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Multiple sclerosis (MS) is a neuroinflammatory demyelinating dis-
ease of the central nervous system (CNS) with a high socioeco-
nomic relevance. The pathophysiology of MS, which is both
complex and incompletely understood, is believed to be influ-
enced by various environmental determinants, including diet.
Since the 1990s, a correlation between the consumption of bovine
milk products and MS prevalence has been debated. Here, we
show that C57BL/6 mice immunized with bovine casein developed
severe spinal cord pathology, in particular, demyelination, which
was associated with the deposition of immunoglobulin G. Further-
more, we observed binding of serum from casein-immunized mice
to mouse oligodendrocytes in CNS tissue sections and in culture
where casein-specific antibodies induced complement-dependent
pathology. We subsequently identified myelin-associated glyco-
protein (MAG) as a cross-reactive antigenic target. The results
obtained from the mouse model were complemented by clinical
data showing that serum samples from patients with MS con-
tained significantly higher B cell and antibody reactivity to bovine
casein than those from patients with other neurologic diseases.
This reactivity correlated with the B cell response to a mixture of
CNS antigens and could again be attributed to MAG reactivity.
While we acknowledge disease heterogeneity among individuals
with MS, we believe that consumption of cow’s milk in a subset of
patients with MS who have experienced a previous loss of toler-
ance to bovine casein may aggravate the disease. Our data sug-
gest that patients with antibodies to bovine casein might benefit
from restricting dairy products from their diet.

antibodies | casein | cross-reactivity | multiple sclerosis | myelin-associated
glycoprotein

ultiple sclerosis (MS) is an inflammatory demyelinating

disease of the central nervous system (CNS) in geneti-
cally susceptible individuals. It is a clinically heterogenous dis-
ease, with the classic variants of MS being relapsing-remitting
MS (RRMS) which accounts for the majority of all MS cases,
secondary progressive MS which follows up to 70% of RRMS
cases after 10 y of disease onset, and primary progressive MS
which is the rarer variant (1, 2). Although there is a definite
pathogenic role of inflammation in MS (3, 4), the precise roles
played by the different cell populations remain controversial.
Moreover, another level of complexity is added by the diverse
mechanisms driving the development of the disease not just
between the different subtypes but also between patients within
one type of MS (5, 6). Evidently, the pathophysiology of
MS—which is both complex and incompletely understood—
involves genetic and environmental factors that interact to
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disrupt immunological self-tolerance to components of CNS
myelin (7). Specific patterns in the epidemiology of MS suggest
environmental determinants, including insufficient sun expo-
sure, smoking, and dietary intake (8), play an important role in
disease initiation and modulation. Mounting evidence implies
that food habits and the gut microbiome, in particular, influ-
ence the disease course of MS (9, 10). While the impact of gut
microbiota as a potential triggering factor in MS has been
widely discussed (11-13), how certain dietary factors may be
related to brain autoimmunity remains poorly investigated.

One of the reports as early as in the 1970s suggested milk
consumption as an etiological factor in MS (14). Furthermore,
epidemiological evidence from another study indicated a corre-
lation between cow’s milk consumption and the prevalence of
MS (15). Yet, how milk consumption might trigger autoimmune
responses to CNS antigens and contribute to disease develop-
ment remains obscure. Stefferl et al. (16) have previously
reported sequence homologies between a CNS myelin-specific
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antigen, namely, myelin oligodendrocyte glycoprotein (MOG),
and butyrophilin (BTN), a protein of milk fat. In a follow-up
study, it was further demonstrated that antibodies specific to
the extracellular domain of MOG cross-reacted with bovine
milk protein BTN in a mouse model of MS (17).

In the present study, we provide evidence of how an immune
response against casein—another common protein component
from bovine milk—can aggravate the demyelinating pathology
of MS as a result of sequence homology with myelin-associated
glycoprotein (MAG). Furthermore, our data suggest an anti-
body- and complement-dependent mechanism.

Together, these results identify how consumption of milk and
milk products may exacerbate the autoimmune response in MS.

Results

Mice Immunized with Bovine Casein Show Spinal Cord Pathology in
a Time-Dependent Manner. Mice immunized with bovine casein
were killed at different time points (i.e., day 13, day 20, and day
40) after immunization (n = 6 to 9 in each cohort). Mice that
had been immunized with either o-lactalbumin or
p-lactoglobulin were killed on day 40. Every cohort was
observed daily for the development of any clinical signs like
cramping and hind limb weakness. While none of the mice
immunized with noncasein milk antigens developed any signs
of physical impairment, casein-immunized mice exhibited a
range of symptoms that were broadly grouped under
“weakness” (including grabbing and gait abnormalities and
weakness of the limbs) and “disorientation” (including running
around in circles, moving backward, or hesitant movement). A
more detailed list of the signs and symptoms, the scoring sys-
tem, and the clinical score progression of the different cohorts
of casein-immunized mice are shown in Table 1 and S/
Appendix, Fig. S1.

Subsequently, sections of the lumbar region of the spinal
cord from each mouse of the different cohorts were processed
for electron microscopy (EM) (Fig. 14). Prominent changes
were observed only in those cohorts that had been immunized
with casein (Fig. 1 4 and B). Furthermore, time kinetics studies
of the different casein-immunized cohorts revealed progressive
myelin degeneration characterized by swelling of the myelin
sheaths with the myelin lamellae diverging widely from each
other. In some mice, particularly those killed at day 40, there
was severe detachment of the myelin sheath from its axon, indi-
cating maximum pathology (Fig. 1C).

To focus on cellular infiltrates that could possibly explain the
EM pathology, we subsequently performed hematoxylin and
eosin (H&E) and immunohistochemistry (IHC) staining for
infiltrating Tand B cells on five to eight sections per spinal cord
tissue per mouse of every casein-immunized cohort. However,
despite the identification of sites of demyelination by EM, no
corresponding immune cell clusters or perivascular infiltrates in

the spinal cord of casein-immunized mice at day 40 were
observed (SI Appendix, Fig. S2). These findings indicated that
casein immunization can provoke demyelinating pathology in a
time-dependent manner in the absence of any obvious immune
cell infiltration.

Pathology Is Accompanied by IgG Deposition in Casein-Immunized
Mice. The lack of cellular infiltration spatially associated with
sites of spinal pathology in casein-immunized mice suggested
that the observed pathology was not caused by a direct effect of
inflammatory T or B cells, but, possibly, by an antibody-
mediated mechanism.

Accordingly, we stained spinal cord sections of mice killed at
the three time points after immunization to visualize immuno-
globulin (Ig) deposition. While we observed only minimal
amounts of IgG around the axonal tracts of the spinal cord in
casein-immunized mice killed at earlier time points, there was
evidence of marked IgG deposition in the spinal cord of ani-
mals killed at day 40 (S Appendix, Fig. S34).

To confirm that the pathology observed in casein-immunized
mice was mediated by an antigen-specific Ig, IgHEL mice (n =
6) were similarly immunized with casein and killed 40 d after
immunization. In these mice, B cells express a transgenic B cell
receptor for hen egg lysozyme (HEL) and are therefore unable
to generate Igs of any other specificities (18, 19). Accordingly,
there were no signs of myelin pathology in casein-immunized
IgHEL mice when analyzed by EM compared to casein-
immunized wild-type (WT) mice (P = 0.0022; Mann—Whitney
U test) (SI Appendix, Fig. S3B).

We also determined the casein-specific serum IgG and IgM
titers in both IgHEL and WT mice. IgM was used as additional
control Ig isotype, as the IgHEL mice produce only IgM. In
accordance with the THC data, IgG titers to casein were signifi-
cantly higher in mice killed 40 d after casein immunization than
in mice killed on day 20 (P < 0.0001; Mann-Whitney U test)
(SI Appendix, Fig. S3C). In contrast, we detected no casein-
specific IgG titers in [gHEL mice and no casein-specific IgM
response in the WT or IgHEL mice (SI Appendix, Fig. S3C).

IgG from Casein-Immunized Mice Recognizes Antigens Expressed in
the CNS. The occurrence of high titers of IgG to casein in
casein-immunized mice prompted us to investigate binding of
serum IgG from these mice to CNS tissue. We hypothesized
two possibilities: either direct binding of serum IgG to endoge-
nously expressed mouse casein or cross-reactivity to other anti-
genic structures in the CNS, resulting in spinal cord pathology
observed in mice immunized with bovine casein.

To test the first possibility, we checked the expression of
casein by CNS-resident cells. Although there are five functional
casein genes in the common house mouse (Mus musculus) (20),
we looked only at the expression of CSN1S1, CSN2, and CSN3
(encoding aS1-, p-, and k-casein, respectively), because these

Table 1. Clinical scoring strategy in mice immunized with milk antigens

Score Balance score Orientation score Other signs
0 No problems balancing No signs of spatial disorientation

0.5 Difficulties in grabbing the cage mesh No signs of spatial disorientation

1 Signs of spatial disorientation

1.5 Slipping off the cage mesh

2.0

2.5 Moving around in circles or moving backward

3.0 Falling off the cage mesh Cramping

For the balance test, mice were allowed to walk on their cage mesh while the mesh was gently rotated in a 360° manner. Mice that displayed no signs
of balance problems were able to turn along as the mesh was rotated. Those which slipped, were hesitant with their grabbing, or fell were scored
accordingly. Mice also displayed signs of disorientation, when they were placed on the cage mesh, that ranged from running around in circles to moving
backward. A combination of the disorientation problems and the balance problems was used for the complete scoring of mice.
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Fig. 1. Spinal cord pathology in casein-immunized WT B6 mice is time-dependent. (A) Representative EM images of lumbar regions of the spinal cord of
casein-immunized, o-lactalbumin-immunized, and p-lactoglobulin-immunized WT mice. (Scale bar, 10 pm.) (B) Myelin pathology in the different cohorts of
mice (killed at day 40). (C) Time-dependent exacerbation of demyelination (**P = 0.0045 and **P = 0.0082 for groups day 40 vs. d 20 and day 40 vs. d 13, respec-
tively; one-way ANOVA). Each data point represents the mean + SD for each mouse. Myelin pathology was quantified by counting the number of demyelinat-
ing axons per mouse (from a total of 10 representative images per spinal cord per mouse) as a proportion of the total number of axons. (Scale bar, 10 pm.)
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are expressed in cattle breeds originating from Europe. No
expression of the casein genes was detected at the messenger
RNA level in the mouse CNS under physiological conditions as
shown by endpoint and qPCR (Fig. 24 and SI Appendix, Table
S1, respectively).

As this argued against caseins as an antigenic target, we
investigated the possibility of alternative target(s) for the bind-
ing of serum IgG from casein-immunized mice. As previously
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discussed, IgG titers to casein were significantly higher in mice
killed 40 d versus 13 and 20 d after immunization, which was
also associated with more pronounced spinal cord pathology in
the mice killed at the later time point. We therefore proposed a
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Fig. 2. Serum IgG from bovine casein-immunized mice recognizes MAG expressed by oligodendrocytes. (A) Total RNA was extracted from whole brain
tissue lysate of 8- to 9-wk-old healthy WT B6 mice (n = 3), and RT-PCR was conducted for the detection of casein genes (CSN1S57, CSN2, and CSN3), as well
as an array of CNS-related genes. Lysate from breast tissue was used as positive control for the casein genes. (B) Incubation of serum IgG from casein-
immunized mice on murine spinal cord sections, counterstaining for OLIG2" oligodendrocytes. (Scale bars represent 10 pm.) (C) Colocalization of MAG
and anti-casein sera on spinal cord sections from mice. (Scale bars, 50 pm.) (D) Double staining of the Oli-Neu cell line with an anti-MAG antibody and
purified Ig from casein-immunized WT mice. (Scale bars, 10 pm.) (E) The rmsMAG reactivity of serum samples from casein-immunized mice killed on days
13, 20, and 40 analyzed by ELISA. Mean (+ SD) OD values are shown. ***P < 0.0001. (F) Adsorption analysis of serum from casein-immunized WT mice
with bovine casein. Mean OD =+ SD values for binding to recombinant MAG and casein are shown.
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array of staining patterns. We detected homogenous cytoplas-
mic staining of some cells and a more granular and dotted
staining of others. This range of antigen—antibody binding pat-
terns was, however, only seen with serum from casein-
immunized mice that had been killed at the later time point
(SI Appendix, Fig. S4).

To further characterize these individual patterns, the reactiv-
ity of serum IgG from mice killed at day 40 to murine spinal
cord tissue was analyzed. Although there was a certain degree
of heterogeneity in the staining patterns, serum from three out
of six mice (3/6) bound to oligodendrocyte transcription factor-
2 (OLIG2)™ cells in spinal cord sections. OLIG2 was used as a
marker to screen for oligodendrocytes. In contrast, no reactivity
to glial fibrillary acidic protein (GFAP)* astrocytes was
detected. This binding of serum IgG to OLIG2* cells was our
first line of evidence indicating a “cross-reactive response” to
oligodendrocytes (identified as OLIG2* cells) in at least half of
the casein-immunized mice that were killed at a later time point
(Fig. 2B).

In order to identify a specific cross-reacting antigen on oligo-
dendrocytes, we costained murine spinal cord with MAG.
MAG was selected as a potential cross-reactive target because
of the shared sequence homologies between bovine aS1-casein,
B-casein, k-casein, and mouse MAG. Regions of amino acid
sequence homologies between mouse MAG and the different
bovine caseins are detailed in SI Appendix, Table S2. Accord-
ingly, as shown in Fig. 2C, a colocalization of the transmem-
brane protein MAG and sera from casein-immunized mice was
observed.

To further underscore the binding of anti-casein IgG to oligo-
dendrocytes on a cellular level, specifically, to its cross-reactive
antigen MAG, purified Ig from pooled serum of an additional
cohort of casein-immunized mice (r = 10) killed on day 60 was
tested on Oli-Neu cells, a murine oligodendroglial precursor cell
line (21). Oli-Neu cells were cultured for 48 h in the presence of
PD174265, which is a selective inhibitor of epidermal growth fac-
tor receptor that has been shown as a differentiating agent in
these cells (22). When incubated with anti-MAG antibody and
purified Ig from casein-immunized mice, differentiated Oli-Neu
cells revealed a staining colocalization as shown in Fig. 2D.

Following these sets of observations, we tested the reactivity
of casein-specific serum samples to recombinant mouse
(rms)MAG. Similar to the increasing trend of IgG titers to
bovine casein, we observed that the titers to rmsMAG also
increased over the time course of the casein immunization,
from lower titers at day 13 to high titers in mice killed at the
later time point, that is, 40 d after immunization (Fig. 2F).

In a last set of experiments to confirm cross-reactivity of
casein-specific antibodies with MAG, we adsorbed sera from
casein-immunized mice killed after 40 d to bovine casein and
measured the degree of IgG binding (using an enzyme-linked
immunosorbent assay [ELISA]) when the sera were exposed to
casein and rmsMAG before and after adsorption. Casein-
adsorbed serum presented significantly reduced optical density
(OD) values to both casein (P < 0.0001; paired ¢ test) and
MAG (P < 0.0001; paired ¢ test) (Fig. 2F).

Casein-Specific Antibodies Are Cytotoxic to Oligodendrocytes and
Cause Morphological Changes in the Presence of Complement.
Having identified that spinal cord pathology in casein-
immunized mice was accompanied by IgG deposition and
serum from these mice cross-reacted with myelin antigens, we
further explored the mechanism by which these antibodies can
mediate damage. Antibody-induced pathology can depend on a
number of mechanisms, including activation of the complement
system. Accordingly, we tested the pathogenicity of IgG from
mice immunized with casein on differentiated Oli-Neu cells in
the presence and absence of 1% rat serum as the source of

Chunder et al.
Antibody cross-reactivity between casein and myelin-associated glycoprotein
results in central nervous system demyelination

complement. A lactate dehydrogenase assay was performed on
the supernatant of differentiated Oli-Neu cells in the presence
of IgG purified from casein-immunized mice to determine the
cellular toxicity levels to oligodendrocytes. As shown in SI
Appendix, Fig. S5A, casein-specific IgG in the presence of 1%
rat serum was significantly more cytotoxic to Oli-Neu cells com-
pared to serum only (P = 0.0052; one-way ANOVA) or the
combination of random IgG and serum (P = 0.02; one-way
ANOVA). Furthermore, to show whether casein antibody-
mediated complement-dependent oligodendrocyte cell death
followed an apoptotic pathway, we conducted a flow cytometric
staining of cells treated with anti-casein IgG and 1% rat serum
using annexin V and propidium iodide. Results, as shown in S/
Appendix, Fig. S5B, indicate that Oli-Neu cells underwent apo-
ptosis as a mechanism of cell death in the presence of comple-
ment and casein-specific IgG.

Additionally, immunocytochemistry (ICC) done on PLP*
differentiated Oli-Neu cells (also positive for MAG) in the
presence of casein IgG and 1% rat serum revealed morphologi-
cal changes, including fewer and shorter branchings of the oli-
godendroglial processes as well as cytoplasmic shrinkage. Cells
that were treated with a combination of rat serum and a ran-
dom anti-mouse IgG did not show any difference in their mor-
phology when compared to medium-only control (SI Appendix,
Fig. S5C). Quantitative analysis of the ratio between cell cyto-
plasm and nucleus demonstrated that there was a significant
amount of cytoplasm shrinkage (P = 0.0082; unpaired ¢ test) in
oligodendrocytes treated with purified casein IgG and comple-
ment (S Appendix, Fig. S5C). Together, the data demonstrate
that IgG purified from casein-immunized mice that binds oligo-
dendrocytes (shown in Fig. 2D) in the presence of complement
not only is cytotoxic to the cells but also causes observable
changes to the cell morphology.

We also repeated the experiments using primary oligoden-
drocyte precursor cells (OPCs) which were first checked for
their differentiation into oligodendrocytes using neural/glial
antigen 2 (NG2) and MOG as maturation markers on culture
days 1, 6, and 14 (SI Appendix, Fig. S6A4). OPCs that were in
culture with platelet-derived growth factor (PDGF)-AA and
fibroblast growth factor (FGF)-2 for 1 or 6 d revealed a signifi-
cantly higher expression of NG2 compared to day 14 (P =
0.0065 for day 1 vs. d 6 and P = 0.0021 for day 6 vs. 14; unpaired
t test) with an opposite effect observed for MOG comparing
days 1 and 6 (P < 0.0001; unpaired ¢ test). Additionally, OPCs
were treated either with casein- or MOG-specific IgG and 1%
rat serum, with casein-specific IgG alone, or with 1% serum
alone for 24 h on culture day 1 vs. 14. NG2 staining of these dif-
ferently treated cells revealed morphological changes between
the conditions as shown in SI Appendix, Fig. S6B. The data indi-
cate that casein-specific IgG preferentially affects mature oligo-
dendrocytes in a complement-dependent manner.

In addition to our in vitro cell culture experiments, we immu-
nized a new cohort of WT B6 mice with casein (n = 12). For
transient depletion of complement, half of these mice received
a single injection of cobra venom factor (CVF) on day 10 after
casein immunization. A control group (n = 6) received
phosphate-buffered saline (PBS) only. On day 6 following
treatment with CVF or PBS, mice were killed, and the lumbar
regions of their spinal cords were analyzed by EM for demye-
lination and axonal damage. CVF-injected mice showed less
spinal cord pathology, characterized by a trend toward fewer
numbers of demyelinated axons and significantly less axonal
pathology compared to PBS-injected mice (SI Appendix, Fig.
S7). The results highlight the involvement of the complement
cascade in casein-immunized mice. Taken together, our results
provide evidence of a pathogenic role for the humoral arm of a
casein-specific immune response generated in the WT mice.
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Antibody Repertoire Analysis Confirms Cross-Reactivity between
Casein- and MAG-Specific Antibodies. As another approach to
investigate the B cell response against casein and cross-
reactivity to MAG, an additional group of mice was immunized
twice with casein (n = 4), and a control group was immunized
twice with HEL (n = 3). Plasmablasts were sorted by flow
cytometry 10 d after the second immunization, and the single-
cell antibody repertoire was sequenced. Plasmablast counts did
not differ significantly between the groups (casein: mean [SD]
0.17% [0.04%]; HEL: mean [SD] 0.24% [0.05%]). Repertoire
analysis, however, revealed that casein potently induced class
switching to IgG, whereas HEL generated an IgA-dominated B
cell response (Fig. 3 A and B; and SI Appendix, Fig. S84). Clon-
ality and mutation counts were elevated in the respective domi-
nant Ig classes (Fig. 3 C—F and SI Appendix, Fig. S8B). The rep-
ertoire in the casein group was skewed toward the preferential
use of a few heavy chain (HC) V genes (IGHV), most signifi-
cantly IGHV9-3 and IGHVS-8 (SI Appendix, Fig. S8C).

To identify anti-casein antibodies that might cross-react
with  MAG, we aligned all HC and light chain (LC)
complementarity-determining regions 3 (CDR3), and then
identified clusters that contained sequences from casein-
immunized but not from HEL-immunized or nonimmunized
mice (Fig. 3G and SI Appendix, Fig. S8D). A total of 17 repre-
sentative antibody sequences from 14 casein clusters were
selected and expressed as recombinant monoclonal antibodies
(mAbs) (Fig. 3 G, i—iv). Three of the 17 expressed mAbs bound
strongly to casein (Fig. 3H) and two of those showed significant
cross-reactivity to recombinant human MAG (rhuMAG) (Fig.
3I). The cross-reactive antibodies originated in several mice,
indicating that casein/MAG cross-reactivity might be a com-
monly occurring phenomenon. The antibodies shared the same
HC with high similarity in all three CDR regions, indicative of
binding to the same epitope (SI Appendix, Fig. S8E). The LCs
were substantially different (SI Appendix, Fig. S8F), suggesting
that specificity was mostly determined by the HC.

Patients with MS Harbor Bovine Casein-Specific Antibodies and B
Cells. To translate our findings to humans, we investigated
whether patients with MS have a high titer of antibodies to
bovine casein. We selected a group of 39 patients with MS and
23 patients with other neurological diseases (ONDs) to test for
their serum IgG reactivity to casein (Table 2 and SI Appendix,
Tables S3 and S4). Mean IgG titers to casein in patients with
MS were significantly higher than in patients with ONDs (P =
0.032; Mann-Whitney U test) (Fig. 44).

To confirm the specificity of serum IgG to casein in patients
with MS, we performed an adsorption assay using a selected
number of serum samples (n = 10) and tested the IgG titers
before and after adsorption on bovine casein. Although our
selected cohort of MS serum samples had varying IgG titers to
casein before adsorption, an ELISA showed that all sera had
minimal baseline reactivity to casein after adsorption (P =
0.0008; paired ¢ test) (Fig. 4B). This indicated that a subset of
patients with MS harbor casein-specific antibodies. To provide
evidence of cross-reactivity of anti-casein antibodies with MAG
in patients with MS, we used the bovine casein-adsorbed serum
samples (n = 10) and tested their reactivity to rhuMAG by
ELISA before and after adsorption. In general, all patients
with MS from our selected cohort displayed low levels of
humoral immunity to MAG in comparison with casein.
Although the serum samples showed inconsistent results, an
overall significant decrease was observed in OD values (corre-
sponding to the IgG titers) after adsorption with bovine casein
(P = 0.0142; paired ¢ test).

To further complement our data, we tested the CNS- and
casein-specific B cell response in patients with MS (n = 45) and
those with ONDs (n = 35) (Table 2 and SI Appendix, Tables S3
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and S4) by performing B cell enzyme-linked immunosorbent
spot (ELISPOT) assays. Polyclonally stimulated peripheral
blood mononuclear cells (PBMCs) from patients were seeded
onto ELISPOT assay plates in which B cells producing antibod-
ies to CNS antigens and bovine casein could be detected. While
the number of casein-specific B cell spots/patient was similar in
the two patient groups, the number of patients positive for
casein-specific B cells was higher in the MS (19/45; 42%) than
in the OND group (10/35; 28%) (P = 0.0379; x* test). In addi-
tion, a Pearson’s correlation coefficient of r = 0.605 (P <
0.0001) was obtained when the numbers of CNS- and casein-
specific B cell spots were plotted against each other for the
patients in the MS group (Fig. 4C). Taken together, these find-
ings corroborated the link between casein- and MAG-specific
antibodies and MS.

Discussion

Alterations of the immune repertoire by environmental and
dietary factors have been implicated in the etiology of several
diseases with an underlying autoimmune component, including
autoimmune uveitis and type I diabetes (10, 23-26). In this
study, we propose that an immune response to casein from
bovine milk can contribute to the pathology of MS.

