the
risk of developing MS. However, no association was
found between the duration of shift work in years
and increased risk for MS.!6¢

Although the biological mechanisms underly-
ing increased risk of MS among shift workers are
not fully understood, possible mechanisms have
been proposed. The direct consequences of shift
work are circadian disruption and sleep restriction,
since most shift workers are not able to adapt their
biological rhythms to these shifted times of activ-
ity, sleep, and food intake. Disruption of the
circadian rhythms primarily induced by light expo-
sure at night, as experienced by shift workers,
may alter the circadian expression of clock genes
and their epigenetic status. Clock gene expres-
sion is regulated by several interconnected feed-
back loops. The main autoregulatory feedback loop
is regulated by positive (the heterodimers brain
and muscle aryl hydrocarbon receptor nuclear
translocator (ARNT)-like protein 1 (also known as
BMAL1)/circadian locomotor output cycles kaput
(CLOCK) and BMALI1/neuronal PAS (Per—Arnt—
Sim) domain protein 2 (NPAS2)) and negative com-
ponents (period 1-3 (PER1-3) and cryptochrome
1 and 2 (CRY1-2)).!” A pilot study of women
working night shifts in Denmark compared to day-
working women (i.e., never worked the night shift)
found promoter hypomethylation of CLOCK and
hypermethylation of CRY2.'® The degree of pro-
moter hypomethylation usually results in increased
gene expression, and hypermethylation is consis-
tent with decreased gene expression, which was
observed in another study of the expression of main
circadian genes among female nurses working a
rotating shift schedule compared with nurses on a
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Figure 2. Shift work and circadian disruption: role of disrupted melatonin rhythm in immune regulation. Light stimulation of
the retina signals to the circadian clock, located in the suprachiasmatic nucleus in the hypothalamus. This information about the
length of day and night is passed on to the pineal gland, where melatonin is produced. Melatonin, which is secreted in the dark
with a robust circadian rhythm, has its highest expression levels at night and lowest during the day, regulating the sleep—wake
cycle and the balance between immunosuppressive T;1 cells and proinflammatory Ty 17 cells. Artificial lighting during the night as
experienced by shift workers disrupts this circadian melatonin rhythm.

day-only shift. This study identified impairment of
clock gene expression, showing the upregulation of
positive regulators, such as BMALI, CLOCK, and
NPAS2, and downregulation of negative compo-
nents, such as PER3, CRY1, and CRY?2, in peripheral
blood mononuclear cells.'® Interestingly, CRY2, a
gene involved in regulation of the circadian clock,
is hypermethylated and expressed at lower levels
in MS-affected brains than in controls.!”® How-
ever, whether this epigenetic change associated with
MS may be caused by circadian disruption through
exposure to light at night is not fully understood.
There is evidence of a circadian disruption of
corticosterone and leptin levels, as well as rhyth-
mic disruption in heart rate and blood pressure in
EAE mice.!”!72 Moreover, a recent study showed a
time-of-day circadian variation of EAE induction,
which is dependent on a functional circadian clock
in T cells.'”? Daytime immunization induced a steep
and more severe EAE, with increased demyelination
and increased number of Ty;17 cells compared with
night-time immunization. This difference was no
longer seen in mice lacking CLOCK in T cells. Fur-
thermore, the circadian clock in lymphocytes was
found to control the cyclic variation in cell numbers
in lymph nodes throughout the day. CC-chemokine
receptor 7, one of the main lymph node homing
receptors for lymphocytes, is increased during the
day just before the peak of lymph node cellularity,
while the sphingosine-1-phosphate receptor, which
controls egress of lymphocytes from lymph nodes,

is increased during the night when the cell number
in lymph nodes is low.'”

Another possible mechanism behind the neg-
ative health consequences of shift work is sleep
loss, which might be associated with disturbed
melatonin secretion and shortened sleep. Approxi-
mately 60% of patients with MS report sleep distur-
bances and poor sleep quality.!”*!7> Sleep disorders,
such as circadian rhythm sleep disorder, obstructive
sleep apnea, restless legs syndrome, and periodic
limb movement disorder, are more frequent in MS
patients relative to healthy control subjects, espe-
cially in those who experience severe fatigue.!”®!7”
Interestingly, in a mouse model of MS, sleep frag-
mentation before and after EAE induction led to
a worse disease outcome by promoting leukocyte
infiltration across the BBB and impairing immune
regulation, but termination of sleep fragmentation
improved EAE scores in these mice compared with
mice that had normal sleep pattern.'”® Light expo-
sure at night and sleep deprivation suppress circu-
lating levels of melatonin,'”*!*" a hormone released
by the pineal gland during the dark phase that
plays a critical role in the regulation of circadian
and seasonal rhythms.!®! A role for melatonin in
MS has been suggested by several clinical observa-
tions. Both melatonin levels in saliva and levels of
the melatonin metabolite 6-sulfatoxymelatonin in
urine were significantly lower in MS patients com-
pared with controls, suggesting deregulated produc-
tion of this hormone in individuals with MS.'#>7185
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A recent study by Farez et al. showed that mela-
tonin levels are inversely correlated with MS relapses
in a seasonal pattern: Higher melatonin levels in
autumn and winter corresponded to lower number
of relapses during this time of a year. Using mela-
tonin as a treatment in rodent models of MS yielded
conflicting results. Some studies showed detrimen-
tal effects of melatonin,'**'%” while most demon-
strated beneficial outcomes in EAE.!®-192 The latter
studies reported several mechanisms. Kang et al.
proposed that the melatonin effects in rat EAE were
mediated by reducing inflammatory cell infiltration
into the CNS by suppressing the expression of the
intracellular adhesion molecule 1 (ICAM-1).!%°
Farez et al. demonstrated that melatonin can directly
bind to T cells via melatonin receptor type 1A
and interfere with Ty 17 and IL-10-producing T,1
cell differentiation, thus boosting levels of T, 1 cells
while suppressing the generation of Ty17 cells.'!
However, so far, only one case report of a female
MS patient was published in which melatonin was
used as the only treatment for MS for 4 years, and
the disability status improved by two points from
Expanded Disability Status Scale (EDSS) 8 to EDSS
6.1 Overall, most published reports on sleep and
circadian disruption in MS patients are descriptive
in nature and cannot causally link the disruption to
the pathogenesis. More research is needed to gain
a deeper understanding of the effects of shift work,
sleep, and circadian disruption and their underlying
mechanisms in MS (Fig. 2).

Concluding remarks

MS remains one of the most challenging neuro-
logic diseases to understand and treat. Several new
and emerging risk factors associated with a West-
ernized lifestyle may improve our risk assessment
for MS. Here, we summarized the currently avail-
able evidence for the role of dietary factors, such
as salt, fatty acids, flavonoids, and sleep and circa-
dian disruption, in the immunopathology of MS.
Although more research is needed on the mech-
anisms underlying the impact of lifestyle on MS,
studying the combined lifestyle factors simultane-
ously would help to enhance our understanding of
the multifactorial impact on MS etiology. Further-
more, unbiased, controlled, and prospective ran-
domized trials including large numbers of diverse
patients are needed before personalized lifestyle rec-
ommendations can be given. The advancement of

Matveeva et al.

our knowledge of molecular mechanisms that trig-
ger and drive MS may lead to the development
of individualized dietary and lifestyle interventions
that may control the development, progression, and
clinical course of MS.
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