The allergenicity and antigenicity of bovine casein has been
well documented in different reports (23, 27-29). While oral toler-
ance to casein may be the default response following gastrointesti-
nal exposure to bovine milk, a breakdown of this tolerance in MS
patients can be initiated by disturbance in antigen uptake and pre-
sentation of the antigenic epitopes in individuals with a genetic
predisposition (30, 31). The exact mechanisms by which oral toler-
ance is broken are not well understood. However, exposure early
in life to opioid peptides from casein, which are a major compo-
nent of bovine milk (27), could act as a destabilizer for oral toler-
ance (32, 33). In general, milk proteins are suspected of having
the potential to trigger autoimmune responses (16, 34), with
humans being the only species that consumes milk products from
other species through adulthood.

We speculate that, once tolerance to an otherwise harmless
food antigen like casein is broken, it might exacerbate ongoing
autoimmunity like in MS, as a result of cross-reactivity to self-
antigens (17). In the present study, we have identified MAG as
a potential cross-reactive self-antigen, an important myelin
component localized in the periaxonal membrane of the CNS
and peripheral nervous system (PNS) myelin sheaths. Despite
the wider distribution of MAG in Schwann cell membranes
than in oligodendroglial membranes, the total amount of MAG
in the CNS is much greater than in the PNS (35). This would
be an argument for why consumption of bovine milk could spe-
cifically aggravate CNS myelin pathology in the event where
antibodies against bovine casein cross-react with human MAG.
Nonetheless, pathophysiological consequences of drinking milk
by MS patients are difficult to predict, as they will be influenced
by multiple factors, including an individual’s immunological
repertoire as well as the health state of the gastrointestinal tract
(16). However, it may also be interesting to note that, while
one of the patterns of demyelination (pattern II) in MS lesions
is characterized by antibody and complement deposition, a sec-
ond type of pattern, pattern III, can be described by its prefer-
ential loss of MAG (36). In our cohort of casein-immunized
mice, we have demonstrated that antibodies to casein cross-
react with MAG and that the pathology is complement-depen-
dent. One could speculate whether, in MS patients with a loss
of tolerance to milk antigens, there is anti-casein antibody-
mediated loss of MAG within the lesion.

Our current study has focused on immunization experiments in
B6 mice. Typically, in mice susceptible to developing experimental
autoimmune encephalomyelitis, immunization with complete
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Fig. 3. B cell repertoire analysis and identification of casein/MAG cross-reactive antibodies. (A-F) Repertoire analyses, for the groups of casein-
immunized (n = 4) and HEL-immunized (n = 3) mice, and the control mouse (n = 1). Number of (A) IgG and (B) IgA sequences, represented as percentage
of all antibody sequences; *P < 0.05; Student’s t test. Clonality of (C) IgG and (D) IgA sequences; **P < 0.005; unpaired t test. (A-D) Bar and whiskers rep-
resent mean + SD for each group; each data point represents mean of all respective sequences from one mouse. (E and F) HC and LC V-gene mutation
counts in (E) IgG-expressing and (F) IgA-expressing B cells. Mean + SD are shown for all sequences of all mice in each group; *P < 0.05, **P < 0.005;
unpaired t test. (G) Visualization of clustering of HC and LC CDR3 sequences of all IgG and IgA. Blue tones represent antibody sequences from casein-
immunized mice, red represent antibody sequences from HEL-immunized mice, and gray represent antibody sequences from control mouse. Circles indi-
cate the clusters that were selected for mAb expression. (i—iv) Magnifications of (i) the largest cluster, and (ii-iv) the clusters containing casein-binding
antibodies (ii, cluster containing C3_CL661; jii, cluster containing C2_315; iv, cluster containing C1_CL409). (H and /) ELISA data of the three highly reactive
mADbs reacting to (H) casein and (/) MAG. Mean + SD of triplicate measurements are shown from one representative of three independent experiments;
**P < 0.005; unpaired t test.
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Table 2. Demographics and disease characteristics of patients

Characteristic

Patients with ONDs Patients with MS

Total, n

ELISA

ELISPOT

Female sex, %

Age, median (range), y

Time since diagnosis, median (range), y
EDSS score (range)

Consumption of milk,” median (range), m/d
Consumption of cream,” median (range), g/d
Consumption of cheese,” median (range), g/d
ELISPOT casein responders, %"

ELISA OD value > 1.0, %"

35 45

23 39

35 45

60 67.5

56 (24-88) 48 (20-70)
NA 11 (0.75-33)
NA 2.5 (1-5.5)
42.85 (0-400) 53.35 (0-1,000)
0 (0-35) 0 (0-28)
14.28 (0-100) 14.28 (0-71)
28 42

21.7 41.02

EDSS, expanded disability status scale; NA, not applicable.
*Data for 35 patients with ONDs and 39 patients with MS.

"The table indicates values for the ELISA and ELISPOT assays that were both directed against bovine casein.

Freund’s adjuvant (CFA) emulsified with different myelin anti-
gens along with pertussis toxin (PTx) overcomes the tolerant/aner-
gic state and induces an inflammatory response in the CNS
(37-39). Here we immunized B6 mice with antigens from bovine
milk and CFA and Ptx to potentiate a milk antigen-specific proin-
flammatory/humoral immune response. Serum IgG from mice
that were immunized specifically with casein presented a diverse
and unique range of immunohistological staining patterns when
incubated on murine spinal cord sections or human brain sections.
This heterogeneity of response can be explained by the nature of
immunization where the immunizing antigens include all casein
types (a-, B-, k-casein), the hydrolyzed products of casein and par-
tially dephosphorylated casein. Because of the complexity of the
casein proteins/immunizing antigens, differences in antigen proc-
essing and presentation between individual mice could essentially
lead to the release of multiple and dissimilar epitopes (40-42).
This immune response to one or multiple casein proteins or their
hydrolyzed products could induce cross-reactive antibodies to
more than one epitope or candidate antigen. While further analy-
sis needs to be done to carefully dissect this diverse response to
casein, these observations can be translated to the human disease
itself, where patients who were seropositive for casein but negative
for titers to MAG could potentially have higher titers to other
casein cross-reactive myelin or neuronal antigens.

To summarize, we hypothesize that, in the event of ongoing
CNS inflammation, there is a loss of tolerance to the group of
milk protein casein(s), one or several of which share sequence
similarities with CNS antigens such as MAG, resulting in antibody
cross-reactivity between the two. While there is also an epidemio-
logical correlation involving milk consumption and the prevalence
of MS (14, 15, 43), whether this is related to the cross-reactivity
between casein and MAG remains a matter of speculation. We
acknowledge that, in addition to the experiments performed, fur-
ther studies need to be conducted, including isolation of casein-
specific antibodies from MS patients with high seropositivity to
bovine casein, to provide stronger evidence that anti-casein anti-
bodies cross-react with MAG. Nevertheless, our observations call
for the need to consider personalized dietary restrictions in the
treatment of individual patients with MS.

Materials and Methods

Mice and Immunizations. Eight-week-old female WT B6 mice (Charles River)
were kept in specific pathogen-free conditions at the animal facility of the
Franz-Penzoldt-Zentrum, Erlangen, Germany (approval by the Regierung von
Unterfranken, RUF-55.2.2-2532-2-575-5). All animal experiments complied
with the German Law on the Protection of Animals, the “Principles of labora-
tory animal care” (44) and the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines (45). For immunization, incomplete Freund’s adjuvant
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(IFA) was prepared by mixing paraffin oil and mannide monooleate (both
Sigma Aldrich) in a 9:1 ratio. CFA was subsequently obtained by adding 5 mg/
mL Mycobacterium tuberculosis H37 Ra (Difco) to IFA. A total of six cohorts of
B6 mice (n = 6 to 10 per cohort) were immunized subcutaneously in both sides
of the flank with casein solution from bovine milk (Sigma Aldrich) emulsified
(1:1) in CFA, resulting in a total injection of 200 ug of antigen per mouse. Addi-
tionally, 200 ng PTx (List Biological Laboratories) was injected intraperitone-
ally on the day of immunization and 48 h later. One cohort each of casein-
immunized mice was killed at day 13 or day 20, three cohorts were killed at
day 40, and the last cohort was killed at day 60.

The three control groups comprised nonimmunized mice or mice immu-
nized with p-lactoglobulin (n = 5) (Sigma Aldrich) or o-lactalbumin (n = 4)
from bovine milk (Sigma Aldrich). The same protocol and amount of protein
(i.e., 200 pg antigen per mouse) was used as for casein immunization.

Additionally, another cohort of casein-immunized (n = 18) WT B6 was used
for complement depletion studies. A summary of the different cohorts of
mice and the respective immunizations are mentioned in S/ Appendix, Table
S5. A clinical scoring system was developed to check the mice of the different
cohorts for any signs of weakness or disability, as shown in Table 1.

IgHEL Mice. IgHEL mice carry the IghelMD4 transgene, that is, Igkc (x chain
constant region) and rearranged Ighm (IgM) and Ighd (IgD) HC specific for
HEL, integrated at chromosome 17. Over 90% of splenic B cells derived from
the transgene are specific for HEL and predominantly express IgM; therefore,
these mice are unable to generate Igs of any other specificities (18, 19). All
mice were bred in specific pathogen-free conditions at the central animal
facility of the University Clinic of Bonn, Bonn, Germany, and were used at 8 to
12 wk of age. All animal experiments were approved by a government ethics
board of the German state of North Rhine-Westphalia, with approval from
the Bezirksregierung Koln of the German state of North Rhine-Westphalia
(File # 8.87-50.10.31.09.027) and were performed in strict accordance with the
recommendations of the Federation of Laboratory Animal Science Associa-
tions. To confirm that the pathology observed in casein-immunized WT mice
was lgG-mediated, IgHEL mice (n = 6) were immunized with bovine casein as
above and killed 40 d later. Spinal cords from casein-immunized IgHEL mice
were examined by EM.

Electron Microscopic Assessment. Tissue preparation and subsequent EM
analysis of the spinal cord were performed as previously described (46).
Briefly, immunized mice and controls were killed by CO, asphyxiation and
perfused with 4% paraformaldehyde (PFA) (wt/vol) in PBS. The lumbar
region of the spinal cord was removed from the vertebral canal and post-
fixed overnight at 4°C in 4% glutaraldehyde/4% PFA/0.2% picric acid in
phosphate buffer/cacodylate buffer. Following fixation, the specimens
were rinsed in PBS and postfixed in 1% (vol/vol) osmium tetroxide and
1.5% (vol/vol) potassium ferricyanide at 4 °C. The tissues were rinsed again
in PBS and dehydrated through an ascending ethanol series. The samples
were infused with an ethanol/acetone mixture, pure acetone, an acetone/
Epon 812 substitute mixture, and pure Epon 812 substitute (Carl Roth).
After addition of 2% (vol/vol) 2,4,6-Tris(dimethylaminomethyl)phenol
(Carl Roth) to the final volume of the Epon 812 substitute, tissue specimens
were placed in resin-filled BEEM® capsules and polymerized at 60°C and
80°C. Single ultrathin sections were cut, mounted on single Pioloform-
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coated copper slot grids (Plano), and stained with lead citrate and uranyl
acetate. Ultrathin sections of 50 nm were examined with a Zeiss 906 elec-

IHC. Immunized and control mice were killed by CO, asphyxiation and transcar-
dially perfused with 4% PFA (wt/vol) in PBS. For histological analysis and IHC,

tron microscope (Carl Zeiss). Ten images were acquired per mouse, and the
percentage of nerve fibers showing myelin pathology was quantified
using ImageJ according to previously published criteria (47). Analysis was
performed blinded.
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spinal cord tissue from the lumbar region was carefully dissected out and fixed
overnight in 4% (wt/vol) PFA, following which it was processed according to
standard protocols for paraffin embedding. Paraffin-embedded spinal cord sec-
tions were cut to 5-um thickness using a semiautomated microtome (Leica),
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rehydrated in a descending series of ethanol solutions, and stained with H&E
according to standard histologic protocols. For IHC, heat-induced antigen
retrieval of murine spinal cords was performed in 10 mM sodium citrate buffer
(pH 6.0). For all IHC stainings, a technical negative control was included where
the tissue section was incubated with secondary antibody only.

Staining for 1gG Deposition. To confirm the deposition of IgG, sections of spi-
nal cord tissues from immunized WT and IgHEL mice were blocked in 5% nor-
mal goat serum (vol/vol) in Tris-buffered saline (TBS) with 0.05% (wt/vol)
Tween 20 (TBS-T) for 1 h at room temperature and then incubated with either
a fluorescein isothiocyanate-conjugated goat anti-mouse IgG F(ab’)2 antibody
(Invitrogen) or biotinylated goat anti-mouse Igs (Agilent Dako) (dilution
1:1,000) in 0.5% (vol/vol) blocking buffer for 2 h to 3 h at room temperature.
Sections incubated with goat anti-mouse Igs (biotin) were developed using
streptavidin conjugated with Alexa Fluor 647 (Invitrogen).

Mouse ELISA for Bovine Casein and Recombinant MAG. ELISA Microlon
medium binding plates (Greiner Bio-One) were coated overnight at 4 °C with
casein solution from bovine milk (Sigma Aldrich) or rmsMAG (Sino Biological)
in PBS. The concentration of the coating antigens was optimized at 10 pg/mL.
Plates were blocked with 10% (vol/vol) fetal bovine serum (FBS) (BD Bioscien-
ces) in 0.05% (wt/vol) Tween 20 in PBS (PBS-T). Serum samples were diluted in
0.5% FBS in PBS-T, and secondary antibodies were diluted in PBS-T. Biotiny-
lated goat anti-mouse IgG (Abcam) or biotinylated mouse anti-mouse IgM
(BD Biosciences) served as the secondary antibody at dilutions of 1:10,000 and
1:1,000, respectively. For development, plates were incubated with
streptavidin-alkaline phosphatase (ALP) (Mabtech) diluted in PBS-T for 2
h before paranitrophenyl phosphate (pNPP) ELISA substrate (Mabtech) was
applied. The OD in the wells was read at 405 nm on an MRXII microplate
reader (Dynex Technologies) with Dynex Revelation software (version 4.22).

RNA Extraction, PCR, and qPCR for Casein Gene Expression in Mice. Total
RNA was isolated from unfixed snap-frozen homogenized murine tissues
(brain and breast, where breast tissue was used as a positive control for the
detection of casein genes) from n = 3 nonimmunized WT B6 mice using TRIzol
reagent (Invitrogen). The lysate was incubated in chloroform (Sigma Aldrich)
at room temperature and centrifuged at 4 °C. The aqueous phase was precipi-
tated by isopropanol (Sigma Aldrich) at room temperature; 75% (vol/vol) eth-
anol was added to the RNA pellet, mixed well, and centrifuged. The pellet
was dried, resuspended in diethylpyrocarbonate-treated water (Invitrogen),
and incubated in a heat block at 57 °C, before quantification using a photom-
eter. The RNA was reverse transcribed to complementary DNA (cDNA) using
the High-capacity cDNA Reverse Transcription Kit (Applied Biosystems) accord-
ing to the manufacturer’s instructions. The cDNA was used as a template for
subsequent endpoint and qPCR analysis. f-actin was used as a loading control
and housekeeping gene control for the endpoint and qPCRs, respectively. The
gPCR runs included a no-template control for every primer set, and data were
analyzed using the AAcycle threshold method. A list for the primer pairs used
for the different types of PCR is provided in S/ Appendix, Table S6.

Detection of Casein-Specific Serum Reactivity to Mouse CNS Tissue. A Mouse-
on-Mouse (MOM) Immunodetection Kit (Vector Laboratories) was used to
identify antigen-antibody binding patterns on mouse spinal cord tissue using
sera from casein-immunized mice. Briefly, antigen retrieval was performed as
described above, following which mouse spinal cord sections were treated as
per the instructions in the MOM kit. Dilutions of serum from immunized mice
were used as the primary antibody. For fluorescence detection, streptavidin
conjugated with Alexa Fluor 647 (Invitrogen) was used following incubation
with MOM biotinylated anti-mouse IgG reagent.

To confirm binding of serum IgG to specific cell populations, costaining
was performed using either anti-GFAP or anti-OLIG2 antibodies (both Abcam),
which recognize astrocytes and oligodendrocytes, respectively. Additionally, a
MAG antibody (Abcam) was used to confirm colocalization of serum IgG and
its cross-reactive antigen, MAG, on oligodendrocytes. Following use of the
MOM kit, spinal cord sections were incubated with either anti-GFAP, anti-
OLIG2, or anti-MAG antibodies in TBS-T. Donkey anti-chicken Cy2 or donkey
anti-rabbit Cy3 (both Jackson ImmunoResearch) were used as the correspond-
ing secondary antibodies for the detection of GFAP or OLIG2 and MAG,
respectively. All sections were counterstained with DAPI (Sigma Aldrich).
Images were acquired using a Leica DM6 B fluorescence microscope equipped
with Las X software (Leica), a Nikon D-Eclipse C1 confocal microscope, or a
Leica DMi8 inverted microscope (Thunder Imager, Leica).

Cell Line and ICC. To further confirm the cross-reactive antigen that might be
responsible for the binding of anti-casein 1gG to oligodendrocytes, purified Ig
from serum samples of mice killed at day 60 (n = 10) was tested on cultured

10 of 12 | PNAS
https://doi.org/10.1073/pnas.2117034119

Oli-Neu cells. Ig from casein-immunized mice was purified using a commer-
cially available mouse antibody purification kit (Abcam) following the manu-
facturer’s protocol. The oligodendroglial precursor cell line Oli-Neu, derived
from mouse brain (20), was cultured and maintained at 37 °C and 5% CO,.

For immunocytochemical staining, Oli-Neu cells were seeded at a density
of 25,000 cells on poly-L-ornithine (Sigma Aldrich)-coated coverslips and cul-
tured at 37°C, 5% CO,. Cell culturing was done in Bottenstein-Sato medium
supplemented with 2% horse serum (ThermoFisher), 5 pg/mL insulin (Sigma),
1% penicillin/streptomycin (ThermoFisher), 1% N2 supplement (Thermo-
Fisher), 5 ng/mL sodium selenite (Sigma $-9133), 25 pg/mL gentamicin (Sigma),
400 nM T3 (Sigma), and 520 nM T4 (Sigma) in Dulbecco's Modified Eagle
Medium (GlutaMAX) (Thermo Fisher). After 48 h in culture, they were treated
with 1 uM of PD174265 (Abcam) for their differentiation and arborization
into oligodendrocytes (22). Cells were fixed with 4% (wt/vol) PFA and blocked
with 10% (vol/vol) bovine serum albumin (BSA) in PBS. For double staining,
the fixed cells were sequentially incubated with 40 ug/mL of IgG purified from
casein-immunized mice (killed at day 60), followed by rabbit anti-MAG anti-
body (Abcam). Alexa Fluor 488-conjugated goat anti-mouse IgG (Abcam) and
donkey anti-rabbit Cy3 (Jackson ImmunoResearch) were used as the corre-
sponding secondary antibodies for the purified mouse IgG and anti-MAG anti-
body, respectively. After washing, cells were counterstained with DAPI (Sigma
Aldrich). Immunofluorescent images were acquired using a Leica DMi8
inverted microscope (Thunder Imager, Leica). Images at a higher magnifica-
tion were taken using a Nikon A1R laser scanning confocal microscope
(Nikon).

Adsorption Assay. For casein adsorption experiments, 20 L to 30 uL of mouse
serum or 100 uL of human serum was incubated overnight with 0.3 mg or 1
mg of powdered casein from bovine milk (Sigma Aldrich) in 150 uL or 500 pL
of PBS, respectively, at 4 °C. Casein and bound Igs were pelleted by centrifuga-
tion, and the resulting supernatant was tested for residual titers to casein
from bovine milk by ELISA.

Plasmablast Sort and Repertoire Sequencing. For plasmablast sort and B cell
receptor repertoire sequencing, an additional cohort of mice was immunized
with either casein (n = 4) or HEL (n = 3, control group). Immunizations were
performed on day 0 and day 21, as described above, and mice were killed on
day 31. One control mouse remained nonimmunized. Splenocytes, blood, and
lymph node cells were singularized by mechanic disruption and stained with
antibodies against CD19 (BD Biosciences), B220 (ebioscience), CD38 (Miltenyi
Biotec), CD138, CD27, MHCII, CXCR4, IgA, IgM (BioLegend), and Sytox Green
(ThermoScientific). The Sytox~ CD19* B220°% CD38" CD138* CXCR4*
MHCII* population was sorted on a FACSAria Il sorter (BD Biosciences) (48).
Two thousand sorted cells per sample were used for preparing single-cell
immune profiling libraries with 5'-transcription (10x Genomics), yielding 712
to 995 cells per sample, of which 463 to 622 passed filter thresholds. Variable
sequences were aligned to the International ImMunoGeneTics (IMGT) data-
base (https://www.imgt.org) using IMGT/HighV-QUEST (49). Data were ana-
lyzed with Loupe V(D)J Browser (10x Genomics) as well as R, version 3.6.1 (50),
and GraphPad Prism, version 8.4. Clonality was defined as usage of the same
HC and LC V and J genes as well as 70% overlap in CDR3 regions (Levenshtein
distance). Mutation load is the summed HC and LC V-gene mutation load, as
assessed by IMGT. For clustering of CDR3 regions, full-length sequences of HC
and LC CDR3 were concatenated with a 10-amino acid spacer between the two
regions, and clustered with Cluster Database at High Identity with Tolerance
(CD-HIT) using a 90% identity cutoff (51). Visualization of clusters was done in
R version 3.6.1 using the iGraph package. Antibodies for recombinant expres-
sion were selected on the basis of being a representative sequence of a cluster
consisting of sequences from casein-immunized mice but not from HEL-
immunized mice or the control mouse. HC and LC variable sequences were
cloned into pFUSEss-CHIg-hG1 and pFUSE2ss-CLIg-hK/hL2 vectors (Invivogen),
respectively, expressed in HEK293 cells, and purified with protein A according
to standard protocols. Phylogenetic analysis was performed as previously
described (52). Briefly, individual sequences were binned according to their HC
usage, then concatenated and aligned with multiple sequence alignment
(MUSCLE) (53). They were clustered using maximume-likelihood clustering in
PhyML (54). All individual phylogenetic trees were arranged by their HC
V-gene families, generating the displayed phylogenetic trees. Trees were visu-
alized with iTol (55). The CDR alignment visualization was generated with
Geneious Prime, version 2020.1.2 (Biomatters).

Patient Serum ELISA. Using ELISA, sera from 39 patients with MS and 23
patients with ONDs (as control) were tested for their IgG reactivity to casein.
The research protocol was approved by the Ethics Committee of the University
of Erlangen-Nurnberg, Germany (file 185_18B). The study used pseudonymized
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data, and informed written consent was obtained from all patients. To investi-
gate cross-reactivity of anti-casein antibodies with MAG in patients with MS, a
subset of serum samples (n = 10) was tested for their reactivity to rhuMAG
before and after adsorption with bovine casein.

ELISA Microlon medium binding plates (Greiner Bio-One) were coated
overnight at 4 °C with 10 pg/mL casein from bovine milk (Sigma Aldrich) or 10
pg/mL rhuMAG (Sino Biological) in PBS. Plates were blocked with 10% FBS in
PBS-T (Carl Roth). Patient serum samples were diluted in 0.5% (vol/vol) FBS in
PBS-T, and secondary antibodies were diluted in PBS-T. All patient sera were
plated in triplicate at 1:100 dilution for both casein- and rhuMAG-coated
plates. Biotinylated anti-human IgG (Mabtech) diluted in PBS-T at a concentra-
tion of 0.1 pg/mL served as the secondary antibody. For development, plates
were first incubated with streptavidin—ALP (Mabtech) diluted in PBS-T before
pNPP substrate (Mabtech) was applied. The OD in the wells was read at 450
nm on a MRXII microplate reader (Dynex Technologies) with Dynex Revelation
software (version 4.22). To measure the reactivity of recombinant monoclonal
antibodies against bovine casein and rhuMAG, the same protocol was fol-
lowed, with the modification that the primary antibodies were diluted at a
concentration of 5 pg/mL.

Patient Sample ELISPOT. PBMCs from 45 patients with MS and 35 patients
with ONDs were tested by ELISPOT assay. The research protocol was approved
by the Ethics Committee of the University of Erlangen-Nirnberg, Germany
(files 185_18B and 74_18B). The study used pseudonymized data, and
informed written consent was obtained from all patients. The protocol for
this assay has been previously described by our group (56). Briefly, PBMCs
were isolated from patients’ blood by Biocoll (Merck) density gradient centri-
fugation. For polyclonal stimulation of B cells, PBMCs were cultured for 6 d
before the ELISPOT assay at a concentration of 3 x 10° cells/mL in complete
Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 2.5
pg/mL R-848 (Enzo Life Sciences), 15 ng/mL interleukin-2 (Peprotech), and 1
pM  mercaptoethanol (Sigma Aldrich). Ninety-six-well ELISPOT plates
(Merck) were coated overnight with whole normal human brain tissue lysate
(Novus) or with casein solution from bovine milk (Sigma Aldrich) at a final
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concentration of 30 pg/mL diluted in PBS. Wells coated with 10 pg/mL anti-
human «IgG1 (SouthernBiotech) served as a positive control. Plates were
blocked with 10% (vol/vol) FBS in sterile PBS at room temperature for 2 h.
Each patient sample was subsequently plated in triplicate at a density of 1 x
10° polyclonally stimulated PBMCs per well. Biotinylated anti-human IgG
(Mabtech) at 0.2 pg/mL in 1% (wt/vol) BSA in PBS solution was used as a detec-
tion antibody. All plates were developed with Vector Blue substrate (Vector
Laboratories). Spots were counted on an ImmunoSpot Series 6 Analyzer (Cellu-
lar Technology Limited). The background reading was calculated from the
negative control and was subtracted from the raw sample reading to provide
the test sample measurement.

Statistical Analysis. GraphPad Prism 8.0 (GraphPad Software) was used for sta-
tistical analysis. A Shapiro-Wilk normality test was used to confirm whether
the dataset followed a Gaussian distribution. Accordingly, differences
between two parametric groups were assessed using an unpaired t test or
paired t test while ANOVA was used for greater than two groups. For non-
parametric datasets, a Mann-Whitney U test was used. For both parametric
and nonparametric datasets, a significance level of 5% was chosen. Pearson’s
correlation coefficient was used to assess the correlation between OD values
in ELISAs and between spot numbers in ELISPOT assays.
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ACKNOWLEDGMENTS. We thank Professor Winfried L. Neuhuber and Clem-
ens Wagner for help with confocal imaging. We thank Birgit Blanck, Marion
Michels, Anita Hecht, Andrea Hilpert, and Stephanie Link for their excellent
technical assistance. This research project was sponsored by Barbel and Bert-
hold Pohl and also funded by the Interdisziplinares Zentrum fur klinische
Forschung - Anschubfinanzierung program of the Friedrich-Alexander-Uni-
versitat (Project P019, grant to S.K.). S.K. is also supported by Deutsche For-
schungsgemeinschaft IRTG2168 Grant 272482170. S. K., J.B.-G., and C.K. are
members of the Excellence Cluster “ImmunoSensation” EXC2151-390873048.

19. D.Y. Mason, M. Jones, C. C. Goodnow, Development and follicular localization of tol-
erant B lymphocytes in lysozyme/anti-lysozyme IgM/IgD transgenic mice. Int. Immu-
nol. 4,163-175(1992).

20. A. F. Kolb et al., Milk lacking a-casein leads to permanent reduction in body size in
mice. PLoS One 6, €21775 (2011).

21. M. Jung et al., Lines of murine oligodendroglial precursor cells immortalized by an
activated neu tyrosine kinase show distinct degrees of interaction with axons in vitro
and invivo. Eur. J. Neurosci. 7, 1245-1265 (1995).

22. K. Simon et al., The orphan G protein-coupled receptor GPR17 negatively regulates
oligodendrocyte differentiation via Gai/o and its downstream effector molecules. J.
Biol. Chem. 291, 705-718 (2016).

23. G. Wildner, M. Diedrichs-Mohring, Autoimmune uveitis induced by molecular mim-
icry of peptides from rotavirus, bovine casein and retinal S-antigen. Eur. J. Immunol.
33, 2577-2587 (2003).

24. J.S.). Chia et al., A1 beta-casein milk protein and other environmental pre-disposing
factors for type 1 diabetes. Nutr. Diabetes 7, €274 (2017).

25. ). Karjalainen et al., A bovine albumin peptide as a possible trigger of insulin-
dependent diabetes mellitus. N. Engl. J. Med. 327, 302-307 (1992).

26. S. Winer et al., T cells of multiple sclerosis patients target a common environmental
peptide that causes encephalitis in mice. J. Immunol. 166, 4751-4756 (2001).

27. H.Bernard et al., Molecular basis of IgE cross-reactivity between human p-casein and
bovine p-casein, a major allergen of milk. Mol. Immunol. 37, 161-167 (2000).

28. I. Nentwich, Z. S. Szépfalusi, C. Kunz, P. Spuergin, R. Urbanek, Antigenicity for
humans of cow milk caseins, casein hydrolysate and casein hydrolysate fractions.
Acta Vet. (Beogr.) 73, 291-298 (2004).

29. G. H. Docena, R. Fernandez, F. G. Chirdo, C. A. Fossati, Identification of casein as
the major allergenic and antigenic protein of cow’s milk. Allergy 51, 412-416
(1996).

30. B. J. Pelz, P. J. Bryce, Pathophysiology of food allergy. Pediatr. Clin. North Am. 62,
1363-1375 (2015).

31. M. R. Karlsson, J. Rugtveit, P. Brandtzaeg, Allergen-responsive CD4+CD25+ regula-
tory T cells in children who have outgrown cow’s milk allergy. J. Exp. Med. 199,
1679-1688 (2004).

32. M. S. Trivedi et al., Food-derived opioid peptides inhibit cysteine uptake with redox
and epigenetic consequences. J. Nutr. Biochem. 25, 1011-1018 (2014).

33. M. S. Trivedi et al., Epigenetic effects of casein-derived opioid peptides in SH-SY5Y
human neuroblastoma cells. Nutr. Metab. (Lond.) 12, 54 (2015).

34. A.Vojdani et al., Antibodies to neuron-specific antigens in children with autism: Pos-
sible cross-reaction with encephalitogenic proteins from milk, Chlamydia pneumo-
niae and Streptococcus group A. J. Neuroimmunol. 129, 168-177 (2002).

35. R. H. Quarles, Myelin-associated glycoprotein (MAG): Past, present and beyond. J.
Neurochem. 100, 1431-1448 (2007).

PNAS | 110f12
https://doi.org/10.1073/pnas.2117034119

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117034119/-/DCSupplemental

w

6

37.

38.

39.

40.

41.

42.

43.

a4,

45.

46.

12

. C. Lucchinetti et al., Heterogeneity of multiple sclerosis lesions: Implications for the
pathogenesis of demyelination. Ann. Neurol. 47, 707-717 (2000).

X. Chen et al., Pertussis toxin as an adjuvant suppresses the number and function of
CD4*CD25* T regulatory cells. Eur. J. Immunol. 36, 671-680 (2006).

L. Steinman et al., Murine model for pertussis vaccine encephalopathy: Linkage to H-
2. Nature 299, 738-740 (1982).

L. Steinman et al., Pertussis toxin is required for pertussis vaccine encephalopathy.
Proc. Natl. Acad. Sci. U.S.A. 82, 8733-8736 (1985).

L. Vidard, K. L. Rock, B. Benacerraf, Heterogeneity in antigen processing by different
types of antigen-presenting cells. Effect of cell culture on antigen processing ability.
J. Immunol. 149, 1905-1911 (1992).

P. W. Addis et al., Conformational heterogeneity in antibody-protein antigen recog-
nition: Implications for high affinity protein complex formation. J. Biol. Chem. 289,
7200-7210(2014).

K. L. Rock, E. Reits, J. Neefjes, Present yourself! By MHC class | and MHC class |l mole-
cules. Trends Immunol. 37, 724-737 (2016).

D. Malosse, H. Perron, Correlation analysis between bovine populations, other farm
animals, house pets, and multiple sclerosis prevalence. Neuroepidemiology 12, 15-27
(1993).

National Research Council, Guide for the Care and Use of Laboratory Ani-
mals (National Academies Press, Washington, DC, ed. 8, 2011).

C. Kilkenny, W. J. Browne, I. C. Cuthill, M. Emerson, D. G. Altman, Improving biosci-
ence research reporting: The ARRIVE guidelines for reporting animal research. PLoS
Biol. 8, 21000412 (2010).

J. Worl, W. L. Neuhuber, Ultrastructural analysis of the smooth-to-striated transi-
tion zone in the developing mouse esophagus: Emphasis on apoptosis of smooth

of 12 | PNAS

https://doi.org/10.1073/pnas.2117034119

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

and origin and differentiation of striated muscle cells. Dev. Dyn. 233, 964-982
(2005).

M. S. Recks et al., Early axonal damage and progressive myelin pathology define the
kinetics of CNS histopathology in a mouse model of multiple sclerosis. Clin. Immunol.
149, 32-45 (2013).

S. Lacotte et al., Early differentiated CD138(high) MHCII+ IgG+ plasma cells express
CXCR3 and localize into inflamed kidneys of lupus mice. PLoS One 8, 58140 (2013).
E. Alamyar, V. Giudicelli, S. Li, P. Duroux, M. P. Lefranc, IMGT/HighV-QUEST: The
IMGT web portal for immunoglobulin (Ig) or antibody and T cell receptor (TR) analy-
sis from NGS high throughput and deep sequencing. Immunome Res. 8, 26 (2012).

R Core Team, R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https:/www.R-project.org/. Accessed 26 February
2022.

Y. Huang, B. Niu, Y. Gao, L. Fu, W. Li, CD-HIT Suite: A web server for clustering and
comparing biological sequences. Bioinformatics 26, 680-682 (2010).

Y. C. Tan et al., Barcode-enabled sequencing of plasmablast antibody repertoires in
rheumatoid arthritis. Arthritis Rheumatol. 66, 2706-2715 (2014).

R. C. Edgar, MUSCLE: Multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792-1797 (2004).

S. Guindon et al., New algorithms and methods to estimate maximum-likelihood
phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321 (2010).
I. Letunic, P. Bork, Interactive Tree Of Life (iTOL) v4: Recent updates and new devel-
opments. Nucleic Acids Res. 47, W256-W259 (2019).

D. M. Rovituso et al., The brain antigen-specific B cell response correlates with glatir-
amer acetate responsiveness in relapsing-remitting multiple sclerosis patients. Sci.
Rep. 5, 14265 (2015).

Chunder et al.
Antibody cross-reactivity between casein and myelin-associated glycoprotein
results in central nervous system demyelination


https://www.R-project.org/

Current Journal

Original Paper

of Neurology

Curr J Neurol 2020; 19(4): 180-9

Impact of supplementation with

"multivitamin-mineral” specially

Received: 24 May 2020
Accepted: 01 Aug. 2020

formulated to improve fatigue and
inflammatory state in patients with
multiple sclerosis: A triple-blind,
randomized, placebo-controlled trial

Sama Bitarafan’, Elmira Karimi?*3, Abdorreza Naser Moghadasi*, Razieh Sadat Kazemi-Mozdabadi?,

Zinat Mohammadpour®, Mohammad Ali Sahraian*

! Iranian Center of Neurological Research, Neuroscience Institute, Imam Khomeini Hospital Complex, Tehran University of Medical

Sciences, Tehran, Iran

2 Department of Community Nutrition, School of Nutritional Sciences and Dietetics, Tehran University of Medical Sciences, Tehran, Iran
3 Students’ Scientific Research Center, Tehran University of Medical Sciences, Tehran, Iran

* Multiple Sclerosis Research Center, Neuroscience Institute, Tehran University of Medical Sciences, Tehran, Iran

° Adelaide Medical School, Faculty of Health and Sciences, University of Adelaide, Adelaide, Australia

Keywords
Multiple Sclerosis; Fatigue; Multivitamin Mineral;
Cytokine; Randomized Clinical Trial

Abstract

Background: Multiple sclerosis (MS) is an
inflammatory disease of the central nervous system
(CNS) with the most common complaint of fatigue. A
high number of patients with MS are interested in
taking dietary supplements as a complementary
therapy. We propose a specially formulated
supplement for patients with MS and aim to evaluate
its effects on fatigue.

Methods: This study was a triple-blind, randomized,

placebo-controlled  trial using a stratified
randomization method according to sex. 46 eligible
patients participated in the study, 23 in the placebo
group and 23 in the intervention group. The
intervention group received two capsules of
multivitamin-mineral (MVM) daily for 3 months.
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Measurements of fatigue and cytokines were
performed in all patients at the baseline and after the
3-month intervention

Results: Finally, information of 41 participants was
used for data analysis. However, fatigue was decreased
after supplementation than before, in the intervention
group (P = 0.005). There was no significant difference
(P =0.090) between the change of fatigue score in the
MVM group (-3.00 + 4.42) and the control group
(-0.40 + 5.14). Among cytokines, Interleukin 4 (IL-4)
significantly increased in the intervention group
compared to the placebo (P =0.030).

Conclusion: Our study showed that the present MVM
probably could improve the inflammatory state and
fatigue in patients with MS.

Introduction

Multiple sclerosis (MS) is an immune-mediated
inflammatory disease (IMID) causing demyelination
and axonal loss in the central nervous system (CNS).
The relapsing-remitting MS (RRMS) is the dominant
and benign form of the disease with relapse and
remission phases.!? Another form is secondary
progressive MS (SPMS), a slowly worsening phase
with more disability, which occurs in patients with
RRMS over a long period.?

However, the pathogenesis of MS is still under
debate, evidence suggests an underlying role for
activated lymphocytes including CD4+ T helper,
lymphocytes Th1l and Th17, and cytotoxic CD8+ to
stimulate inflammation and autoimmunity in the
CNS.# Studies have shown that activated immune
cells initially disturb the blood-brain barrier (BBB)
and consequently migrate to the CNS. Imported
immune cells release several pro-inflammatory
medjiators, resulting in structural and functional
disruption to the CNS.>® Numerous studies have
shown that RRMS progress to SPMS due to
increased pro-inflammatory cytokines. While
pro-inflammatory cytokines released from Thl7
(IL-17) and Th1 (IFN-y, TNF-a, and IL-2) have been
implicated as mediators of MS progression, the
anti-inflammatory cytokines such as IL-4 and
IL-10 produced by regulatory T cells (T-regs) have
an antagonist effect on inflammatory cells and can
control MS progression.®-12

One of the most common problems due to the
aforementioned inflammatory states leading to
impaired daily life activities and quality of life
(QOL) in patients with MS is the overwhelming
feeling of physical or psychological exhaustion
called fatigue.’® Despite using medical treatments,
most patients report mild to severe fatigue. In
addition, many patients with MS experiencing any
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degree of fatigue have an interest in consuming
different types of dietary supplements with
various contents of vitamins and minerals as
complementary therapy.

Some studies have shown the effects of
supplementation with vitamins or minerals on
clinical and laboratory outcomes in patients with
MS.1517 Numerous studies have reported that
patients with MS improved after separate
supplementations with vitamins (A, B, C, D, and E)
and minerals (Calcium, Magnesium, and Selenium).
These supplements may reduce the biological
synthesis of pro-inflammatory and oxidative
compounds.’®2 However, it is well known that
excessive intake of Iron, Zinc, and Copper must be
controlled to avoid increasing inflammatory and
oxidative stress processes due to their cumulative
effect in patients with MS. Therefore, many studies
have yet to be performed to precisely find out the
dosage of vitamins and minerals needed to achieve
optimal therapeutic response in patients with MS.
Based on the evidence available, it appears that a
routine use of multivitamin-mineral (MVM)
including Iron, Copper, and Zinc is inappropriate
for these patients due to high dose intake of these
minerals results in detrimental effects.228
Currently, there is no such a suitable supplement
appropriate to decrease fatigue in patients with MS.
Here, we conducted a clinical trial to investigate
whether administration of the specially proposed
MVM to MS affects the degree of fatigue and
inflammatory state in patients with MS.

Materials and Methods

Study design: The present study was a triple-blind
and randomized clinical trial to compare the state of
fatigue and inflammatory factors in patients with MS
receiving MVM supplements specialized for fatigue
treatment with the placebo group. The study was
registered on the Iranian Registry of Clinical
Trials (IRCT) with code IRCT2016022026658N1.
Additionally, the ethical approval was received from
the Ethics Committee, Tehran University of Medical
Sciences, Tehran, Iran (IR TUMS.REC.1394.873).

Participants: Randomization was performed
using a stratified randomization method according
to sex to select eligible patients among those
referred to MS Research Center, Sina Hospital,
Tehran between December 2018 and June 2019. All
the colleagues that were involved in the study
were blind, and only one person who coded the
drug packs was aware of the intervention who had
no further involvement in the study (Figure 1).
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Specified multivitamin and fatigue in MS

Assessed for eligibility (n = 500)

Enrollment

Excluded (n =454)
Not meeting inclusion criteria (n = 404)
Declined to participate (n = 50)

\ 4

A 4

Randomized (n = 46)

A 4

A 4

Allocated to intervention (n = 23)
Received allocated intervention (n = 23)
Not receiving allocated intervention
(giving reasons) (n = 0)

A 4

Lost to follow-up (patient did not participate in the
final laboratory and clinical tests due to emigration,
another patient had low compliance and remaining
tablets were > 10% of total) (n = 2)
Discontinued intervention (giving reasons) (n = 0)

Allocation Allocated to placebo (n = 23)

Received allocated placebo (n =23)
Not receiving allocated placebo
(giving reasons) (n = 0)

v

Follow-Up Lost to follow-up
(giving reasons) (n = 0)
Discontinued placebo (severe
hair loss) (n = 3)

A 4

A

Analysed (n=21)

Analysis Analysed (n =20)
Excluded from analysis (giving reasons) (n = 0)

Excluded from analysis (giving reasons) (n = 0)

Figure 1. CONSORT 2010 flow diagram for multivitamin-mineral (MVM) intervention study

The authors checked the inclusion and
exclusion criteria, generated the random allocation
sequence, and assigned participants to the groups.
All participants were informed and signed
informed consent forms and they were enrolled
with the definite diagnosis of MS (RRMS subtype),
according to the 2010 McDonald criteria.?

To control the selection bias, the study was
designed to recruit both male and female patients
aged 18 to 45 years, which were not in the acute
phase of MS at the time of screening. The patients
were followed up every month during the study to
determine the adhesion to using the supplement.
Furthermore, patients were recruited for study if
they had all the following inclusion criteria:

- Suffering from RRMS;?

- Receiving interferon within at least 3 months
prior to taking part in the study;

- Patients with the same protocol for fatigue
treatment [they all received selective serotonin
reuptake inhibitors (SSRIs)];

- Lack of taking complementary supplements
at least within 3 months prior to taking part in
the study;
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- Having an Expanded Disability Status Scale
(EDSS) score between 0 and 6;

Patients were excluded from the study if they
had one or more of the following criteria:

- Pregnant participants;

- Presenting acute forms of liver disease and
biliary system and pancreas disease;

- A history of viral illnesses, asthma, and other
autoimmune diseases that have an impact on
Th1/Th2 balance, such as systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA),
type 1 diabetes (T1D) and inflammatory bowel
disease (IBD);

- Patients with Iron deficient;

- Participants who had a special diet or changed
their diet during the study;

- Consumption of any nutritional supplements
or new drugs during the study;

- Forgetfulness to use the supplement for more
than 12 days (10% of treatment period);

- Obese patients [body mass index (BMI) = 30
kg/m?), malnourished patients (BMI < 18.5 kg/m?)
and substance, cigarette, or alcohol dependence;

Intervention: Our intervention group received
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a daily intake of two MVM capsules for 3 months.
The MVM and placebo capsules were similar in
appearance to inhibit the possible information bias.

Each two MVM capsules consisted of 350 pg of
vitamin A, 15 pg of vitamin D303 7.5 mg of
vitamin D, 75 mg of vitamin C, 1.1 mg of vitamin
B1, 1.5 mg of vitamin B6, 400 pg of vitamin B9, 2.4
pg of vitamin B12, and also 250 mg of calcium, 160
mg of magnesium, 27 pg of selenium, 200 mg of
Q10, and 100 mg of L-carnitine.

The dose of vitamins and minerals was
recommended according to the Recommended
Dietary Allowance (RDA) intake for vitamins D, C,
B1, B6, and B12, and preventing toxicity for vitamins
A and E, preventing gastrointestinal complications
for calcium, magnesium, and selenium. In the case
of L-carnitine and Q10, the recommended dose was
based on the amounts suggested in published
articles. The MVM capsules were designed to have
zero amounts of Zing, iron, and copper and placebo
capsules consisted of sunflower oil.

Assessment of outcomes

Primary outcomes: We measured disability
using EDSS.3® The EDSS test was performed for
each subject to obtain a physical measure of
neurological impairment before and at the end of
the study. The Fatigue Severity Scale (FSS)
measured tiredness or fatigue score.3* The
cytokines including Interferon Gama (INF-y), IL-17
(interleukin), IL-4, and Tumor Necrosis Factor
alpha (TNF-a) were performed in all patients at the
baseline and after the 3-month intervention. The
serum levels of cytokines were measured with
enzyme-linked immunosorbent assay (ELISA) kits
(Bioassay Technology Laboratory, China).

Secondary outcomes: Demographic
characteristics including age, sex, smoking, and
alcohol use were documented based on self-
reported information. Moreover, measurements of
anthropometric indices including weight, height,
and BMI were evaluated.

To offset any changes in energy and
macronutrient consumption (protein, fat, and
carbohydrate) that could alter outcomes,
standardized 24-hour dietary recalls were recorded
through interviews at the baseline and on the same
day of the week following the final assessment.
Mean daily intakes of energy and nutrients were
calculated with computerized Nutri4 software.

The Beck Depression Inventory (BDI) was used
to evaluate the degree of depression.?> The FSS and
BDI questionnaires were completed for each
participant at the time of enrollment and at the end
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of the study. Measurements of serum levels of
vitamin D, alanine transaminase (ALT), aspartate
transaminase (AST), Zinc, Ferritin, and high-
sensitivity C-reactive protein (hs-CRP) were
performed in all patients at the baseline and after
the 3-month intervention, as follows:

Measurement of hs-CRP in serum was performed
with turbidimetric assay by specific ELISA kits and
serum concentrations of ALT and AST were measured
by enzymatic spectrophotometry using specific ELISA
kits (Pars Azmoon, Tehran, IRAN and Autoanalyzer
BT 1500, Medsystem, USA). Serum Zinc was
determined by enzymatic spectrophotometry with
specific ELISA kits (Zist Shimi, Tehran, IRAN and
Autoanalyzer BT 1500, Medsystem, USA). Serum 25
(OH) vitamin D and ferritin levels were estimated
using electrochemiluminescence (ECL) and an ELISA
kit provided by Roche Diagnostics GmbH
(06506780160, Mannheim, Germany) by an
automated device (Cobas e411; Roche Diagnostics
GmbH, Mannheim, Germany).

The data were screened for normality through
the one-sample Kolmogorov-Smirnov (KS) test.
Furthermore, parametric and non-parametric tests
were applied to analyze the data with normal and
non-normal distributions, respectively. A paired
sample t-test was employed to compare the
intragroup discrepancies in fatigue state and
biochemical markers, before and after the
intervention. An independent sample t-test was also
used for assessing differences of the mentioned
outcomes between groups before and after the
intervention. All statistical analyses were performed
using Statistical Package for Social Science (version
18.0, SPSS Inc., Chicago, IL, USA) and P-values
< 0.050 were considered statistically significant.

Results

Recruitment and baseline characteristics: 46 eligible
patients with MS were enrolled in the study,
23 patients to the MVM group, and 23 patients to the
placebo group. 2 patients were excluded from the
intervention group; 1 did not participate in the
follow-up tests due to emigration and the other
patient had low compliance (remaining tablets >
10% of the total). Moreover, 3 patients in the placebo
group withdrew from the study due to severe hair
loss. Finally, information of 41 remaining
participants was used for data analysis. The primary
characteristics of participants are presented in table
1. There was no significant difference between the
two groups in age, sex, duration of illness, energy
intake, and BMI (Table 1).
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Table 1. Self-explanatory characteristics of patients

Characteristic Groups P
Supplementation Placebo

Sex (female/male) [n (%)] 21 (17.4) 20 (17.3) 0.530%

Age (mean + SD) 35.14 +5.39 35.35+5.73 0.910"

Disease duration (mean = SD) 7.10+3.18 6.70 + 3.88 0.720"

BMI (mean + SD) 24.49 +1.90 23.76 £1.65 0.200"

Energy intake™ (mean + SD)

193029 +111.20 1958.85+112.70 0.410"

BMI: Body mass index; SD: Standard deviation

“Independent sample t-test, ““Kilocalorie/day, *Chi-square

Blood biochemical outcomes: The serum levels
of biochemical factors including ALT, AST, Zinc,
vitamin D, Ferritin, and CRP in the two groups
before and after the study are summarized in table
2. There were no significant differences in these
biochemical markers between the two groups, but
there was a significant reduction in ALT (P = 0.040)
and hs-CRP (P = 0.006) in the intervention group
after the study. In addition, a significant decrease
was observed in ferritin concentration in both
groups after the study (Table 2).

BMI and energy intake: Comparisons of BMI
and intake calories between intervention and
control groups before and after the study are
summarized in Table 3. The change in BMI had a
significant reduction in the intervention group
compared to the placebo group. However, the

change in calorie intake was not significantly
different between the two groups (Table 3).

Clinical outcomes: However, there was no
significant difference between the groups (P = 0.090);
the intervention group reported less fatigue
experience after supplementation compared to before
the supplementation (P = 0.005). Furthermore, neither
depression (P = 0.180) nor disability rates (P = 0.110)
were not different between the groups (Table 3).

Serum levels of cytokines: The present findings
showed an increase in IL4 in the intervention group
compared to the placebo group (P = 0.030). Serum
levels of the other cytokines did not differ between
the groups. However, after the 3-month
intervention, the INF-y level in the intervention
group decreased significantly after the intervention
compared to before (P = 0.040) (Table 4).

Table 2. Comparison of biochemical parameters between the two groups of study and between before

and after supplementation in each group

Biochemical parameters Time Groups® P’
Supplementation Placebo
Aspartate transaminase Before 22.95 £8.60 21.10£8.73 0.370
After 21.29 +6.89 20.90 + 8.03 0.870
Change -1.67+7.48 -0.20 £4.81 0.520"
P 0.480 0.610
Alanine transaminase Before 21.33 £13.38 21.35+17.70 0.570%
After 17.05 +7.66 21.95+11.95 0.130
Change -4.29+9.128 0.60 +10.97 0.130
P~ 0.040 0.810
Zinc Before 146.80 + 34.65 144.48 +18.84 0.790
After 134.44 +£ 14.51 142.64 +15.55 0.090
Change -12.36 £28.41 -1.84+£5.74 0.490*
P 0.110 0.190
Vitamin D Before 61.78 £26.96 53.27+£2591 0.310
After 61.78 £25.79 54.55+25.85 0.380
Change -0.01 £8.08 1.29+5.14 0.550
P 0.990 0.270
Ferritin Before 125.28 £ 86.57 105.75 +80.87 0.460
After 94.89 + 65.37 94.78 £72.76 0.980
Change -30.40 +37.46 -10.96 + 15.63 0.137*
P <0.001 0.002
CRP Before 2.82+227 2.80+1.97 0.880
After 231+1.84 2.44 +1.86 0.690
Change -0.51+0.77 -0.37£0.88 0.570
P~ 0.006 0.080

SD: Standard deviation CRP: C-reactive protein

¥Mean = SD, “Independent sample t-test, “"Paired sample t-test,
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Table 3. Comparison of clinical outcomes between the two groups of study and between before and

after supplementation in each group

Clinical outcomes Time Groups* pP*
Supplementation Placebo
BMI Before 24.49 +£1.90 23.76 £1.65 0.200
After 24.08 £1.84 23.74+ 1.64 0.540
Change -0.42+0.48 -0.02+0.24 0.002
P 0.001 0.620
Calorie® Before 1930.29 + 111.20 1958.85+112.70 0.420
After 1937.81 +110.95 1939.15+ 127.11 0.970
Change 7.52+95.93 -19.70 £ 63.21 0.290
P 0.720 0.180
Fatigue Before 38.52 £ 8.01 36.20 + 6.46 0.310
After 35.52+8.23 35.80 £6.72 0.910
Change -3.00+£4.42 -0.40+£5.14 0.090
P 0.005 0.730
Depression Before 18.14+£3.32 17.60 = 3.49 0.610
After 17.48 £7.09 19.25+£5.25 0.370
Change -0.67£6.42 1.65 +4.08 0.180
p* 0.640 0.090
Disability Before 1.33+1.32 1.20+1.32 0.610*
After 1.24+1.18 1.30 +1.38 0.930*
Change -0.10+0.30 0.10+0.45 0.110
P 0.160 0.320

BMI: Body mass index; SD: Standard deviation

¥Mean + SD, “Independent sample t-test, ““Paired sample t-test,

U test; ¢Kilocalorie/day

Discussion

Despite the high prevalence of fatigue and its
detrimental impact on the QOL of patients with
MS, few studies have been conducted to address
this issue. The effects of complementary treatment
for fatigue improvement in patients with MS have
remained uncertain.3¢3” One strong hypothesis

S

Wilcoxon signed-rank test, “Mann-Whitney

expresses that the severity of fatigue is dependent
on the inflammation situation in patients with
MS3841 In this way, supplementation with
vitamins, minerals, and MVM could be a safe
complementary therapeutic option that reduces
the severity of fatigue by improving the
inflammatory status.20.21:23

Table 4. Comparison of Inflammatory indexes between the two groups of study and between before and

after supplementation in each group

Inflammatory indexes Time Groups* pP*
Supplementation Placebo
1L-4 Before 58.77+71.05 5431 +44.87 0.120
After 84.23+£111.99 43.94 £36.87 0.970
Change 25.46 +£52.34 -10.37 +£32.82 0.030
P 0.090 0.110
1IL-17 Before 33.10 = 38.50 33.57+37.73 0.270
After 32.88 +37.69 35.58+£36.42 0.220
Change -0.22 +£3.06 2.01+£6.30 0.160"
P* 0.740 0.170
TNF Before 336.28 +£170.40 315.03 £150.12 0.710
After 318.21 £164.24 312.41 +£155.38 0.970
Change -18.07 £40.93 -2.63 +£23.42 0.150"
P* 0.060 0.620
INF-y Before 3524+ 5448 2428 £32.45 0.520
After 25.16 +£42.18 24,95+ 32.33 0.880
Change -10.08 £ 16.18 0.67 £3.46 0.070
P 0.040 0.850

SD: Standard deviation; IL: Interleukin; TNF: Tumor Necrosis Factor; INF-y: Interferon Gama
¥Mean + SD, "Independent sample t-test, ““Paired sample t-test, “*Wilcoxon signed-rank test, "Mann-Whitney U test
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On the other hand, evidence has shown the
adverse cumulative effects of the continuous intake
of some minerals such as Iron, Copper, and Zinc
through MVM supplements in patients.26-2842-44
Therefore, we proposed a specifically formulated
MVM without Iron, Copper, and Zinc and aimed to
investigate its effect on fatigue and cytokines in
patients with MS. Finally, we showed the reductive
trend for fatigue and inflammatory markers
including CRP and INF-y as well as a growing trend
for IL-4 that is an anti-inflammatory cytokine.

However, our findings are supported by similar
studies that have tested common vitamin or
mineral supplements as a complementary
treatment for MS. For example, improvement in
fatigue scale in patients with chronic fatigue
syndrome (CFS) as well as level of superoxide
dismutase activity was reported after 2 months of
MVM supplements.*># Another study reported
that short-term exposure to MVM intervention in
older adults resulted in reduced circulating level of
CRP and of oxidative stress.#” In addition, Johnson
et al. found that one supplement containing
magnesium, zing, selenium, and vitamins B6, D, A,
and E could reduce MS incidence.??

Moreover, our interpretation was consistent
with the finding of a meta-analysis in which the
significant benefits of MVM supplementation were
reported on fatigue.*® However, subjects inversely
responded to MVM treatment and exhibited a
higher inflammatory status. For instance, MVM
supplementation led to an unexpected increased
oxidative stress in healthy adults that is a
contributing factor to inflammation.#>%0 Studies
reported that this discrepancy is likely through
Fenton reaction by Iron molecules existing in
the supplement.5!

Some studies have provided evidence in
support of the findings of our study. In this regard,
recent studies have shown that retinoid, derived
from vitamin A, has been shown to slow down MS
progression for even the progressive phase of the
disease.? Retinoid directly —promotes the
pro-inflammatory/anti-inflammatory balance and
is associated with transcription of major anti-
inflammatory mediators, followed by decreased
Thl and Thl7 proliferation.5 Furthermore,
vitamin A has been shown to have a synergistic
effect with INF-{3.>4

In our previous study on vitamin A, we
provided the long term beneficial consequences on
fatigue severity in patients with MS.1® Another
fat-soluble vitamin, calcitriol, present in our
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supplement has the same performance on the
immune system as vitamin A.% There has been
report of a reduced fatigue state after treatment
with a single dose of vitamin D in healthy people.?®
It is thought that imbalances in the dopamine level
in the CNS may motivate fatigue centers in the
brain and vitamin D is able to modify this
imbalance® Further mechanisms for the
involvement of vitamin D in reducing fatigue rate
come from its ability in stimulating the production
of the serotonin in the brain,® which has been
shown to be inversely related to tiredness.5”
Moreover, the oral administration of calcium with
or without vitamin D acts through various
mechanisms, such as reducing inflammatory
marker levels (TNF-a, IL-6), through which
regulates the immune system.>®% As such, the role
that calcium may have on fatigue by reducing
these inflammatory markers could present insight
into the benefit of its supplementation in MS.

The rationale for using antioxidants in our
MVM is based on the knowledge that oxidative
stress is one of the most critical components of the
MS disease.® Unrestricted reactive oxygen species
(ROS) production under chronic inflammatory
conditions in MS is responsible for depleting the
body’s antioxidant reserves, including vitamins C
and E and selenium.®!

In this regard, studies showed the protective
role of vitamins E and C and selenium in maintaining
blood concentrations of glutathione peroxidase and
decreasing prostaglandin E2 secretion from
macrophages in patients with MS.62-6¢¢ B vitamins,
including B1, B2, B3, B5, B6, and B12 have been
shown to play inter-related functions in reducing
fatigue severity after physical activity in people
living in hot climates.®> Some observational studies
have also reported that fatigue in patients with
MS may be associated with mild intracellular
vitamin B1 deficiency and subsequent impairment
of thiamine-dependent cell reactions.®® Another
example of fatigue reducing properties of B
vitamins is the role of vitamin B12 in synthesizing
and maintaining myelin in patients with MS.¢
Furthermore, a significant relationship between
folic acid deficiency and increased fatigue has been
observed in these patients.t

Vitamin B6 and magnesium have a related role
in regulating nitric oxide (NO) concentration
within vascular endothelial cells and act as
coenzymes in regulating intracellular NO
production and the secretion of NO from cells.
Therefore, deficiency of vitamin B6 or magnesium
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leads to NO entrapment inside cells and its
subsequent reaction with superoxide which
produces nitrogen peroxide, leading to its
accumulation and many adverse cellular
consequences including myelin destruction.?

Magnesium homeostasis is physiologically
linked to other minerals such as zinc, calcium, and
aluminum that maintaining their concentration
within optimal ranges is crucial for the desired
function of both the immune system and CNS.®
Adjunctive supplemented carnitine as well as
ubiquinone (Q10) with vitamins and minerals
may have benefits in reducing fatigue in patients
with MS.7071

Theoretically, the effect of carnitine is because
of its role in energy production in mammalian cells
and high excretion of this molecule has been
observed in this disease because of stable
inflammatory state.

In terms of Q10, the results of a study showed
the anti-oxidative feature of this component in
subjects with MS followed by reduced
inflammation in these patients.”273

A significant difference was seen between
groups in BMI. However, malnutrition often occurs
in patients with MS, so reduced BMI may not be
desirable in patients with MS with normal weight.”
The probable reason for this finding could be the
effect of carnitine presence in the supplement,
because of its decreasing effect on weight and BMI
that has been proven in various studies.”

Furthermore, the remarkable reduction of
ferritin levels was observed in both groups in our
study. This could be attributed to the lack of Iron
in the supplement used in this study in
intervention group. Additionally, it was because of
our inclusion criteria to cut the supplementation
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during 3 months before study in the placebo
group. Liver enzymes were not affected in the
present study. This outcome could be the desired
result due to the oxidative characteristics of Iron.
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Conclusion
The present study indicated that the specially

formulated MVM for patients with MS could
probably improve fatigue and inflammatory state.
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The role of vitamin D, Epstein Barr Virus (EBV), and
endogenous retrovirus (ERV) in the pathogenesis of multi-
ple sclerosis (MS) has been addressed in recent literature.
Some authors hypothesized that a synergistic interplay be-
tween these factors could favor the onset and progression of
the disease [1]. However, it seems that some considerations
to better define this relevant topic should be expressed.

1. Vitamin D

Vitamin D is a nutrient that can be taken by diet and an
endogenous steroid hormone regulating hundreds of gene
expressions [2]. Beyond the regulation of calcium and
phosphate metabolism and immune response, the active
form of vitamin D can modulate brain function during de-
velopment and in adulthood [3,4]. Hence, vitamin D defi-
ciency has been broadly investigated in autoimmune, neu-
rological, and neuropsychiatric diseases, both as a risk fac-
tor for developing some disorders or as a biomarker to iden-
tify specific features, including severity.

Before specifying the biological activities of vitamin
D, it is worth mentioning the steps of its metabolism,
since many roles of the hormone have been revealed af-
ter the discovery that many tissues and cells are capa-
ble of synthesizing and receiving vitamin D. Ultraviolet
B rays (295-310 nM) transform the cutaneous precursor
7-dehydrocholesterol into cholecalciferol, which requires
two sequential hydroxylations to form the active vitamin
D3. The first hydroxylation produces 25-hydroxyvitamin
D (25(OH)D) in the liver through the action of 25-
hydroxylase. The 1-a-hydroxylase enzyme carries out the
second hydroxylation, forming vitamin D3 (1,25(OH2)D)
in the kidney, prostate, placenta, lung, brain, and immune
cells. The enzymes involved in vitamin D metabolism
mostly belong to the cytochrome P450 (CYP450) fam-
ily. CYP2R1, CYP3A4, and CYP27A1 enzymes have 25-
hydroxylase activities, whereas CYP27BI1 is responsible
for 1,25 hydroxylation [5]. Although the renal hormone
drives calcium metabolism in an endocrine fashion, the

extra-renal one acts in an autocrine/paracrine fashion and
is responsible for the regulation of immune response and
brain function.

The nuclear receptor of active vitamin D (VDR) binds
to the membrane-associated rapid-response steroid-binding
proteins (MARRS) or protein-disulfide-isomers family A
members 3 (PDIA3), although a surface receptor is known
as well [6]. After the binding of active vitamin D, VDR
and MARRS carry on, respectively, the genomic and non-
genomic actions of vitamin D [7].

As Brutting et al., found [8], low blood 25(OH)D lev-
els have been widely reported in the healthy population, but
vitamin D reference values are still a controversial topic.
Vitamin D sufficiency is defined as a serum 25(OH)D level
equal to or higher than 30 ng/mL, whereas vitamin D in-
sufficiency is described as a serum 25(OH)D level from
20 to 30 ng/mL, and deficiency is described as lower than
20 ng/mL. Note that the optimum level to maintain skele-
tal health is defined as sufficiency, although no optimum
for vitamin D status has been identified when considering
the immunomodulation activities of the hormone [9]. In
other terms, the vitamin D blood levels that are required to
maintain proper immune or brain function are still debated.
Indeed, as for some other analytes, no consensus on serum
25(0OH)D reference intervals exists due to the lack of a stan-
dardization process [10].

Active vitamin D influences the immune system in
different ways, but generally it can be said that the hor-
mone drives the balance between anti-inflammatory and
pro-inflammatory immune responses. Briefly, the im-
munomodulating activities of vitamin D can be described as
follows: vitamin D can modulate the expression of CD14
and TLR4 co-receptor in macrophages and keratinocytes.
VDR and 1,25(0OH)2D are expressed by macrophages, den-
dritic cells, and activated B and T lymphocytes. The role of
active vitamin D in the differentiation of dendritic cells is
open to discussion, although it is known that it can lower
their antigen-presenting capacity and survival [7,11].
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The 1,25(OH)2D plays a key role in T-helper (Th)
Thl, Th2 and Th17 lymphocyte balance by inhibiting the
production of Thl and Th17 cells and their cytokines, and
enhancing the differentiation of Th2. Further, 1,25(OH)2D
fosters the development of T- regulatory (T-reg) cells and
the production of their cytokines [12].

Due to the immunomodulatory activity of vitamin D,
it acts against pathogens in many ways: (a) it induces the
expression of cathelicidin and defensins, which are antimi-
crobial peptides involved in the defense against microor-
ganisms [6,12]; (b) it increases the antimicrobial activity
of the innate response; and (c) it decreases adaptive pro-
inflammatory effects.

However, the main impact of 1,25(OH)2D on the de-
fense against pathogens is modulating Th lymphocyte sub-
set balance, which is particularly important since Th bal-
ance and T-reg cells function both affect the efficacy and
safety of immune responses against pathogens.

2. Vitamin D and MS

MS is a chronic autoimmune disease of the central ner-
vous system and represents the most common cause of non-
traumatic disabling in young adults [13]. Demyelination
and axonal degeneration are characteristics of the disease.
As for other neurological diseases, robust data from large
genome-wide association studies support the role of genet-
ics as one of the most significant risk factors for MS [14,15].
However, the impact of environmental factors on the eti-
ology and pathogenesis of the disease is well-established,
and many efforts have been made in past decades to iden-
tify possible environmental risk factors for MS. One of the
most studied environmental risk factors for MS is vitamin-
D-poor status.

It is interesting that among gene variants associated
with MS risk, some are involved in the metabolic path-
way influencing vitamin D status. An extensive disserta-
tion on all vitamin D-related gene variants that have been
evaluated in MS patients goes beyond of the scope of this
commentary. However, the single-nucleotide polymor-
phisms of VDR have been largely investigated with some
positive association to the risk of disease development,
whereas research on others, including CYP27A1, CYP3A4,
CYP27B1, CYP24Al, produced more controversial find-
ing [16,17].

Beyond genetic investigations, several studies have
addressed the question of whether low vitamin D levels
could be a risk factor for the onset of the diseases or a
biomarker for disease severity in MS patients [17].

Vitamin D levels have been reported in patients af-
fected by MS in both neonatal and adult cohorts [18-20].
A large multi-center, randomized trial showed that serum
25(OH)D level is a strong risk factor for long-term MS ac-
tivity and progression in the early disease course, and seems
to predict new active lesions and relapse rate [21]. Munger
et al. [18] found that low 25(OH)D levels (<30 nmol/L)

were associated with a higher MS risk than were normal
levels (>50 nmol/L). Although these findings could seem
encouraging, it should be noted that 25(OH)D measure-
ment was performed by chemiluminescence assay, whereas
liquid chromatography-tandem mass spectrometry methods
should be used to measure 25(OH)D, according to the Na-
tional Institute for Standard and Technology recommenda-
tions [22]. The standardization issue for 25(OH)D mea-
surement is the main reason there is no evidence-based con-
sensus by which 25(OH)D values define vitamin D insuffi-
ciency, deficiency, and sufficiency. The lack of standard-
ized data has hampered reaching univocal findings on the
role of vitamin D in disease, and MS is not an exception.

3. Vitamin D, a Putative Link Bridging EBYV,
ERYV and MS

Vitamin D levels have been studied in patients af-
fected by respiratory tract infections, tuberculosis, virus in-
fections (Human Immunodeficiency Virus, EBV), parasitic,
and fungal infections in both adults and children, both as a
risk factor and as a supplementation adjuvant therapy [11].

The relationship between vitamin D and EBV infec-
tion has been evaluated mainly in patients affected by MS,
because EBV infection is one of the most studied envi-
ronmental factors involved in the pathogenesis of the dis-
ease [23]. Several direct and indirect mechanisms have
been hypothesized to explain the susceptibility of patients
with mononucleosis, which is caused by EBV, to MS on-
set. Many studies reported high levels and frequencies of
EBYV antibodies in MS, but the presence of EBV is almost
ubiquitous in adults, which weakens the hypothesis [24].
Further, assay methods used to detect antibodies in MS pa-
tients can influence the strength of the results to some ex-
tent. It is important to note that the presence of low vitamin
D in healthy people, together with the lack of standardized
data from affected ones, represent two main pitfalls weak-
ening the findings available on this topic. Also, it should
be remembered that, during chronic inflammatory disease,
as MS is, many analytes can change without an established
causal link between the disease and the molecule variation,
due to the reverse causation issue [25,26].

Finally, ERV expression has also been related to the
risk of MS onset; MS patients have been found to over-
express RNA from the HERV-W ERV family relative to
healthy controls [14]. Molecular mechanisms underlying
the relationship between ERV expression and MS onset in-
clude, among others, the expression of proteins from ERV's
that induce pro-inflammatory cytokines (such as TNFa)
[27]. Also, EBV infection has been reported to trigger the
expression of HERV-W loci [27]. However, it seems that
no conclusions can be drawn on this issue. Indeed, from
a strictly theoretical point of view, the interplay among
low vitamin D status, MS, EBV, and ERYV, could be re-
ferred to as a pro-inflammatory milieu that could facilitate
the etiopathogenesis mechanisms involved in the onset of
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the disease. However, this scenario makes more likely the
hypothesis that vitamin D, EBV, and ERV are pieces of a
larger and composite mosaic that seems yet to be under-
stood.
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Abstract

Background

Current evidence suggests that adherence to the Mediterranean Diet (MeD) can reduce
inflammation in chronic diseases; however, studies pertaining to Relapsing-Remitting Multiple
Sclerosis (RRMS) are limited. Therefore, the aim of this study was to investigate the potential of
the modified MeD (mMeD) in improving Dietary Inflammatory Index (DII) scores, disability,
and fatigue severity, compared to Traditional Iranian Diet (TID), in RRMS patients.

Methods

After initial screening (n=261), 180 RRMS patients were randomized to receive mMeD or
TID (as control) for six months. DII score, Expanded Disability Status Scale (EDSS) and 21-item
Moditied Fatigue Impact Scale (MFIS) were evaluated at baseline and trial cessation.
Multivariate analysis of covariance was conducted and adjusted for age, gender, body weight,

body mass index, education level, supplement use, family history and duration of MS.

Results

Of'the 180 patients enrolled, 147 participants were included in the final analysis (n of
mMeD=68; n of TID=79). Self-reported adherence was good (~81%). Dietary intakes of 45 food
parameters were assessed through the food frequency questionnaire. The mMeD significantly
reduced DII scores after six months (2.38+0.21 to -1.87+0.86, P<0.001), but TID did not elicit
any changes (2.214+0.44 to 2.14+1.01, P=0.771). Additionally, MFIS total score decreased
significantly (72.4+17.2 to 63.9+14.2, P<0.001), whereas there was no considerable
improvement for EDSS in the mMeD group.

Conclusion
Adherence to mMeD, for six months, improved dietary inflammatory status and fatigue
severity in RRMS patients, however, the traditional Iranian diet did not positively impact dietary

inflammation and MFIS score.

Keywords: Dietary inflammatory index; Mediterranean diet; fatigue; multiple sclerosis;

randomized controlled trial
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1. Introduction

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system, with
unknown etiology, characterized by chronic inflammation, demyelination, and neuronal loss [1].
Around 2.5 million individuals, worldwide, are affected by this disease [2], although young
adults and females are more susceptible [3]. Relapsing-Remitting MS (RRMS), the most
common type of MS, is indicated in, roughly, 85% of patients [4].

Contentions in the literature regarding the relationship between some dietary components and
MS progression are evident. For example, dietary polyphenols have been reported to mitigate
demyelination [5], whereas, resveratrol - a polyphenol compound found in a variety of foods and
beverages - reportedly exacerbated both autoimmune and viral models of MS [6]. Milk proteins
and gluten may worsen the clinical manifestations in MS patients [7], however, milk
consumption more than once per week was found to decrease the risk of developing MS [8].
Furthermore, high doses of vitamin C have been shown to worsen MS conditions [9], while some
authors have reported that vitamin C promotes oligodendrocytes generation and remyelination
[10]. Indeed, more nutrition-based research is required to clarify these conflicting findings.

Among the most advocated healthy diets, the Mediterranean Diet (MeD) has the strongest
evidence for improvement in inflammatory status [11]. This diet is characterized by high intake
of vegetables, legumes, fruits, whole grains, and unsaturated fatty acids (mostly in the form of
olive oil), a moderately high intake of fish, and low to moderate intake of dairy products, meat,
and poultry [12]. Indeed, previous studies have shown the potential effects of anti-inflammatory
diets, such as Mediterranean-style diets, in reducing fatigue severity in MS patients [12-14].

Dietary Inflammatory Index (DII), a literature-based scoring system, is a tool used to classify
forty-five pro or anti-inflammatory dietary items into an overall score [15]. Previous studies have
reported that several foods and nutrients used in the DII calculation, such as whole grains, fruits,
vegetables, fish, onion, and ginger possess anti-inflammatory effects [16, 17]. In contrast, refined
grains, red meat, high-fat dairy products, and sweats have been routinely related to systemic
inflammation [18]. In previous studies, MeD reportedly yielded a strong anti-inflammatory DII
score [19] and greater MeD adherence has been negatively associated with DII scores [20, 21].
On the other hand, some findings suggest that higher DII scores during adolescence might be an

important risk factor for MS onset [22].
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Therefore, given the equivocality present within the literature, we sought to determine the
effect of mMeD vs. TID, on DII, disease disability, and fatigue severity in RRMS patients. We
hypothesized that the modified form of MeD (mMeD; mainly by elimination of alcohol-
containing foods and beverages) would yield a lower DII score (i.e., greater dietary anti-

inflammatory potential) in comparison with the Traditional Iranian Diet (TID).

2. Materials & Methods
2.1. Study design and sample size determination

In this single-center, two parallel arms, single-blind, randomized clinical trial, 180 RRMS
patients were recruited, according to the Extended Disability Status Scale (EDSS 0-3, mild to
moderate disability as diagnostic criteria) [23]. Intervention delivery was performed from July
2018 to February 2019.

The study protocol was approved by ethics committee located in the University Medical
Sciences, and WHO-related Registry of Clinical Trials (IRCT20181113041641N1). The Helsinki
ethical principles [24] were well observed throughout the trial. Study objectives were explained,
and voluntary informed consent was taken prior to data collection.

Fatigue Severity Scale (FSS), a tool for measuring fatigue in MS, was used to calculate the
sample size based on previous reports [25].

Zi + 2,)%(s? + s? 594 /80
n= @ _2) (_1 2) 59 = 66,08
(%, — xz)z 9

By the use of sample size determination formula (S;, SEM for FSS in control group=4.73; S,,
SEM for FSS in intervention group=4.85; X; — X,, mean changes for FSS=3), with a confidence
level 0f 95% (z,=1.96), power of 80% (z,=1.64), and drop-out rate of 35 % in the number of

participants, the total sample size was estimated to be 180.

2.2. Inclusion and exclusion criteria

Eligible patients had mild to moderate RRMS (defined as EDSS up to 3, and who received
dimethyl fumarate 240 mg twice daily in the last year), aged between 20-60 years old, and ability
to write or recall dietary history. Subjects were excluded if they had any of the following: other
forms of MS and disease duration of less than one year with active relapses, viral infections such

as Epstein Barr, major medical illnesses (such as cancer, allergy, other autoimmune diseases,
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anticoagulant or antiplatelet use, and psychiatric disorders), and current smokers (one or more
cigarette per day). Subjects were also excluded if they left more than 40% blank items on the
Food Frequency Questionnaire (FFQ) at baseline or were prescribed high dose corticosteroid

therapy (greater than 30 mg/day methylprednisolone).

2.3. Interventions and control groups

The main composition of each diet has been described briefly in Table 1. The intervention
group followed a modified version of MeD (mMeD; 17 % protein, 51 % carbohydrate and 32 %
fat [26]), based on higher intake of fresh fruits and vegetables, whole grains, monounsaturated
fatty acids, fish, and low to moderate consumption of dairy products, meat, and poultry. In
practice, the prescribed mMeD was individualized based on cultural and personal preferences,
and the elimination of any alcohol-containing foods and beverages. The control group followed
the TID (low in low-fat dairy products, whole grains, high in red meats, solid oils, refined
grains, and moderate intakes of legumes, fruits and vegetables); based on prior investigations,
this diet consisted of 13 % protein, 58 % carbohydrate and 29 % fat [27]. It must be noted that
the TID group (as control) did not continue their normal eating pattern, i.e., the original dietary
principles in the control group were maintained, however, the TID plan was adjusted for energy
intake to avoid unexpected body weight changes.

Ideal body weight and the Harris-Benedict equation [28] were utilized to calculate the Basal
Energy Expenditure (BEE) for each participant in both diets (mMeD and TID). Next, the above
percentages were used to discern the macronutrient requirements in both diets. All the
participants received an individualized diet plan, which had been designed according to the
above principles. Dietary adherence was also measured with weekly with phone calls, and face-

to-face interviewing every month.

2.4. Recruitment and randomization methods

Participants were recruited using advertisements in local media outlets and clinicians’
invitation. Participants were randomly assigned into either the modified Mediterranean Diet
(mMeD:; intervention) or Traditional Iranian Diet (TID; control) group, with a computerized
random sequence generator. Randomization was performed by a research assistant who did not

participate in either the follow-up assessments or analysis.
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2.5. Blinding

In this trial, blinding of participants and dietitians is not possible because of obvious
differences between the intervention and control diets; however, where appropriate, trial
personnel (research assistant who enrolled participants, outcome assessors and data analysts)

remained blind to group allocation throughout the study period.

2.6. Outcome measurements

The primary outcome was the diet-induced change in DII. The secondary outcomes were
change in disease disability (measured by EDSS) and fatigue severity (measured by MFIS).
Sociodemographic and clinical characteristics were collected through a self-report survey
completed at baseline, which included details on participants’ age, body weight and height, Body
Mass Index (BMI), education level, family history of MS, and supplement use. Baseline DII
scores were also assessed in two states: dietary only and dietary plus supplements. However, the

statistical analysis was conducted based on dietary DII scores.

2.6.1. Dietary assessment

Food intake of individuals during the previous year was assessed using a validated 168-item
semi-quantitative FFQ [29], which included a list of foods with standard serving sizes commonly
consumed [30-32]. Nutritionist IV software (N-squared Computing, Salam, OR, USA) was used
to analyze the composition of consumed foods. Some DII parameters such as ginger, saffron,
turmeric, thyme/oregano, and rosemary were additionally added to the FFQ. For calculation of
flavonoids (flavan-3-ol, flavones, flavonols, flavonones, anthocyanidins and isoflavones), the
USDA Databases for the Flavonoid Content of Selected Foods (Release 3.3, March 2018) [33]
and Isoflavone Content of Selected Foods (Release 2.0, September 2008) [34] were used. Dietary
intake of eugenol was estimated according to Phenol-Explorer database (latest version 3.6;
released on December 2016) [35]. There were two timepoints for dietary assessment: one before

the dietary intervention and one 6 months after the start of the study.

2.6.2. DII calculation
Shivappa et al. [36], after evaluation of 1943 articles (were published between 1950 and
2010), examined the association between inflammation and 45 food and nutrient parameters; this

resulted in the development and validation of DII, where the score ranged from 7.98 (i.e.,
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strongly pro-inflammatory) to -8.87 (i.e. strongly anti-inflammatory). In the present study, we
calculated the DII scores at baseline and after 6 months of intervention. Estimated dietary intake
data were adjusted against a reference global daily mean and standard deviation intake (from 11
countries) [36] for each parameter to obtain a Z-score; each Z-score was converted to percentile,
and this value was multiplied by 2 and then subtracted from 1. This number for each intake
parameter was multiplied by its respective parameter-specific inflammatory effect score to obtain
the parameter-specific DII score. Each of these 45 scores were then summed to obtain an overall

DII score.

2.6.3. Fatigue Severity Assessment

The Modified Fatigue Impact Scale (MFIS) was used to determine the MS-related fatigue
[37] at baseline and 6 months after the intervention. This standard 21-item questionnaire has
three subscales (Physical, ranges from 0-36; Cognitive, 0-40; and Psychosocial, 0-8). The total
score is computed by summing scores from the three subscales and ranges from 0-84, where
higher scores represent greater fatigue severity. In the present study, the validated Persian

version of MFIS [38], with excellent test-retest reliability [39], was utilized.

2.6.4. Disability Assessment
A trained neurologist measured EDSS to assess MS-related disability [23, 40] at baseline and
6 months after the intervention. Scales for the total EDSS in the current study ranged from 0 (no

disability at all) to 3 (mild to moderate disability).

2.7. Statistical analysis

Data were presented as means + Standard Deviation (SD) for continuous variables and
number (percent) for categorical variables. The Kolmogorov—Smirnov test was used to assess the
normality of continuous variables. In addition, independent student t and paired t tests (or non-
parametric Mann—Whitney U and Wilcoxon tests) were used to compare the continuous
variables. Categorical variables were compared using the 2 or Fisher's Exact test. Multivariate
Analysis of Covariance (MANCOVA) was performed to evaluate the differences for change in
DII scores, where the related values were adjusted for age, gender, body weight, BMI, education

level, supplement use, family history, and duration of MS. The mean changes (A) were
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calculated by subtracting the baseline and 6 months (end) values. To identify the relationship
between DII (and other covariates) and fatigue severity/ disease activity scores at end of trial,
multiple regression analysis was performed. All statistical analyses were conducted using
Statistical Package for the Social Sciences (SPSS), version 24 (SPSS Inc.). P<0.05 was

considered to represent statistical significance.

3. Results
3.1. Enrollment and adherence

Between July 2018 and February 2019, we screened 261 RRMS patients, however, sixty-
seven subjects were excluded as they did not meet the inclusion criteria, and fourteen patients
declined to participate (Figure 1). 180 patients were dichotomized to the mMeD or TID group.
Thirty subjects dropped out during the study follow-up: twenty due to lack of compliance, two
due to lack of willingness to continue the study, one due to a driving accident, and ten subjects
due to incomplete questionnaires. Overall, 147 participant-related data (intervention=68;
control=79) were analyzed (based on per-protocol analysis). No side effects (diarrhea, abdomen

pain, constipation, and appetite changes) were reported during the study period.

3.2. Baseline characteristics

Sociodemographic and medical characteristics, between the groups at baseline, are reported
in Table 2. Overall, the participants were middle-aged adults (with mean age 39.3 £ 9.2 years
old; ~83% female). More than 40 % were overweight and obese, 15 % had family history of MS,
and the majority had already completed a degree to diploma level. More than 80 % of the study
population were taking at least one type of nutritional supplement, of which vitamin D (~83 %)
and omega-3 (~33%) were the most common. Additionally, ~20 % of subjects had consumed L-
carnitine or caffeine-containing supplements during the past six months. A small number of male
participants (13 %) were irregular smokers (average 1-2 cigarettes in a week). Mean EDSS score
was slightly higher in the control group (2.0 vs. 1.7), although there were no significant
differences between the study groups for EDSS and DII scores.
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3.3. Clinical outcomes
3.3.1. Impact of diet interventions on DIl

Table 3 details the mean daily intake for 45 DII parameters and overall DII score for each
diet. Within the mMeD group, there was a significant decrease from 2.38 + 0.21 to -1.87 + 0.86
at 6 months for overall DII score (P< 0.001). Compared with control group (TID), the mean
changes for overall DII score were also statistically significant (-4.25 &+ 1.54 vs. -0.07 £ 0.62; P<
0.001).

For mean daily intake of DII food/nutrient parameters after 6 months (7able 3), there was a
significantly higher intake of protein, n-6 Fatty acids, Monounsaturated Fatty Acids (MUFA),
Polyunsaturated Fatty Acids (PUFA), selenium, beta carotene, vitamin E, riboflavin, garlic,
onion, ginger, turmeric, pepper, thyme/oregano, rosemary, flavan-3-ol, anthocyanidins,
isoflavones; in addition to lower intake of energy, carbohydrate, total fat, saturated fat, trans fat,

iron, and caffeine in the mMeD group compared to TID group (P< 0.05).

3.3.2. Impact of diet interventions on fatigue

Table 4 details the results for fatigue severity. At the end of the study period, MANCOVA
revealed a significant difference between the groups for MFIS total score (A for mMeD= -8.5 +
2.74 vs. A for TID= 6.4 + 1.62, P< 0.001). These findings were adjusted for age, gender, body
weight, BMI, education level, supplement use, family history, and duration of MS.

Participants who received mMeD had a statistically significant improvement in physical and
cognitive MFIS subscales. After six months, there was a 2.7 and 5.6 points reduction in physical
(P<0.001) and cognitive (P=0.027) MFIS subscales, respectively. However, no significant

change in the psychosocial subscale of MFIS was evident.

3.3.3. Impact of diet interventions on disability

There was a non-significant reduction in EDSS at the end of the study period in the mMeD
group (A= -0.02 + 0.07, P= 0.334). Contrastingly, a non-significant rising trend in EDSS was
seen in the TID group. MANCOVA, adjusted for age, gender, body weight, BMI, education
level, supplement use, family history, and duration of MS, did not indicate any significant

change for EDSS, in mMeD vs. TID (P= 0.065) (Table 4).
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3.3.4. Relationship between DII and the fatigue severity/disease disability

Significant predictors and covariates for MFIS total score and EDSS are presented in Table 5.
DII score significantly predicted fatigue severity in the intervention group (B=1.701, P=0.041;
adjusted R’= 0.098), however, age, gender, body weight, BMI, education level, supplement use,
family history, and duration of MS had no significant association with MFIS total score.

In addition, regression analysis revealed that DII score does not predict disease disability in
mMeD group (B= 3.809, P= 0.067; adjusted R*= 0.157). Other covariates (age, gender, body
weight, BMI, education level, supplement use, family history, and duration of MS) did not show

any significant association with EDSS.

4. Discussion

This study assessed the effects of dietary intervention on DII score in Iranian RRMS patients.
Our findings showed that the mMeD possesses significant anti-inflammatory properties, whereas
the Traditional Iranian Diet (TID) had no significant effect on overall DII score. The key
components of DII i.e., MUFA and polyphenols, increased significantly after six months
adherence to the mMeD group. Moreover, mMeD also reduced fatigue severity (MFIS score);
however, the effect on disease disability (measured by EDSS) was not significant.

Iranian dietary intervention studies typically use TID as the control diet [11, 41, 42]. TID
(low in low-fat dairy products, whole grains; high in red meats, solid oils, refined grains, and
moderate legumes, fruits and vegetables) is the most prevalent diet in Iran, and has both positive
and negative health-related aspects [43]. In a case-control study, conducted by Jahromi et al.
[44], the traditional dietary pattern was inversely related to the risk of RRMS; however, high
amounts of red/organ meat in the TID can lead to both neurodegeneration and autoimmune
disorders [45]. Indeed, it must be noted that nutritional transition in Iran has resulted in a change
in TID, which must be considered in further research [43, 46]; however, the control group
adhered to the prescribed TID, as defined in the present study.

In this research, DII was considered as an index that effectively represents dietary
inflammatory status, based on several previous studies that have verified by the significant
association of DII with inflammatory markers [47]. This index presents an alternative assessment
tool for inflammation, as opposed to the laboratory-based techniques which are obtained through

invasive methods and economically prohibitive [48]. Moreover, some previous studies have
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indicated that the DII may also be correlated with other dietary indices i.e., Healthy Eating
Index-2010 (HEI-2010), the Alternative Healthy Eating Index (AHEI), and the Dietary
Approaches to Stop Hypertension Index (DASH) [49].

Regardless of the pro-inflammatory DII score for the TID, the mMeD elicited a reduction in
the total DII score in the present study. Indeed, the association between MeD and DII score has
been evaluated in previous research; for instance, in a Spanish cross-sectional study, adherence
to the MeD was higher in the lowest quintile of DII scores [20]. Moreover, an inverse correlation
was also observed between the DII and Mediterranean Diet Score [21], whilst Mayr et al. [19]
showed that six months MeD adherence, compared with a low-fat diet, elicited an improvement
in DII scores in patients with coronary heart disease. Interestingly, Mayr et al. evaluated 45
parameters of DII and reported an anti-inflammatory DII score of -1.74, which is comparable to
the total score of -1.87 in the present study. Although we removed the alcohol-containing foods
and beverages from our intervention, the current findings were comparable to the intact versions
of the MeD reported in the literature.

Recently, it was reported that DII was not significantly associated with the clinical condition
of individuals with MS [50]. Moreover, Silva et al. [51], in a cross-sectional study, reported that
DII does not correlate to waist circumference, waist-hip ratio, body roundness index, body shape
index, body shape z score index, and percentage of body fat among MS patients. In contrast,
Shivappa et al. [52] observed that a pro-inflammatory diet (with a higher DII score) may be
associated with an increased risk of MS in an Iranian population. In the current study, an anti-
inflammatory diet was prescribed to assess the possible effects on DII in RRMS patients. The
link between diet and chronic inflammation has been well established [53, 54], and the
association between inflammation and neurodegeneration in MS is generally well-supported
[55]. According to previous work, the Mediterranean diet is inversely associated with biomarkers
of inflammation [56, 57].

The MUFA and PUFA content of mMeD appears to be responsible for the anti-inflammatory
DII score in the current study. Omega-3 PUFAs inhibit NF-kB signaling through activation of
SIRT1-mediated pathway [58] and the reduction of pro-inflammatory cytokines (e.g., IL-12, IL-
23) [59]. Olive oil polyphenols, which are a major part of the mMeD, also have an inhibitory
effect on endothelial Nitric Oxide Synthase (eNOS) and Brain-Derived Neurotrophic Factor
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(BDNF) expression [60]. However, two systematic reviews in 2012 and 2020, respectively,
reported that PUFAs do not elicit any significant effect on MS-related outcomes [61, 62].

In the present study, flavonoids intake increased after six months adherence to the mMeD;
moreover, flavan-3-ol, anthocyanidins, and isoflavones levels were significantly greater in
comparison with the TID group. Flavan-3-ols, mainly extracted from green tea, have previously
been advocated as neuroprotective compounds [63]. Furthermore, anthocyanidins possess anti-
inflammatory and anti-proliferative effects through inhibition of the cyclooxygenase-2
expression in LPS-evoked macrophages [64]. Recently, Freedman et al. [65] found that a high-
isoflavone diet ameliorates Experimental Autoimmune Encephalomyelitis (EAE) through
modulation of gut microbiota in MS patients.

In the present study, fatigue severity was reduced by 12 percent (measured by MFIS total
score). In a 12-week randomized trial, Mousavi-Shirazi-Fard et al. [13] observed the fatigue-
modulatory effect of an anti-inflammatory diet among 100 RRMS patients. Another study,
conducted by Yadav et al. [66], reported that a plant-based, low-fat diet, can reduce the MFIS by
~0.2 points per month in RRMS patients. Indeed, it seems that the bioactive components of
mMeD are responsible for fatigue improvement.

The mMeD administration in the present study did not elicit any improvement in disease-
related disability in RRMS participants. We hypothesized that the mMeD may have improved
the level of disability from moderate (~3) to mild disability (<2); however, in this study, and our
previous work, there was no association between a Mediterranean-like dietary pattern and
disability (measured by EDSS) [14]. EDSS is the most important secondary endpoint in MS
trials addressing RRMS patients; this instrument is suitable for detecting the efficacy of clinical
interventions, to monitor disease progression, and is internationally utilized [67].

While our study provides initial insights into understanding the potential role of dietary
interventions in the management of MS, it has some limitations that should be considered. The
current study is representative of patients with RRMS undergoing intensive pharmacotherapy,
and who are potentially motivated and health-conscious. Therefore, the current findings are not
necessarily pertinent to healthy subjects, or other disease populations. The sample size for the
present study was calculated based on a secondary variable, i.e., FSS. Furthermore, incumbent
findings could have been affected by insufficient statistical power, relative to DII score, small

sample size, short follow-up period, and high drop-out rate (>18%). Moreover, there was an
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imbalance between groups at follow-up in the drop-out rate (more than 22% in the intervention
group versus 3.3 % in the control group). The nature of this study was single-blind and was
vulnerable to selection and recall biases. The lack of neuroimaging data, which may be useful in
evaluating the effect of diet on neurodegeneration, was the most important clinical limitation.
The calculation of trans fat intake was predominantly based on high-fat dairy and meat products;
thus, underestimation was possible. Finally, EDSS was used to measure disease disability in the
current research; however, this tool may not be sensitive to clinical change, especially in short-
term studies (< 6 months) and milder levels of disability [68].

However, despite the aforementioned limitations, the present study has several strengths
worth mentioning. The MS participants recruited were relatively homogenous, allowing pertinent
inferences to be drawn. Furthermore, adjustment in the final analysis allowed detailed
consideration of potential confounding variables. In this trial, all 45 parameters of the DII were
measured and a non-invasive method was used for evaluating inflammatory condition; these
strategies helped to improve the accuracy and precision of our findings. Finally, although current
evidence suggests that adherence to a Mediterranean-style diet can reduce inflammation in
chronic diseases, studies pertaining to Relapsing-Remitting Multiple Sclerosis (RRMS) are

limited; therefore, the present study provides a novel and important addition to the literature.

5. Conclusion

Our results demonstrated that adherence to the mMeD for 6-months can reduce DII score in
RRMS participants. Indeed, the mMeD improved fatigue severity, without any significant
change on disability. Comparatively, adherence to the Traditional Iranian Diet did not impact DII
scores. Additional studies are required to evaluate the long-term safety and immunomodulatory
properties of the MeD, and TID in progressive forms of MS, as well as in patients with other

autoimmune diseases.
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« Received allocated intervention (n= 90)
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continue the study (n=2)

- Discontinued intervention (driving accident)
(n=1)
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[ Analysis ]

Analysed (n=68; F= 57, M= 11)
«+ Excluded from analysis due to incomplete
filling of questionnaires (n= 2)

Analysed (n=79; F= 65, M= 14)
« Excluded from analysis due to incomplete
filling of questionnaires (n= 8)

Figure 1. Flow diagram representing study plan.
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Table 1. The main composition of modified Mediterranean (mMeD) and Traditional Iranian

(control) diets.

Major nutrients

mMeD

Control}

% of calories

% of calories

Protein 17" 13
Carbohydrate 51 58
Fat 32! 29
% of total fat
Saturated 21" 32
Monounsaturated 56 33
polyunsaturated 15" 14
®6/m3 Fatty Acids 2.1-3/1° 3.8/1
Cholesterol mg/Cal 0.16' 0.12
Fiber g/Cal 0.03° 0.005
Sodium mg/Cal 1.3"° 1.6

*Reference Number:

1. Bédard A, Riverin M, Dodin S, Corneau L, Lemieux S. Sex differences in the

impact of the Mediterranean diet on cardiovascular risk profile. British Journal of

Nutrition. 2012 Oct;108(8):1428-34.

2. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA, O’Keefe
JH, Brand-Miller J. Origins and evolution of the Western diet: health

implications for the 21st century. The American journal of clinical nutrition.

2005 Feb 1;81(2):341-54.
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3. Kafatos A, Verhagen H, Moschandreas J, Apostolaki I, Van Westerop JJ.
Mediterranean diet of Crete: foods and nutrient content. Journal of the American

Dietetic Association. 2000 Dec 1;100(12):1487-93.

T Values were calculated based on average usual intakes of the participants in

Traditional Iranian Diet.

Imodified Mediterranean Diet; adopted from 1999 Greek Dietary Guidelines (1999):
Ministry of health and welfare, supreme scientific health council: Dietary guidelines for
adults in Greece.Arch. Hell. Med. 1999, 16, 516-524. Serving sizes specified as: 25 g
bread, 100 g potato, 50—60 g cooked pasta, 100 g vegetables, 80 g apple, 60 g banana,
100 g orange, 200 g melon, 30 g grapes, 1 cup milk or yoghurt, 1 egg, 60 g meat, 100 g
cooked dry beans.
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Table 2. Characteristics of participants between diet study groups.

g mMeD Control
(n=68) (n=79) P-value’
continuous variables M = SD M £+ SD
Age (y) 38.6£8.6 |40.0+9.6 |0.309
Body Weight (kg) 71.2+£10.1 | 68.5+10.5|0.556
Height (cm) 165.4+7.0 | 163.0+6.8 | 0.473
BMI (kg/m’) 26.1 £4.1 259+4.5 |0.757
Duration of the disease (y) 8.1£5.7 9.3+6.9 0.395
EDSS 1.7+£0.7 2.0+0.9 0.059
DIT* 2.38+0.21 |2.38+0.21 | 0.687
DII (plus supplements) 1.87£1.25 |2.01 £0.93 | 0.069
mMeD Control
Categorical variables (n=68) (n=79) P-value®
n (%) n (%)
gender Male (17%) 11 (16.2) 14 (17.7) 0.830
Female (83%) 57 (83.8) 65 (82.3)
Illiterate 344 3(3.9)
Elementary 7 (10.3) 5(6.3)
Education Junior school 7 (10.3) 9(11.4) 0.332
Diploma 29 (42.6) 46 (58.2)
University 22 (32.4) 16 (20.3)
Famil Yes 10 (14.7) 12 (15.2)
historj No 58(85.3) | 67 (84.8) 099
Normal 28 (41.2) 34 (43.0)
M Underweight 2(2.9) 3(3.9)
classificatio 0.948
Overweight 18 (26.5) 22 (27.8)
! Obese 20 (29.4) 20 (25.3)
Nutritional Vitamin D 60 (88.2) 62 (78.5)
supplement | Omega-3 26 (38.2) 23 (29.1) 0704
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intakes

Multivitamin &

minerals

18 (26.5)

17 (21.5)

L-carnitine or

caffeine

11 (16.1)

18 (22.8)

Abbreviations: mMeD, modified Mediterranean Diet; BMI, Body Mass
Index; yr, year; SD, Standard Deviation; EDSS, Extended Disability
Status Scale; %, within group percent; DII, dietary inflammatory index;
control, Traditional Iranian Diet.

Tobtained from independent t-test, EXCEPT for Duration of the disease,
BMI, and EDSS, that was analyzed by Man-Whitney U test; P<0.05

considered significant

*determined with Chi Square, EXCEPT for gender, and Family history,
that was analyzed by Fisher’s Exact test, P<0.05 considered significant

*Negative number represents an anti-inflammatory score, while positive

number reflects a proinflammatory score.
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Table 3. Dietary inflammatory index (DII) parameters and scores in patients with relapsing-remitting multiple sclerosis that received

either modified Mediterranean Diet (mMeD) or Traditional Iranian Diet (control).

Dietary group DII food Group | Baseline End of trial P-value' A P-value’
parameters
mMeD | 2670.6 + 468.6 2193.6 £317.3 <0.001* -477.0 +300.1
energy Energy (kcal/day) <0.001*
Control | 2575.7 +£437.0 2588.7 £419.5 0.828 13.0 £ 531.5
mMeD | 405.2 + 86.6 317.5+57.7 <0.001* -87.7+54.2
Carbohydrate (g/day) <0.001*
Control | 391.4 +78.3 394.8 £ 75.1 0.083 34+973
mMeD | 92.0+7.5 87.0 + 8.4 <0.001* -5.0+ 8.8
Protein (g/day) 0.327
Control | 90.5+6.9 90.1 +7.1 0.642 -0.36 +£10.0
mMeD | 77.3+13.1 66.9+ 7.5 0.001 -104+12.4
Total fat (g/day) 0.052
Control | 74.0+13.0 74.0 £12.7 0.057 0.10+15.8
mMeD | 307.1 £105.3 266.0 £37.2 0.055 -81.1 +£103.2
Cholesterol (mg/day) 0.134
Macro nutrients Control | 283.8 +104.6 284.8 +105.2 0.072 1.0+ 1324
mMeD | 26.5+10.4 18.7+5.2 0.002 -7.8+9.7
Saturated fat (g/day) 0.061
Control | 24.3+10.4 24.4+10.5 0.044 0.07 +£13.0
mMeD 1.2+0.98 0.6 £0.87 0.012 -0.6+0.3
Trans fat (g/day) 0.671
Control | 1.3 £0.85 1.2 £0.60 0.741 -0.1 +£0.7
n-6 Fatty acids mMeD 11.3£1.8 12.8+0.8 0.002 1.5+1.7 0.036
(g/day) Control | 11.5+2.0 11.6+1.8 0.292 0.1+2.5
n-3 Fatty acids mMeD | 0.18 +0.07 0.2 £0.06 0.429 0.02 +0.09 0.711
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(g/day) Control | 0.18 +0.07 0.18 +0.06 0.207 -0.00 = 0.08
mMeD |229+2.6 26.0 £4.0 0.013 3.1+4.1
MUFA (g/day) 0.019
Control | 25.1+3.7 25.1+3.7 0.091 -0.01 +4.6
mMeD | 152+3.5 17.0£1.5 0.022 1.9+4.1
PUFA (g/day) 0.172
Control | 153+3.4 153+3.3 0.333 0.00+4.5
mMeD | 27.7+8.0 32.0+5.1 0.407 4.2+9.0
Fiber (g/day) 0.431
Control | 29.0+8.0 28.9+8.4 0.431 -0.1£11.1
mMeD 29.6 £6.5 24.6+3.6 <0.001* -5.0+5.34
Iron (mg/day) 0.029
Control | 28.5+6.0 28.4+£6.0 0.139 -0.1+7.8
mMeD | 253.4 +50.5 292.7 +£36.8 0.348 39.2+589
Magnesium (mg/day) 0.038
Control | 259.0 +51.0 257.0+52.2 0.611 -1.9+70.9
minerals
mMeD |9.0+1.1 9.0+0.9 0.650 0.0+1.5
Zinc (mg/day) 0.168
Control | 8.9+ 1.0 89=+1.1 0.543 -0.05+ 1.6
mMeD | 118.3+£25.2 93.0+13.1 <0.001* -25.3+£20.5
Selenium (pg/day) 0.004
Control | 112.2 +24.9 114.0 +24.4 0.091 1.8+31.4
Beta Carotene mMeD | 710.7 £ 895.8 1746.2 £ 973.6 0.006 1035.5+£1084.4 0.032
(ng/day) Control | 856.2 +962.3 801.8 + 924.4 0.214 -54.3 + 1236.6 '
; mMeD | 3.6+0.6 3.8+0.6 0.001 0.2+1.0
Ffdt sqluble Vitamin E (mg/day) 0.650
vitamins Control | 3.6+0.6 3.5+0.6 0.226 -0.1£0.8
mMeD |1.6+£1.2 23+1.2 0.319 0.6+1.8
Vitamin D (yg/day) 0.061
Control | 1.6+1.2 1.6+1.2 0.657 0.0+1.7
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mMeD | 1139.9 £ 545.5 1663.2 + 648.4 0.085 523.3 +754.3
Vitamin A (RE/day) 0.152
Control | 1203.8 +600.0 1172.1 +£569.1 0.757 31.6 £779.6
mMeD | 94.4+£53.2 141.5£37.3 0.109 47.0 £58.7
Vitamin C (mg/day) 0.069
Control | 104.4 +54.6 101.9 £54.3 0.215 25+71.4
Vitamin B12 mMeD | 5.1+£2.0 3.7£0.8 0.289 -1.3+£22
0.401
(yg/day) Control | 4.6+ 2.1 46+2.1 0.298 0.06 2.8
mMeD 1.7£0.3 1.6 04 0.581 -0.08 £0.5
Vitamin B6 (mg/day) 0.478
Control | 1.7+0.4 1.7+0.4 0.708 0.00+0.5
g mMeD | 334.2 +138.8 395.7+£102.9 0.828 61.4+170.5
Water-soluble | ¢ 1 acid (yg/day) 0.374
vitamins Control | 357.6 + 144.0 3559+ 148.0 0.310 -1.6 £194.2
mMeD | 29.8+6.3 24.0+3.6 <0.001* -5.7+4.2
Niacin (mg/day) 0.018
Control | 28.7+5.5 28.7+5.3 0.326 0.01+£7.2
mMeD |2.1+£04 22+04 0.006 0.02+0.7
Riboflavin (mg/day) 0.444
Control |2.1+0.4 21+04 0.935 0.00£0.6
mMeD 29+0.5 24+04 <0.001* -0.5+0.3
Thiamin (mg/day) <0.001*
Control |2.8+0.4 2.8+04 0.200 0.01+£0.6
S mMeD |0 0 - 0
Alcohol” (g/day) -
Control |0 0 - 0
Specific foods mMeD | 0.68 + 1.87 1.24 +3.47 <0.001* 0.56 £1.22
Garlic (g/day) <0.001*
Control | 0.70 £ 2.00 0.59 £ 1.55 0.803 -0.11 £2.52
Onion (g/day) mMeD | 8.9+2.78 10.23 +5.74 0.142 1.23 +4.03 0.049
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Control | 8.0+ 1.89 7.4+322 0.241 -0.6 +£1.20
mMeD | 0.32 +0.87 1.0+ 0.9 0.023 0.7+1.5
Ginger (g/day) 0.015
Control | 0.26 +0.80 0.20£0.91 0.441 -0.06 + 0.51
mMeD | 0.02+0.11 0.03 +0.27 0.095 0.01 £0.47
Saffron (g/day) 0.314
Control | 0.02 £0.28 0.02 £0.54 0.176 -0.00 + 0.44
mMeD | 8.4+6.5 10.7 £3.8 0.047 23+1.3
Turmeric (mg/day) 0.041
Control |7.9+4.4 8.0+£4.5 0.341 0.1+1.4
Green/black tea mMeD |[4.5+04 50=+1.1 0.057 0.5+1.7
0.274
(g/day) Control |4.1+0.6 41406 0.748 0.00+0.8
mMeD |0.7£1.5 53+23 <0.001* 4.6+3.1
Pepper (g/day) 0.031
Control | 0.8+ 1.1 09+1.8 0.188 0.1+1.1
Thyme/oregano mMeD | 0.04 +£0.27 29.8 £8.1 <0.001* 29.7+£9.9 <0.001%
(mg/day) Control | 0.16 = 0.44 0.13+0.79 0.552 -0.03 +0.20
mMeD | 0.00 +0.05 33.4+6.6 <0.001* 33.4+82
Rosemary (mg/day) <0.001*
Control | 0.00 £ 0.02 0.00 £+ 0.06 0.656 0.00 +0.02
mMeD | 74.2 +£24.2 160.3 £ 69.8 0.046 86.1 £12.4
Flavan-3-ol (mg/day) 0.068
Control | 68.9 £51.1 77.1 £44.4 0.121 8.2+10.7
. mMeD |42+1.6 55+4.8 0.180 1.3+0.9
Flavonoids Flavones (mg/day) 0.059
Control |3.3+5.1 3.1+£2.2 0.470 -0.2+0.5
mMeD | 30.8+84 44.5+10.3 0.065 13.7+4.8
Flavonols (mg/day) 0.214
Control | 22.7+4.5 20.3£6.6 0.113 24+1.1
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mMeD 11.6+6.1 17.3£9.9 0.080 5.7+3.3
Flavonones (mg/day) 0.247
Control | 11.0+2.5 11.0£1.9 0914 0.00 + 0.47
Anthocyanidins mMeD 10.6 £5.5 593 +11.2 <0.001* 48.7 +£10.0 <0.001%
(mg/day) Control | 10.2 4.4 11.0+38 0.252 08+1.8
Isoflavones’ mMeD 424+3.1 13.7+0.9 0.044 95+1.6 0.049
(mg/day) Control | 4.1+3.0 45+28 0.230 04+0.6 '
¢ mMeD 0.01 +£0.2 0.2+0.1 0.074 0.19+0.2
Eugenol” (mg/day) 0.033
Control | 0.00+0.1 0.00£0.1 0.234 0.00£0.1
miscellaneous
mMeD 0.004 +0.003 0.003 +0.001 <0.001* -0.001 £ 0.000
Caffeine (g/day) 0.618
Control | 0.004 +0.003 0.004 + 0.003 0.164 -0.000 £ 0.000
. mMeD | 2.38 +£0.21 -1.87 £ 0.86 <0.001* -4.25 +1.54
Overall DII score <0.001*
Control | 2.21 +0.44 2.14 £ 1.01 0.771 -0.07 = 0.62

DIIL, Dietary inflammatory index; mMeD, modified Mediterranean Diet; control, Traditional Iranian Diet; MUFA, monounsaturated fatty acids; PUFA,

polyunsaturated fatty acids.
Data has been presented as mean + SD.

'obtained from paired t test; except for protein and Vitamin A, that were analyzed via nonparametric Wilcoxon test. P<0.05 considered as significant.

*mean changes between end of trial and baseline values.
*obtained from MANCOVA test; adjusted for age, gender, body weight, body mass index, education level, supplement use, family history and duration of MS, and
P<0.05 considered as significant.
Flavonoid intake was estimated based on “USDA Database for the Flavonoid Content of Selected Foods; Release 3.2”. Other micro &macronutrients were
calculated with N4 software.
* obtained by dietary intakes only. Negative number indicates an anti-inflammatory score, while positive number reflects a proinflammatory score.
>due to the cultural features of Iranian, the intake of alcohol-contained products was close to zero; thus, we modified the standard version of MeD by eliminating any
alcohol beverages e.g. red wine.

¢ calculated from USDA Database for the Flavonoid Content of Selected Foods Release 3.3 (March 2018)
7 calculated from USDA Database for the Isoflavone Content of Selected Foods Release 2.0 (September 2008)

¥ Eugenol (mg) intake was measured based on Phenol-Explorer database (latest version 3.6; released on December 2016)
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Table 4. Comparison of fatigue & disability-related variables in patients with relapsing-remitting multiple sclerosis that received

either modified Mediterranean Diet (mMeD) or Traditional Iranian Diet (control).

3

Variables Subscale | Group | Baseline End of trial P-value' A P-value
mMeD | 31.2+104 28.5+8.8 <0.001** -2.7+0.7
Physical <0.001*
Control | 32.9+9.2 33.7+10.2 0.124 0.8+0.8
mMeD |358+11.1 30.2+8.5 <0.01* -56+1.8
Cognitive 0.027
Control | 36.6 +9.9 36.1+7.1 0.092 -0.5+0.1
MFIS
Psychosoc | mMeD | 5.4 +3.1 52+2.6 0.244 -0.2+0.2
0.088
ial Control | 6.0+2.9 6.1+3.4 0.157 0.1+0.4
Total mMeD | 72.4+17.2 63.9+14.2 <0.001%** -8.5+2.74
<0.001*
score Control | 69.5+13.2 759 +15.3 0.771 6.4+ 1.62
mMeD 1.7+0.7 1.7+£0.6 0.334 -0.02 £0.07
EDSS 0.065
Control |2.0+£0.9 2.1+0.8 0.112 0.1 £0.02

MFIS, Modified Fatigue Impact Scale; EDSS, Extended Disability Status Scale;
Diet; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

Data has been presented as mean = SD.

'obtained from paired t test. P<0.05 considered as significant.

mean changes between end of trial and baseline values.

mMeD, modified Mediterranean Diet; control, Traditional Iranian

Sobtained from MANCOVA test; adjusted for age, gender, body weight, body mass index, education level, supplement use, family history and duration

of MS, and P<0.05 considered as significant.
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Table 5. Predictors and covariates for MFIS total score and EDSS in mMeD group.

Dependent variables Covariates B 95% C1 P value  Adjusted R
Lower Upper
Age 0.035 -0.006 0.068 0.122
Gender -0.362 -0.388 -0.340 0.950
body weight 0.045 0.033 0.057 0.069
MFIS total score BMI 0.277 0.127 0.428 0.212
education level 0.022 0.018 0.026 0.199 0.098
supplement use 0.860 0.510 1.176 0.320
family history 0.232 0.047 0.417 0.478
duration of MS 1.007 0.946 1.069 0.321
DII 1.701 1.329 2.073 0.041°
Age 0.018 -0.024 0.060 0.625
Gender 0.112 -0.089 0.313 0.164
body weight 1.022 0.142 1.902 0.311
EDSS BMI 0.987 0.975 0.998 0.584
education level -0.221 -0.381 -0.061 0.358 0.157
supplement use 0.675 0.504 0.846 0.166
family history 1.328 0.297 2.359 0.254
duration of MS 2.547 2.113 2.981 0.323
DII 3.809 2.505 5.114 0.067

B, unstandardized regression coefficient; 95% CI, 95% confidence interval of the unstandardized regression coefficient.
MFIS, modified fatigue impact scale; DII, dietary inflammatory index; EDSS, extended disability status scale; BMI, body

mass index; MS, multiple sclerosis

XL0E001ZSY1L1£000S/L10L°0L/BI0"10p//:50nY

*sw21/2402/610°3BpLIquIed MMmM//:Sd11Y 1B 3]ge|IeA. ‘SN JO SW3) 340D abpLiquie) ayy 03 193[qNs ‘9€:Z1:61 38 1Z0Z BNV LZ U0 '6°S01°99°Z :SSIIPPE dI "2.402/610°36pLiquied mmm//:sd11y woiy papeojumod


https://doi.org/10.1017/S000711452100307X
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

doi:10.1093/brain/awy 131 BRAIN 2018: 141; 19001916 | 1900

A JOURNAL OF NEUROLOGY

REVIEW ARTICLE

The intestinal barrier in multiple sclerosis:
implications for pathophysiology and
therapeutics

Carlos R. Camar’a-Lemar'roy,"2 Luanne Metz,"2 Jonathan B. Meddings,3 Keith A. Shar‘keyz'4
and V. Wee Yong'?

Biological barriers are essential for the maintenance of homeostasis in health and disease. Breakdown of the intestinal barrier is an
essential aspect of the pathophysiology of gastrointestinal inflammatory diseases, such as inflammatory bowel disease. A wealth of
recent studies has shown that the intestinal microbiome, part of the brain-gut axis, could play a role in the pathophysiology of
multiple sclerosis. However, an essential component of this axis, the intestinal barrier, has received much less attention. In this
review, we describe the intestinal barrier as the physical and functional zone of interaction between the luminal microbiome and
the host. Besides its essential role in the regulation of homeostatic processes, the intestinal barrier contains the gut mucosal immune
system, a guardian of the integrity of the intestinal tract and the whole organism. Gastrointestinal disorders with intestinal barrier
breakdown show evidence of CNS demyelination, and content of the intestinal microbiome entering into the circulation can impact
the functions of CNS microglia. We highlight currently available studies suggesting that there is intestinal barrier dysfunction in
multiple sclerosis. Finally, we address the mechanisms by which commonly used disease-modifying drugs in multiple sclerosis could
alter the intestinal barrier and the microbiome, and we discuss the potential of barrier-stabilizing strategies, including probiotics
and stabilization of tight junctions, as novel therapeutic avenues in multiple sclerosis.
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H function is a prominent feature of many diseases, such as
IntrOdUCtlon inflammatory bowel disease (Choi et al., 2017; Martini
Biological barriers separate the internal milieu from the et al., 2017; Mu et al., 2017), graft versus host disease
external environment and are essential components of (Nalle and Turner, 2015) and coeliac disease (Schumann
maintaining homeostasis. A compromised intestinal barrier et al., 2017), but other biological barriers also fail in a
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The intestinal barrier in multiple sclerosis

myriad of pathological conditions (e.g. renal tubules in
glomerulonephritis and lung alveoli in acute respiratory dis-
tress syndrome). The CNS is highly sensitive to homeostatic
changes, and as such requires its own specialized barrier,
the blood-brain barrier, for appropriate functioning.
Breakdown of the blood—brain barrier is an essential hall-
mark of multiple sclerosis pathophysiology. Immune
mediated dysregulation of the blood-brain barrier allows
for migration of activated inflammatory cells into the
brain, which in turn induces demyelination, axonal loss
and other tissue damage (Ortiz et al., 2014; Kamphuis
et al., 2015). Interestingly, many of the tight junction mol-
ecules in endothelial cells of the brain—blood barrier are
identical to those in intestinal tissues, such as occludin,
claudins and zona occludens-1 (Reinhold and Rittner,
2017). In this review, we examine the multiple lines of
evidence, albeit mostly indirect, linking the intestinal bar-
rier function and multiple sclerosis pathophysiology. We
also discuss the possible effect of multiple sclerosis dis-
ease-modifying therapies and their association with the
gut microbiome.

The intestinal barrier

The intestinal barrier maintains homeostasis by preventing
the unwanted movement of antigenic molecules and mi-
crobes from the lumen of the gastrointestinal tract, while
allowing the products of digestion and water to enter the
body. The intestinal barrier consists of a physical barrier
provided by the inter-epithelial tight junctions, a secretory
barrier that includes antimicrobial peptides, mucus and
fluid and an immunological barrier, including cells and
molecules of the innate and adaptive immune system. The
secretory component of the epithelial barrier is regulated by
neural mechanisms that integrate this component of barrier
function with digestive processes in the gut. Intestinal bar-
rier function refers to ability of the intestinal mucosa and
extracellular barrier components (e.g. mucus, antimicrobial
peptides) to modulate epithelial permeability and act as a
physical and functional limiting step for organism-luminal
interactions.

The intestinal lumen and its contents are separated from
the rest of the gastrointestinal tissue (and the body) by a
single layer of epithelial cells along the length of the gastro-
intestinal tract. These cells are being constantly renewed
and thus require constant proliferation (Delgado et al.,
2016). Intestinal stem cells, present in the crypts of the
intestinal mucosa, differentiate into both enterocytes, and
specialized secretory (Paneth cells and goblet cells) and sen-
sory cells (enteroendocrine cells and tuft cells), a process
regulated by complex transcriptional and epigenetic mech-
anisms (Smith et al., 2017). The intestinal barrier is perme-
able to water and other small molecules, a property
modulated by tight junctions, located around the apical
surface of adjacent epithelial cells. Tight junctions consist
of a heterogeneous group of transmembrane proteins such
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as occludins, claudins, junctional adhesion molecules and
zona occludens-1, each with specific roles (Gasbarrini and
Montalto, 1999; Sturgeon and Fasano, 2016; Volynets
et al., 2016; Capaldo et al., 2017; France and Turner,
2017).

The intestinal barrier (Fig. 1) is continuously exposed to
a number of immunological and microbiological factors.
When the permeability of the intestinal barrier is breached,
undesired large molecules, and commensal bacteria, may
enter the lamina propria with pathological consequences
(Odenwald and Turner, 2017). One of the main causes of
increased permeability of the intestinal barrier is inflamma-
tion, an event thought to be essential in the pathophysi-
ology of inflammatory bowel disease (IBD) (de Souza
et al., 2017; Martini et al., 2017), coeliac disease and
sepsis (Yoseph et al., 2016; Schumann et al., 2017).
Inflammatory cytokines including interferons, interleukin
(IL)-17 and tumour necrosis factor alpha (TNF«), as well
as calcium-dependent oxidative stress, have been shown to
alter the expression of tight junction proteins and lead to
increased intestinal permeability (Reynolds et al., 2012;
Yang et al., 2014; Al-Sadi et al., 2016; Gangwar et al.,
2017).

Together with intestinal epithelial cells as the first layer of
the intestinal barrier are Paneth cells (Fig. 1), which are
specialized secretory cells derived from intestinal stem
cells. Paneth cells produce antimicrobial peptides, the
defensins, which are secreted into the mucus layer
(Dupont et al., 2014; Yu et al., 2016; Capaldo et al.,
2017). Mucus, secreted from goblet cells, is composed of
heavily glycosylated oligomeric mucin proteins, water, ions
and secretory IgA. This layer modulates bacterial growth in
the intestinal lumen adjacent to the intestinal barrier, pre-
vents bacterial adherence and acts as part of the innate
immune response of the organism against microbial patho-
gens (Dupont et al., 2014).

After the mucus and the epithelial lining of the gastro-
intestinal tract, the next layer of the intestinal barrier is
mostly immunological. Innate lymphoid cells, located in
the epithelial layer, can be activated to produce a variety
of inflammatory mediators, which play a defensive or a
pathogenic role in mammal gut homeostasis (Bostick and
Zhou, 2016). Found in close proximity to the single layer
of enterocytes, intraepithelial lymphocytes are a heteroge-
neous population of cells that provide immune protection
against pathogens and also regulate immune responses that,
if unchecked, could jeopardize the integrity of the barrier
(Cheroutre et al., 2011; Olivares-Villagomez and Van Kaer,
2018). The lamina propria (Fig. 1) is populated by B, T
and dendritic cells that can initiate and modulate a host of
immunological responses (Persson et al., 2013; Gronke
et al., 2017). Peyer’s patches are secondary lymphoid tis-
sues present in the intestinal mucosa. They are continuously
exposed to a variety of antigens, presented to Peyer’s
patches by microfold epithelial cells and resident dendritic
cells (Rochereau et al., 2011; Hashiguchi et al., 2015).
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Figure | The intestinal barrier and possible mechanisms of barrier dysfunction in multiple sclerosis. The normal intestinal barrier is
composed of multiple layers (top). From the luminal side outwards, there is a mucus layer in close contact with the commensal microbiota, the single
cell epithelial layer (woven together by tight junction proteins depicted here as green closed circles), the lamina propria and submucosa containing the
immunological barrier, and finally the muscle and connective tissue layer. Changes in microbiota, mucus composition, epithelial cell death, tight
junction function and immunological dysregulation could all lead to breakdown of the intestinal barrier and increased permeability (bottom).

CNS demyelination and
intestinal barrier breakdown
in gastrointestinal disorders:
an important link?

An association between multiple sclerosis and IBD has been
suggested because of common epidemiological, immunological

and genetic patterns (Barcellos et al., 2006). IBD patients have
an increased risk for cerebrovascular disease, peripheral neur-
opathy and demyelinating disease (Casella ef al., 2014; Ferro
et al., 2014; Moris, 2014), and anti-TNF therapies that are
widely used in IBD have also been associated with CNS de-
myelination (Katsanos and Katsanos, 2014). Indeed, a recent
meta-analysis of 10 case-control studies including over 1 mil-
lion patients found a risk ratio of 1.54 for multiple sclerosis/
IBD comorbidity, with no difference between Crohn’s disease



The intestinal barrier in multiple sclerosis

and ulcerative colitis (Kosmidou et al., 2017). Certain authors
propose that IBD can be conceived as a disorder of the intes-
tinal epithelial barrier, and barrier breakdown is known to be
an essential step in the pathophysiology of both Crohn’s and
ulcerative colitis (for reviews see Jiger et al., 2013; Antoni
et al., 2014; Goll and van Beelen Granlund, 2015). Evidence
showing white matter involvement in IBD could also provide a
link between intestinal barrier breakdown and CNS
demyelination.

In an early study, investigators found a 3-fold increase of
white matter hyperintensities in the MRIs of patients with
IBD (Geissler et al., 1995). A recent estimate suggested that
over half of all IBD patients will have white matter hyper-
intensities in a routine MRI (Ferro et al., 2014). Other
findings in IBD include decreased grey matter volume and
decreased axial diffusivity in major white matter tracts
(Zikou et al., 2014). The aetiology of the white matter
lesions found in patients with IBD is uncertain, and some
authors suggest that ischaemia and vasculitis might be re-
sponsible (Zikou et al., 2014). However, in a report of five
cases of patients with Crohn’s disease with symptomatic
acute white matter lesions suggestive of demyelination, sys-
temic infection, coagulation disorders, or vasculitis were
ruled out (de Lau et al., 2009). Additionally, other studies
have attempted to describe white matter lesions in patients
with Crohn’s disease with more detail. White matter lesions
suggestive of demyelination were found in 72% of 54 pa-
tients compared to 34% in age- and sex-matched controls
(Chen et al., 2012). The role of anti-TNF therapy is also
debated, and some observational studies have not found an
association between therapy and presence of white matter
hyperintensities (Chen et al., 2012). In a retrospective ana-
lysis of 9095 patients with IBD, anti-TNF therapy was not
found to increase the risk of confirmed inflammatory
demyelinating CNS lesions (de Felice et al., 2015).

Other gastrointestinal diseases where the intestinal bar-
rier is impaired have also been associated with CNS demye-
lination. In patients with multiple sclerosis, serological and
histological markers of coeliac disease are more frequent
than in healthy controls (Rodrigo et al., 2011), although
other studies have found inconsistent results (Salvatore
et al., 2004). Cases of comorbid coeliac disease and mul-
tiple sclerosis are abundant in the literature (Batur-
Caglayan et al., 2013; Casella et al., 2016), as are cases
of coeliac disease with white matter lesions mimicking mul-
tiple sclerosis or other CNS demyelinating diseases
(Mirabella et al., 2006; Finsterer and Leutmezer, 2014;
Krom et al., 2017). MRI studies in patients with coeliac
disease have also shown higher proportion of white matter
lesions and grey matter atrophy (Bilgic et al., 2013).

Although a causal link between intestinal barrier break-
down and CNS demyelination cannot be concluded with
certainty in these cases, there appears to be an association
not solely explained by their shared epidemiological and
immunological characteristics. The association between
these entities is certainly complex and in need of further
study.
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Intestinal barrier homeosta-
sis, the microbiome and
neuroinflammation: possible
mechanisms linking these
entities

The interactions between the microbiome and the intestinal
barrier, particularly the contribution of the microbiome in
maintaining barrier homeostasis, could be central in ac-
counting for its regulation of neuroinflammation (Fig. 2).
Several studies have established that there are alterations in
the gut microbiome of patients with multiple sclerosis,
which has further fuelled the interest in the brain-gut-
microbiome connection in multiple sclerosis research.

Early studies showed that, when compared to controls,
patients with relapsing-remitting multiple sclerosis have an
abundance of Anaerostipes, Faecalibacterium,
Pseudomonas, Mycoplasma, Haemophilus, Blautia, and
Dorea and a relative decrease of Bacteroides, Prevotella,
Parabacteroides and Adlercreutzia (Cantarel et al., 2015;
Miyake et al., 2015; Chen et al., 2016). In paediatric mul-
tiple sclerosis, patients have higher levels of members of
Desulfovibrionaceae and depletion in Lachnospiraceae
and Ruminococcaceae (Tremlett et al., 2016a). However,
a clear and consistent ‘multiple sclerosis microbiome
phenotype’ has not been described, and a myriad of differ-
ent species have been implicated. For example, studies have
found a significant depletion in Clostridial species (Rumah
et al., 2013; Miyake et al., 2015), Butyricimonas (Jangi
et al., 2016), Roseburia (Swidsinski et al., 2017) and in-
creases in Streptococcus (Cosorich et al, 2017),
Methanobrevibacter, Akkermansia and  Coprococcus
(Cantarel et al., 2015; Jangi et al., 2016). Multicentre stu-
dies aiming at defining a ‘core microbiome’ are underway
(Probstel and Baranzini, 2018). Furthermore, some of these
changes in the microbiome have been associated with im-
munological derangements, such as differences in the ex-
pression of genes involved in interferon and nuclear
factor kappa-B (NF-«B) signalling (Jangi et al., 2016),
and numbers of pro-inflammatory T helper 17 (Th17)
cells in the intestine (Cosorich et al., 2017). At least one
study found that differences in the microbiota could predict
relapse risk in paediatric multiple sclerosis patients
(Tremlett et al., 2016b).

Insights into how the microbiome could alter neuroin-
flammatory responses (reviewed in Colpitts and Kasper,
2017; Wekerle, 2017) have been illuminated by studies in
germ-free mice where the microbiome regulates the shift
back-and-forth of immune cells from pro- to anti-inflam-
matory phenotypes (Berer et al., 2011). Mice maintained
under germ-free conditions have an attenuated form of ex-
perimental autoimmune encephalomyelitis (EAE), an in-
flammatory model of multiple sclerosis, and show lower
levels of IL-17 in both the gut and the CNS, while also
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Figure 2 An altered intestinal barrier leads to immune changes in the gut and the CNS. (1) Multiple sclerosis-associated microbiota
and immune derangements lead to an altered barrier and increased permeability. (2) Microbiota diversity is reduced, as is production of SCFA’s,
and some bacteria translocate to the lamina propria. (3) LPS produced by bacteria cause low-grade inflammation and endotoxaemia, and loss of
SCFA signalling alters lymphocyte phenotypes. (4) LPS, microbial-associated molecular patterns (MAMPs) and reduced SCFAs alter the blood—
brain barrier. (5) LPS and activated lymphocytes reach the CNS, where in absence of normal SCFA concentrations, microglia and astrocyte
neuroimmune responses are affected. A = astrocytes; BBB = blood—brain barrier; M = microglia; TLR = Toll-like receptors.

showing an increase in regulatory T cells (Tregs) peripher-
ally (Lee et al., 2011). Colonization with segmented fila-
mentous bacteria in germ-free mice leads to increased
production of IL-17 and development of severe EAE. In
contrast, other gut commensals such as P. histicola are
able to suppress EAE severity, by decreasing pro-inflamma-
tory Th1 and Th17 cells, and increasing Tregs and suppres-
sive macrophages (Mangalam et al., 2017). B. fragilis,
another common commensal strain, can also suppress
EAE by expanding Tregs expressing the ectonucleotidase
CD39, allowing for increased migration of this regulatory
cell type into the CNS (Wang et al., 2014). Microbiota
abundant in patients with multiple sclerosis induce the dif-
ferentiation i1 vitro of human peripheral blood mononu-
clear cells into Th1l cells while reducing Treg numbers;
conversely, microbiota that are decreased in patients with
multiple sclerosis stimulate anti-inflammatory IL-10-ex-
pressing T cells and FoxP3+ Tregs (Cekanaviciute et al.,
2017). Microbiota from patients with multiple sclerosis
transplanted to mice prone to develop spontaneous EAE
increases their susceptibility to EAE (Berer et al., 2017).
Interestingly, multiple sclerosis patient-derived microbiota
transplantation did not lead to changes in tight junction
protein expression in the mouse recipient gut, but splenic
lymphocytes had impaired IL-10 production (Berer et al.,
2017).

An altered microbiome also leads to changes in some
bacteria-associated products known to influence neuroim-
mune responses. Short chain fatty acids (SCFAs) such as
butyrate, propionate and acetate are produced by bacterial
fermentation of dietary carbohydrate and fibre. They play
important roles in maintaining intestinal homeostasis, such
as mediating sodium transport, serving as the principal
energy source of intestinal epithelial cells and modulating
gene transcription via inhibition of histone deacetylase ac-
tivity (Kiela and Ghishan, 2016). Although not focusing on
the concentration of SCFAs, CSF metabolomics studies
from patients with multiple sclerosis have shown significant
differences when compared to controls. SCFAs such as
acetate are reduced (Simone et al., 1996; Kim et al.,
2017), while others such as formate (Kim et al., 2017)
have been found to be elevated in patients CSF. In studies
evaluating metabolites in urine, propionate metabolism has
also been found to be altered in patients with multiple
sclerosis (Gebregiworgis et al., 2016).

In experimental models, eradication of the gut micro-
biota, or even just limiting the intestinal microbiome diver-
sity, leads to impaired microglia structure and immune
function, a process regulated by SCFAs (Erny et al.,
2015, 2017). Astrocytes may also be influenced by SCFAs
and the microbiome. Dietary tryptophan is metabolized by
the gut microbiota into aryl hydrocarbon receptor agonists
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such as indoxyl-3-sulfate and indole-3-propionic acid,
which can modulate astrocyte inflammatory function
trough limiting NF-«B activation in a suppressor of cyto-
kine signalling 2-dependent manner (Rothhammer et al.,
2016). SCFAs also reduce T cell proliferation and cytokine
production in the gut (D’Souza et al., 2017; Wan Saudi and
Sjoblom, 2017). In EAE models, the administration of
SCFAs led to amelioration of disease severity in association
with a reduction of Th1 cells and an increase in Tregs
(Mizuno et al., 2017). Interestingly, an altered microbiota
may also alter innate immune responses in the gut favour-
able for systemic autoimmunity. For example, some types
of intraepithelial lymphocytes may act as Tregs that sup-
press the pathogenic response to the immunizing antigen in
EAE (Tang et al., 2007). CD4(+) intraepithelial lympho-
cytes obtained from transgenic mice prone to develop spon-
taneous EAE can infiltrate the CNS and ameliorate EAE
severity in wild-type mice on transfer, showing regulatory
properties (Kadowaki et al., 2016). These same cells pro-
liferate in response to gut-derived antigens, aryl hydrocar-
bon receptor ligands and microbiota.

SCFAs could also modulate blood-brain barrier perme-
ability. It is well known that SCFAs enhance intestinal epi-
thelial cell barrier function by increasing the expression of
tight junction proteins (D’Souza et al., 2017; Wan Saudi and
Sjoblom, 2017). Butyrate has also been shown to increase
the expression of occludin and zona occludens-1, thus
restoring blood-brain barrier permeability in models of trau-
matic brain injury (Li et al., 2016). In germ-free mice ex-
hibiting an altered blood-brain  barrier, butyrate
administration led to increased occludin expression and pre-
served blood-brain barrier permeability (Braniste et al.,
2014). Overall, changes in SCFA-producing bacteria in the
gut, and the influx of SCFAs into the blood stream, could
thus have a distal effect in microglia and astrocyte functions,
as well as in modifying blood-brain barrier permeability and
the entrance of immune cells into the CNS (Fig. 2).

Besides the above-discussed mechanisms suggesting by-
stander activation, another possible immunopathogenic
link between multiple sclerosis and the gut microbiota is
that of molecular mimicry. CNS-specific, self-reactive
lymphocytes might be cross-activated by both gut micro-
biota antigens and myelin (Berer and Krishnamoorthy,
2014). Although there is no conclusive evidence for these
mechanisms, commonly found pathogenic and non-patho-
genic gut bacteria such as Bacteroides spp. and
Enterococcus faecalis possess potential myelin basic protein
encephalitogenic mimics (Westall, 2006).

The intestinal barrier in
multiple sclerosis: conse-
quences of a leaky gut

Recent attention in the brain-gut connection in multiple
sclerosis research has been focused on the role of the
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commensal gut microbiome while largely ignoring the inter-
face of the microbiome with the organism, i.e. the intestinal
barrier. Therefore, actual evidence for an alteration of the
intestinal barrier in multiple sclerosis is limited. In a study
of 12 jejunal biopsies from multiple sclerosis patients,
Lange and Shiner (1976) found subtle histological changes,
such as two cases of villous atrophy, as well as some cases
of intestinal inflammatory cell infiltration. A later study
found similar infiltrates, and also evidence of intestinal mal-
absorption in close to 20 of 52 patients with multiple scler-
osis (Gupta et al., 1977).

In 1996, Yacyshyn et al. (1996) showed that 5 of 20
patients with multiple sclerosis had an altered lactulose/
mannitol permeability test, suggesting increased intestinal
permeability, a finding also associated with peripheral ex-
pression of CD45RO on CD20 + B cells. In the most recent
study to date, the lactulose/mannitol permeability test was
again used to evaluate intestinal permeability in 22 patients
with multiple sclerosis and compared with age- and sex-
matched controls (Buscarinu et al., 2017). Investigators
found abnormal permeability in 73% of cases versus
28% in controls, but no association between permeability
and brain MRI lesion load.

Similar findings have been recently described in the EAE
model, the prototypic inflammatory animal model of mul-
tiple sclerosis. Investigators have found altered intestinal
permeability, reduced submucosa thickness and altered
tight junction expression in intestinal epithelial cells
(Nouri et al., 2014). These alterations could also be
induced in mice by adoptive transfer of pathogenic T
cells. Furthermore, a recent study showed that the degree
of intestinal permeability disturbance is closely associated
with EAE severity (Secher et al., 2017). Treatment with
Escherichia coli strain Nissle 1917, a probiotic known to
improve intestinal barrier function, preserved tight junction
expression and decreased intestinal permeability, leading to
reduced EAE severity and decreased secretion of pro-in-
flammatory cytokines and an increased production of the
anti-inflammatory cytokine IL-10 (Secher et al., 2017). This
reduction of intestinal permeability led to a reduction of the
migration of inflammatory T cells to the CNS, suggesting
an impact on blood-brain barrier permeability as well
(Secher et al., 2017).

The above studies suggest that there is indeed an alter-
ation in the intestinal barrier in patients with multiple scler-
osis and that these changes are at least partly due to an
altered intestinal immune response (Buscarinu et al., 2017).
The clinical relevance of these findings is unclear, but sev-
eral possibilities arise. Intestinal barrier dysfunction has
been associated with susceptibility to systemic infections
(Konig et al., 2016), and both CNS and systemic infections
are a common complication in patients with multiple scler-
osis (Venkatesan, 2015). Another possibility is that the in-
testinal barrier’s interplay with commensal microbiota
could modulate the immune response pathologically.
Finally, alterations in intestinal permeability may modulate
or perpetuate neuroimmune dysregulation by increased
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transmucosal passage of
antigens.

The essential role of the commensal microbiome in the
regulation of intestinal immunity is beginning to be recog-
nized, and several recent reviews have been published on
this subject (Haak and Wiersinga, 2017; Shi et al., 2017).
Commensal bacteria are able to strengthen the gut barrier
and regulate intestinal permeability (Lin and Zhang, 2017).
A healthy microbiota also preserves intestinal epithelial cell
integrity through the production of SCFAs that increase
tight junction expression and through toll-like receptor ac-
tivation (Wells et al., 2017). Intestinal commensal bacteria
are recognized by toll-like receptors, a process leading to
protection of intestinal epithelium against injury and bar-
rier disruption (Rakoff-Nahoum et al., 2004). Toll-like re-
ceptor signalling also promotes epithelial cell proliferation,
IgA secretion and expression of antimicrobial peptides in
Paneth cells (Abreu, 2010; Wells et al., 2011).

Alterations in the gut homeostatic mechanisms in mul-
tiple sclerosis could have as one of its consequences
increased bacterial translocation through an impaired intes-
tinal barrier. One recent study found elevated levels of
endotoxin [lipopolysaccharide (LPS)] in plasma of patients
with multiple sclerosis, and endotoxin concentrations were
related to in vivo IL-6 production and increased in vitro
T-helper 17 (Th17)-like responses (Teixeira et al., 2013).
Circulating endotoxin was also correlated with the
Expanded Disability Status Scale, a measure of clinical dis-
ability in multiple sclerosis. In another study, LPS and LPS-
binding protein were found to be elevated in the serum of
EAE-induced mice; investigators also found increased LPS-
binding protein levels in the serum of multiple sclerosis
patients compared to healthy controls (Escribano et al.,
2017). These studies are evidence of a low-grade endotox-
aemia that could be present in patients with multiple scler-
osis, possibly due to bacterial translocation in the setting of
an altered intestinal barrier.

Besides LPS, enteric bacteria also produce microbial-asso-
ciated molecular patterns (MAMPs) such as bacterial lipo-
proteins and double-stranded RNA that can enter the
systemic circulation and act through toll-like receptors to
modulate the immune system (Patten and Collett, 2013).
Toll-like receptors are known to be expressed in microglia
and to modulate initiation and severity of EAE in experi-
mental models (Miranda-Hernandez and Baxter, 2013).
LPS is a well-known stimulant of microglial responses
and is able to disrupt the blood-brain barrier by increasing
microglial production of matrix metalloproteinases (Frister
et al., 2014). LPS and other MAMPs could constitute an-
other pathway by which an altered intestinal barrier could
affect neuroimmune responses in multiple sclerosis.

Finally, the use of oral disease-modifying therapies and/or
symptomatic drugs in multiple sclerosis also constitute a
concern, as the intestinal barrier is essential in drug absorp-
tion (Sanchez-Navarro et al., 2016). On the other hand,
there are no currently marketed therapies to improve intes-
tinal barrier function; nutritional, microbial-derived and
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probiotic agents are being investigated. In the next section,
we will discuss the possible effects of currently used dis-
ease-modifying therapies on the intestinal barrier as well as
other pathophysiological considerations.

Disease-modifying therapies
and the intestinal barrier

An interesting aspect of the above mentioned findings is
that the microbiome can also be altered by whatever immu-
nomodulatory therapy the multiple sclerosis patient is
receiving (Cantarel et al., 2015; Tremlett et al., 2016b).
The question of whether gut dysbiosis precedes the devel-
opment of multiple sclerosis or follows the immune alter-
ations (innate, acquired or drug-induced) is also a matter of
debate (Ochoa-Reparaz et al., 2017). Disease-modifying
therapies are medications that have improved the clinical
course of relapsing-remitting multiple sclerosis. While their
principal mechanisms are thought to be immune-modulat-
ing, their possible effects over the intestinal barrier that
may contribute to therapeutic efficacy have not been expli-
citly evaluated. Below we summarize evidence suggesting
that disease-modifying therapies could modulate the intes-
tinal barrier, the gut microbiome and the interaction be-
tween the two (Fig. 3). However, the evidence is indirect,
and whether this actually plays a meaningful role in clinical
response remains to be established.

Interferons

There is evidence suggesting that endogenous interferons
could affect the intestinal barrier. Type I interferons, includ-
ing IFNa and IFNB, are an integral part of the innate host
immune response to gut microbiota, and they modulate bi-
lateral interactions between epithelial cells and commensal
flora (Giles and Stagg, 2017). For example, IFNf has
shown stabilizing properties in biological barriers (such as
the intestinal, blood-brain and blood-lung barriers), partly
through the upregulation of tight junction proteins in endo-
thelial cell layers (Kraus et al., 2004; LeMessurier et al.,
2013; Long et al., 2014). The commensal microbiota also
stimulates dendritic cell IFNf production, which increases
the proliferation of Tregs in the intestine, a process itself
inhibited by intestinal epithelial cell apoptosis (Nakahashi-
Oda et al., 2016). Type I interferons also inhibit the con-
tinuous proliferation of the intestinal epithelium by activat-
ing the p53 pathway and inducing epithelial cell apoptosis
(Katlinskaya et al., 2016), and mice lacking type I interferon
receptor on Paneth cells show an altered microbiota
(Tschurtschenthaler et al., 2014).

Glatiramer acetate

Various studies have shown that glatiramer acetate reduces
colonic injury in animal models of colitis, through reduc-
tion of TNFa signalling, elevation of regulatory T cells and
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Figure 3 Disease-modifying therapies can modulate the intestinal barrier. Different disease-modifying therapies in clinical use may
beneficially modulate intestinal barrier function through a variety of mechanisms. (1) Oral disease-modifying therapies have antimicrobial prop-
erties, while minocycline is a tetracycline antibiotic. Dimethyl fumarate acts as a Michael acceptor and can deplete bacterial nucleophilic thiols. (2)
Glatiramer acetate has been shown to increase syndecan, the most abundant heparan sulphate proteoglycan in the gastrointestinal tract. (3)
Fingolimod, dimethyl fumarate and minocycline increase tight junction expression. Dimethyl fumarate increases zona occludens-1 (ZO-1) in a
heme-oxygenase-1 (HO-1) dependent pathway, while SIP signalling increases E-cadherin (E-CN). (4) Most disease-modifying therapies modulate
lymphocyte (LYM) populations and functions in non-neurological tissues, such as in the lamina propria. Whether any of these effects have a

mechanistic relevance for their therapeutic action is unknown.

increase in anti-inflammatory mediators such as IL-10 and
TGFB (Aharoni et al., 2005, 2007). In one such study,
glatiramer acetate attenuated colitis severity and prevented
the destabilization of the intestinal epithelial barrier
(Yablecovitch et al., 2011). There is also evidence suggest-
ing that patients with multiple sclerosis treated with glatir-
amer acetate have different microbiota composition. In a
small study, glatiramer-treated patients had stool taxo-
nomic units (evaluated by hybridization of 16S rRNA to
a DNA microarray) of Bacteroidaceae, Faecalibacterium,
Ruminococcus, Lactobacillaceae, Clostridium, and other
Clostridiales that were significantly different than those of
untreated patients (Cantarel et al., 2015).

Natalizumab

Dysregulated recruitment of leucocytes into the intestine is
one of the components of the immune response responsible
for barrier breakdown in IBD (Danese et al., 2005; Fiorino
et al., 2010). Integrins are expressed on intestinal lympho-
cytes and are essential in their homing to intestinal lymph-
oid tissues and trafficking through the intestinal mucosa
(Hamann et al., 1994; Tanaka et al., 1995; Miura et al.,

1996; Farstad et al., 1997; Bradley et al., 1998; Fujimori
et al., 2002). Natalizumab, which blocks the activity of
integrins (both «4p1 and «4p7), has shown effectiveness
in reducing the severity of IBD (Fiorino et al., 2010;
Bamias et al., 2013). However, its association with JC
virus-related CNS complications has led to the development
of specific «4B7-antibodies such as vedolizumab, now rou-
tinely used in the treatment of IBD (Zundler et al., 2017).

Nonetheless, the effects of natalizumab on integrins and
lymphocyte trafficking in the gut suggests it could modulate
the inflammatory response in this site in multiple sclerosis.
A potential role for intestinal lymphocytes and integrins in
multiple sclerosis pathophysiology has been suggested by
results from mouse EAE models. Th17 cells, prominent
drivers of EAE, are controlled and redirected in the small
intestine. Th17 cells, which are normally pro-inflammatory,
acquire a regulatory phenotype in the intestine and are ul-
timately eliminated through the intestinal lumen (Esplugues
et al., 2011). In EAE, there is infiltration of proinflamma-
tory Th1/Th17 cells and reduction of Tregs in the gut, in
association with functional and morphological changes
(Nouri et al., 2014). Furthermore, mice lacking integrin «
show a loss of Th17 cells in the intestine and resistance
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against EAE (Acharya et al., 2010; Melton et al., 2010). In
spontaneously EAE resistant B10.S mice, blocking «4p7
integrin leads to peripheral availability of Th17 cells and
increased severity of EAE (Berer et al., 2014). In patients
with multiple sclerosis, natalizumab treatment reduces the
populations of integrin «a-4-positive Th1, Th17 and Tregs
differentially, while affecting the immune function of re-
sidual integrin a-4-positive T cells (Kimura et al., 2016).
The gut might act as a checking point, a reservoir and an
activation site for Th17 and other T cells, a process regu-
lated in part by intestinal integrins. Natalizumab and its
non-selective integrin blockade could lead to changes in
the way lymphocytes interact with the intestinal tissue.
Considering the abovementioned findings, it is possible
that natalizumab’s therapeutic properties in multiple scler-
osis could depend, at least in part, on these intestinal ef-
fects, besides those seen in blood-brain barrier, integrins
and lymphocyte trafficking.

Fingolimod

Another drug that acts through the regulation of leucocyte
trafficking is fingolimod, a functional antagonist of the
sphingosine 1-phosphate receptor (S1P). S1P1 receptors
are highly expressed on lymphocyte membranes and are
critical for T and B cell egress from secondary lymphoid
organs. S1P can affect the intestinal barrier by modulating
tight junction proteins (Greenspon et al., 2011; Paszti-Gere
et al., 2016), particularly under inflammatory conditions
(Dong et al., 2015). For instance, fingolimod reduces endo-
thelial barrier dysfunction in blood vessels and lung epithe-
lium in experimental models of sepsis and haemorrhagic
shock (Lundblad et al., 2013; Bonitz et al., 2014).
Fingolimod also sequesters and alters the activation of
lymphocytes in intestinal tissues (Chiba et al., 1998;
Yanagawa et al., 1998; Henning et al., 2001; Halin
et al., 2005; Sugito et al., 2005; Daniel et al., 2007), an
effect thought to be mechanistically relevant in multiple
sclerosis therapeutics. In the mouse EAE model, develop-
ment of EAE was associated with increased accumulation
of T cells in Peyer’s patches, a process increased by fingo-
limod (Spirin et al., 2014). Fingolimod can also directly
affect the microbiota. Both sphingosine and fingolimod in-
hibit C. perfringens growth and endotoxin production
in wvitro, suggesting an intrinsic antibacterial property
(Rumah et al., 2017).

Dimethyl fumarate

Dimethyl fumarate (DMF) is derived from the simple or-
ganic acid fumaric acid, and it acts as an immunomodula-
tor by promoting T cell apoptosis, shifting to a Th2
response and acting as an antioxidant. There is limited
but interesting evidence suggesting DMF could beneficially
affect both the intestinal barrier and the gut microbiota.
DMF alleviates experimentally induced colitis and reduces
the Th1 response in mouse models and protects human
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intestinal epithelial cells against oxidative barrier dysfunc-
tion by preserving zona occludens-1 and occludin expres-
sion in vitro (Casili et al., 2016). DMF also preserves
intestinal mucosa morphology after mycotoxin exposure
and decreases intestinal permeability by strengthening
tight junctions (Ma et al., 2017). In this model, DMF
also led to increased microbiome diversity, with more
abundance of bacteria producing SCFAs, such as
Gemella, Roseburia, Bacillus and Bacteroides. DMF can
also directly reduce C. perfringens growth and exhibits
anti-mildew and antibacterial properties (Ma et al., 2017,
Rumabh et al., 2017).

Alemtuzumab

Alemtuzumab is an anti-CD52 antibody that causes deple-
tion of mainly lymphocytes and is highly effective in the
clinical management of multiple sclerosis (Hartung et al.,
2015). Despite its specific mechanism of action, there is
evidence suggesting it has detrimental effects over the in-
tegrity of the intestinal barrier and might alter the gut
microbiome.

In mice, anti-CD52 antibodies induce increased intestinal
barrier permeability (Qu et al., 2009) and lead to reductions
in epithelial cell populations and to altered tight junction
ultrastructure (Shen et al., 2013, 2015). In macaques, alem-
tuzumab-induced intestinal barrier disruption is associated
with epithelial cell apoptosis as well as with increased circu-
lating levels of p-lactate and endotoxin, indirect markers of
intestinal barrier breakdown and bacterial translocation
(Li et al., 2011; Qu et al., 2015). Lymphocyte depletion
with alemtuzumab treatment in macaque models also re-
sulted in dramatic changes in the gut microbiota (Li et al.,
2010). Lactobacillales, Enterobacteriales, Clostridiales, and
the genus Prevotella and Faecalibacterium were primarily
responsible for the variations of the gut microbiota after
lymphocyte depletion (Li et al., 2013). The diversity of
fungal microbiota was similarly affected (Li et al., 2014).
Despite this preclinical evidence, alemtuzumab-induced intes-
tinal barrier disruption is infrequent in clinical practice.
However, a case of spontaneous pancolitis was described
in a patient with multiple sclerosis treated with alemtuzumab
recently (Vijiaratnam et al., 2016), and historically, the use
of alemtuzumab in haematological malignancies has been
associated with the development of diarrhoea and opportun-
istic intestinal infections (Goteri et al., 2006; Ronchetti et al.,
2014).

Teriflunomide

Teriflunomide selectively and reversibly inhibits dihydroor-
otate dehydrogenase, leading to a reduction in the number
of activated lymphocytes that enter the CNS (Miller, 2015).
Teriflunomide could alter the microbiome and the host re-
sponse to enteral pathogens. Treatment of porcine intestinal
epithelial cells with teriflunomide led to reduced capacity to
fight bacterial infection through suppression of STAT-6
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signalling (Yi et al., 2016). Teriflunomide could also dir-
ectly inhibit C. perfringens growth in vitro (Rumah et al.,
2017). Animals treated with teriflunomide in a mouse
model of EAE had fewer antigen-presenting cells in
Peyer’s patches as well as an increase in gut-specific
CD39(+) Treg cells that could protect against EAE when
used in an adoptive transfer regimen (Ochoa-Reparaz et al.,
2016).

Minocycline

Minocycline is a second-generation tetracycline that was
first introduced over half a century ago. Besides its antibi-
otic effects, it also has anti-inflammatory, immune-modulat-
ing and anti-apoptotic properties, all of which have been
proposed as possible pathways towards neuroprotection
(Yong et al., 2004; Giuliani et al., 2005). A recent rando-
mized, double-blind, placebo controlled trial showed that
oral minocycline could delay the appearance of a new
demyelinating events in patients with clinically isolated syn-
drome, as well as reduce the appearance of T lesions in the
brain (Metz et al., 2017).

Minocycline’s immune-modulating and anti-inflammatory
properties have also been observed in intestinal tissues. In a
chemically-induced colitis model in mice, minocycline
reduced intestinal inflammation, mucosal injury, restored
microbiota and preserved tight junction protein expression
(Huang et al., 2009; Garrido-Mesa et al., 2011a, b). As an
antibiotic, minocycline also alters the gut microbiome.
A recent study evaluated the effects of various commonly
used antibiotics, including minocycline, on the salivary and
gut microbiome in 66 healthy adults. Antibiotic exposure
led to reductions in health-associated butyrate-producing
species as well as proliferation of potentially resistant
strains in the gut microbiome, although the changes were
more robust after amoxicillin and ciprofloxacin administra-
tion (Zaura et al., 2015). Other studies have shown that
some gut commensals such as Bifidobacteria and E. coli are
susceptible to minocycline (Moubareck et al, 2005;
Kirchner et al., 2014). Minocycline thus presents an intri-
guing option in dual modulation of the intestinal barrier
function. It could have protective anti-inflammatory prop-
erties while also altering the composition of the gut
microbiome.

Treating the diseased
intestinal barrier

Current treatments for a diseased intestinal barrier are lim-
ited, but there are various interesting avenues of research.
One of the main therapeutic targets are tight junctions.
Larazotide acetate, also known as AT-1001, is a synthetic
octapeptide related to the zonula occludens toxin produced
by Vibrio cholera, developed as a treatment for coeliac
disease. It acts locally to decrease tight junction
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permeability by blocking zonulin receptors and thus pre-
venting actin rearrangement in response to stimuli, and
in vitro it can stabilize tight junctions and decrease intes-
tinal permeability (Paterson et al., 2007; Gopalakrishnan
et al., 2012; Khaleghi et al., 2016). However, clinical
trials in coeliac disease have yielded conflicting results, des-
pite showing a beneficial effect over intestinal permeability
(Kelly et al., 2013; Leffler et al., 2012, 2015).

Another approach in improving intestinal barrier func-
tion is enrichment of the mucus layer, a strategy being
explored in IBD (Stange, 2017). Lecithin, or phosphatidyl-
choline, accounts for the majority of the phospholipids in
the intestinal mucus layer, and is available as a delayed
release oral formulation. In randomized phase II controlled
studies, delayed-release lecithin was proven to be clinically
and endoscopically effective in ulcerative colitis, and phase
Il studies are underway (Stremmel and Gauss, 2013;
Stange, 2017). Recent interest has also been placed on
stem cell-based therapies to regenerate the intestinal epithe-
lium, through luminal transplantation (Holmberg et al.,
2018), but these approaches are still in an experimental
phase.

There has also been recent interest in the effects of vita-
min D over intestinal barrier function and immune homeo-
stasis (Dimitrov and White, 2017). In a model of
experimental colitis, mice overexpressing vitamin D recep-
tor in the intestinal epithelium show preserved intestinal
permeability, reduced caspase expression and less induction
of apoptosis (Liu et al., 2013). Vitamin D also attenuates
TNFa-induced apoptosis in human colonic cells through
reduction of NF-«B activation and mucosal IKK kinase ac-
tivity, thereby preserving barrier function (see Li et al.,
2015 for a review). Vitamin D signalling also preserves
the mucosal barrier integrity by abrogating myosin light
chain kinase dependent tight junction dysregulation
during colonic inflammation through suppression of NF-
kB in vitro (Du et al., 2015). Cultured colonic samples
from patients with ulcerative colitis have altered expression
of the tight junction claudin as well as increased pro-in-
flammatory cytokine expression; these changes were re-
versed by incubation with vitamin D (Stio et al., 2016).
A recent small, randomized and placebo controlled study
reported improvements in intestinal permeability [assessed
by excretion of oral sugars (lactulose and mannitol were
used as markers of small intestine permeability, sucrose as a
marker of gastro-duodenal permeability, and sucralose as
marker of combined small- and large-bowel permeability)]
as well as serum immune markers in patients with IBD
after vitamin D treatment (Raftery ef al., 2015). Vitamin
D appears to be important in the regulation of the intes-
tinal barrier function, a mechanism not yet thoroughly
evaluated in multiple sclerosis research.

Probiotics have emerged as an interesting option in reg-
ulating intestinal barrier function, fuelled by research in
both in wvitro and in vivo models that show that some
microbiota can stabilize the intestinal barrier (Bron et al.,
2017). However, small clinical studies in necrotizing
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Table | Possible therapeutic interventions to improve
barrier function

Intervention Target

AT-1001 (larazotide)
Lecithin

Tight junction proteins
Mucus layer composition
Probiotics/faecal
transplantation
Vitamin D
Dietary/nutritional

Pleiotropic

Epithelial and immunological homeostasis
Pleiotropic. ‘High’ short chain fatty-acid diet?

enterocolitis, irritable bowel syndrome and IBD have
shown only modest effects. There are no large randomized,
placebo controlled studies and there is no obvious stand-
ardization of the quantities and composition of a given
therapeutic probiotic ‘agent’, making trials difficult (Bron
et al., 2017). There has been growing interest in the use of
faecal microbiota transplantation (the ultimate microbiome
modification) for the treatment of patients with chronic
gastrointestinal infections and IBD (Smits et al., 2013),
with excellent results observed in C. difficile colitis. It is
also a safe procedure. Its effectiveness in autoimmune dis-
eases and multiple sclerosis is unknown at this time.

There are other sources of interest in probiotics in mul-
tiple sclerosis. Probiotic administration is known to modu-
late the immune response in the mouse EAE model.
Different formulations have been shown to reduce EAE
duration (Ezendam et al., 2008), inhibit the pro-inflamma-
tory Th1/Th17 polarization (Kwon et al., 2013), induce IL-
10 producing Treg cells (Ochoa-Reparaz et al., 2010a, b;
Takata et al., 2011) and enhance CD103 expression in
dendritic cells (Ochoa-Repéraz et al., 2010b), all while pre-
venting, delaying or attenuating EAE. E. coli strain Nissle
1917 has been shown to reduce EAE-induced intestinal
barrier dysfunction, while also reducing disease severity
and beneficially modifying T cell functions (Secher et al.,
2017).

Despite these encouraging studies, few clinical trials have
been performed using probiotics in multiple sclerosis. In
one early trial, investigators used the non-pathogenic hel-
minth Trichuris suis (Fleming et al., 2011). Five newly
diagnosed patients with relapsing-remitting multiple scler-
osis were given T. suis orally for 3 months, and favourable
trends were seen in MRI outcomes (reduction in enhancing
lesions from baseline) and immunological assessments
(increased IL-10). A recent double-blind, placebo-controlled
trial randomized 60 multiple sclerosis patients to receive a
probiotic capsule or placebo for 12 weeks (Kouchaki et al.,
2017). Probiotic treatment mildly improved Expanded
Disability Status Scale (an absolute 0.4-point difference)
and depression and anxiety symptoms, reduced high-sensi-
tivity C-reactive protein and improved other metabolic
measures such as insulin sensitivity and high-density lipo-
protein-cholesterol levels. Probiotics also downregulated the
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gene expression of some pro-inflammatory cytokines in pa-
tients’ peripheral blood-derived mononuclear cells (Tamtaji
et al., 2017). In these studies, the treatment was safe and
tolerable, but follow-up was too short to show any mean-
ingful benefit in radiological or clinical outcome measures.
Nonetheless, the encouraging results seen in the EAE model
will surely promote further clinical trial development.

SCFAs are bacterial fermentation products from indigest-
ible diet components. The most common SCFAs are acet-
ate, propionate and butyrate. SCFAs could have a
beneficial effect over the intestinal barrier. Butyrate was
shown to be able to accelerate tight junction protein assem-
bly and preserve permeability in a single enterocyte layer
in vitro model, a process mediated by AMP-activated pro-
tein kinase activity (Peng et al., 2009). SCFAs could also
increase prostaglandin-dependent mucin expression in in-
testinal epithelial cells, enhancing their mucoprotective
properties (Willemsen et al., 2003). In an EAE model, diet-
ary SCFA ameliorated the course of EAE through expanded
Treg cell populations in the lamina propria, through sup-
pression of the JNK1 and p38 pathway (Haghikia ef al.,
2015). CD44 knockout mice that show attenuated EAE
also have increased microbiota diversity and SCFA produc-
tion in the gut (Chitrala et al., 2017).

Dietary interventions that increase the availability of
SCFAs and reduce other types of fatty acids could be an
interesting therapy in improving the intestinal barrier func-
tion in multiple sclerosis, with the additional possibility of
beneficial immunological effects. However, evidence show-
ing a benefit for any kind of dietary interventions in mul-
tiple sclerosis is scarce, despite widespread acceptance that
a ‘healthy’ diet is probably best (Altowaijri et al., 2017,
Esposito et al., 2017). Some probiotic species are also
rich sources of SCFAs, suggesting the possibility of a com-
bination approach.

Concluding remarks

The recent interest in the role of the gut microbiota in
multiple sclerosis has not been accompanied by a similar
interest in the intestinal barrier. The intestinal barrier is the
physical and functional zone of interaction between the
luminal microbiome and the organism, and it is also re-
sponsible for modulating multiple biochemical processes
and immune modulation of the mucosa. It appears that
besides dysbiotic changes in the gut microbiome, the intes-
tinal barrier function is also altered both in EAE models
and in patients with multiple sclerosis, but the precise con-
sequences of this alteration are unclear. Evidence of CNS
demyelination in gastrointestinal disorders where there is
barrier breakdown and basic studies showing how the in-
testinal barrier homeostasis can directly influence microglia
and  neuroinflammation  provide some  insights.
Furthermore, most disease-modifying therapies appear to

also impact on the intestinal barrier and the gut
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microbiome. To advance the understanding of this complex
interaction, future studies will have to take into consider-
ation the microbiome, the intestinal barrier and the down-
stream neuroimmunological changes to accommodate for
them in a single integrative model. Both the precise mech-
anisms involved in the breakdown of the intestinal barrier,
and the value, if any, of therapeutic modulation of the in-
testinal barrier in multiple sclerosis, also require further
study.
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ABSTRACT

Background: A healthy diet has been associated with less symptoms or progression of disease in
multiple sclerosis (MS). However, whether specific diets are needed, or general healthy diet
recommendations are sufficient is unknown.

Objective: To investigate the association between diet quality, use of diets, and quality of life (QoL)
in men and women with MS.

Methods: Diet quality was measured with the Dutch Healthy Diet-index, which measures
adherence to the Dutch Guidelines for a Healthy Diet. QoL was assessed with the MSQoL-54
questionnaire. A total of 728 people were included (623 women, 105 men). Multiple linear
regression, stratified for gender, was used to analyse the data.

Results: In women with MS, an association was found between diet quality and both physical and
mental QoL after adjusting for several confounders (Physical Health Composite Score (8=0.410;
P=0.001); Mental Health Composite Score (8=0.462; P=0.002)). Similar results were less
pronounced in men. Subjects following a specific diet had higher diet quality and QoL than
subjects not following a diet.

Conclusion: Adherence to the Dutch dietary guidelines is associated with better physical and mental
Qol, especially in women. Following an MS-specific diet may help to adhere to these guidelines.
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specific diet; mental health;
lifestyle

Introducti
ntroduction factors that may slow MS disease progression [8]. Mod-

Multiple sclerosis (MS) is a chronic inflammatory auto-
immune disease of the central nervous system. With a
prevalence of 100 per 100,000 in Europe [1], MS is the
most common demyelinating disease in high-income
countries and one of the leading causes of disability in
young adults [2,3]. Onset of disease is on average
around 30 years of age [4] and MS occurs mostly in
women, with a female-to-male ratio of 1.4-2.3 [5].

MS has a major impact on quality of life (QoL) [6],
due to various common physical symptoms such as
vision problems, spasticity, weakness and fatigue and
psychological symptoms, like cognitive impairment
and mood disorders [6]. For now, the goal of disease
management is to minimise these symptoms and, if
possible, improve function [7].

Patients with MS are often proactive and ask for gui-
dance from their physician on modifiable lifestyle-

ifying lifestyle-factors may be important since it is
known that vascular comorbidity, whether present at
symptom onset, diagnosis, or later in the disease course,
is associated with a substantially increased risk of disabil-
ity progression in MS [9]. Questions about exercise and
supplements are common, but most questions from
patients are about their diet [8]. Although there is lim-
ited scientific evidence supporting the use of specific
diets in the management of MS, there is a wide variety
of ‘MS cookbooks’ and Web-based dietary advice
[8,10]. These advices are mostly based on individual
experiences and have not been scientifically tested [10].

There is, however, some scientific evidence that cer-
tain dietary patterns may be beneficial for patients with
MS. One of these diets is the Mediterranean diet, which
has been shown to reduce inflammatory markers in
other autoimmune diseases and cardiovascular diseases
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and might therefore be interesting for MS patients [11].
Various MS-specific diets have been proposed as well.
These diets include the Swank diet, the Jelinek diet
and the modified Palaeolithic Wahls diet [12]. All
diets include a high intake of fruits, vegetables and
whole grains [11]. Alcohol consumptions is restricted
in these diets [11]. Some evidence for reduction in com-
plaints when using these diets has been published [11].
For example, a pilot study showed that a Palaeolithic
diet may reduce perceived fatigue and increased mental
and physical quality of life [13]. In a recent trial, a keto-
genic diet and a Palaeolithic diet were compared [14].
This trial showed that participants consuming a keto-
genic diet achieved nutritional ketosis, however, it was
not associated with significant clinical improvements
in fatigue and QoL, whereas the modified Palaeolithic
diet was associated with significant clinical improve-
ments [14]. Although some studies are available, the
results are still inconclusive, and no diet has been
shown to be superior to others [11]. One of the main
limitations of the studies is a small sample size.

Next to this, information about the differences
between patients following a diet and not following a
diet and their diet quality and QoL is scarce. Moreover,
most of the dietary studies in MS have been performed in
the United States of America [12], and it would be inter-
esting to see if similar results would be found in a Euro-
pean population. This cross-sectional study aims to
investigate the association between diet quality and
QoL in Dutch patients with MS and furthermore looks
at the role of MS-specific diet use in this association.

Methods
Participants recruitment

Subjects were recruited from the volunteer database of
the National Multiple Sclerosis Foundation, Rotterdam,
The Netherlands and via social media, posters/flyers,
MS nurses, and MS centres. An online survey was con-
ducted between May 2017 and February 2018 and filled
out by 745 respondents. For this survey, the online pro-
gramme LimeSurvey'™ was used. Eligibility was
checked with the first three screening questions about
age (18 years or older), diagnosis (by a neurologist)
and for women pregnancy or lactation (these were
excluded). Respondents who did not meet the criteria
were automatically sent to the end of the questionnaire.

Participant characteristics

Via an online survey, the following sociodemographic
characteristics were asked: age, sex, country of birth,

education level, and living situation (number of persons
in household). Questions about clinical characteristics
were included, involving information about height,
weight, comorbidities, smoking status, years of com-
plaints of MS, age at MS diagnosis, type of MS, exacer-
bations, and progression of MS. Questions about
treatment including current use of medication, exercise
supervised by a professional, exercise not supervised,
diet supervised by a professional, diet not supervised,
and use of complementary and alternative medication.

Body mass index (BMI, kg/m2) was calculated as
weight (in kg) divided by body height (in m) squared.
Underweight, normal weight, overweight and obesity
were classified using BMI cut-off points classified by
the WHO: < 18.5 kg/m2 is underweight, 18.5-24.9 kg/
m2 is normal weight, >25 kg/m2 is overweight and >
30 kg/m2 is obesity [15].

Diet quality

Diet quality was measured with the Dutch Healthy Diet
index (DHD-Index), a dietary quality score which
includes eight diet components representing the
Dutch Guidelines for a Healthy Diet [16]. For each com-
ponent, the score ranges between zero and ten, resulting
in a total score between zero (no adherence) and 80
(complete adherence). The eight components are veg-
etable, fruit, fibre, fish, saturated fat, trans fat, salt and
alcohol. Threshold values (minimum score) and cut-
off values (maximum score) of each diet component
are shown in Table 1. Scores were calculated according
to the method described by van Lee et al. [16]. The
DHD-Index is a short version of an FFQ and takes
around 10 min to complete [16]. The DHD-index is a
validated questionnaire and shown to be capable of
ranking participants according to their adherence to
the Dutch Guidelines for a Healthy Diet [16]. The
score reflects variation in diet components, and was
originally based on two 24-hour recalls [16].

Quality of life

QoL was measured using an MS-specific questionnaire,
called the Multiple Sclerosis Quality of Life-54 (MSQoL-
54) [17]. It is based on the 36-items Short Form Health
Survey with eighteen additional MS-specific items. The
MSQoL-54 provides two scores: the Physical Health
Composite Score (PHCS) and the Mental Health Com-
posite Score (MHCS), both ranging from 0 to 100. The
PHCS is a score based on the categories physical func-
tion, health perceptions, energy/fatigue, physical limit-
ation, pain, sexual function, social function and health
distress. The MHCS includes the categories health



Table 1. Diet components and Dutch dietary guidelines of the
Dutch Healthy Diet index and their threshold values
(minimum score) and cut-off values (maximum score).

Diet

component Dutch Guidelines for a Minimum Maximum

(per day) Healthy Diet score (=0) score (=10)

1. Vegetables ~ Eat 150-200 grams of 0g > 2009
vegetables.

2. Fruit + fruit ~ Eat 200 grams of fruita 0Og > 2009

juices’ day.

3. Fibre Eat 30-40 grams a day of 0 g/4.2 MJ > 14 g/4.2
dietary fibre, especially MJ
from sources such as
fruit, vegetables and
whole-grain cereal
products.

4, Fish? Eat two portions of fisha 0 mg EPA= > 450 mg
week, at least one of DHA EPA + DHA
which should be oily
fish.

5. Saturated Limit saturated fatty acid > 15 en % <10en %

fatty acids consumption to less
than 10 percent of
energy intake.

6. Trans fatty ~ Limit mono trans-fatty >Ten% <len%

acids acid consumption to
less than 1 percent of
energy intake.

7. Sodium Limit consumption of > 2520 mg < 1680 mg
table salt to 6 grams a
day.

8. Alcohol If alcohol is consumed at  Male: > 6 Male: <2
all, male intake should drinks drinks
be limited to two Dutch Female: > 4 Female:
units (20 gram ethanol) drinks <1 drink

a day and female intake
to one.

EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; en %: energy %; A
maximum of 100 g of fruit juice containing vitamin C and folate could be
included. 2Fish intake was estimated based on dietary fish fatty acids (EPA
+ DHA) and fish oil capsules.

distress, overall QoL, emotional well-being, role of
limitations and cognitive function [17]. Scores were cal-
culated based on the method described by Vickrey et al.
[17]. Overall wellbeing was based on one of the ques-
tions within the MSQoL-54 questionnaire. ‘Overall,
how would you rate your own quality-of-life?”. This
question could be rated by a score between 1 and 10.

Following a diet

Patients were asked whether they were following a diet
or had made dietary changes for disease management.
If patients were following a diet they were asked to
choose that diet from the list, that was most closely to
the diet they were following. Possible diet options
were a ‘low carbohydrate diet’, ‘high carbohydrate
diet’, ‘high fibre diet’, ‘gluten free diet’, ‘sugar free
diet’, ‘vegan diet’, ‘vegetarian diet’, ‘Atkins diet’, Jelinek
diet’ and ‘Paleo diet’. They also had the option to fill in
‘others’. Only diets that were reported by a minimum of
20 patients are reported.
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Data analysis

Data were analysed by using IBM SPSS Statistics version
[22]. Normally distributed variables are presented as
mean * standard deviation (SD) and skewed variables
as median with interquartile range (IQR). For categori-
cal variables cases (n) and percentages (%) are pre-
sented. For continuous data an independent samples
t-test was used. If data were nominal, a Chi-square
test was performed. Data that were not normally distrib-
uted or measured on an ordinal scale were analysed
using the Mann-Whitney U test. Significance was set
to p<0.05. Based on experience and literature, differ-
ences in baseline characteristics between men and
women were expected in diet quality scores but also in
disease characteristics: men are more often diagnosed
with progressive types of MS than women [18]. For
these reasons, data were stratified for gender.

Sex-specific tertiles of the DHD-Index score were
made, based on previous research [16]. These tertiles
were used to check if all components of the DHD-
Index contributed equally across the DHD-Index.
Next to this, possible trends in lifestyle factors across
the DHD-Index could be checked by using tertiles.
Differences between groups were tested using a one-
way ANOVA when normally distributed, not normally
distributed variables were analysed using the Kruskal
Wallis test. For the categorical variables the chi-square
test was used to analyse the trend.

Differences between diet quality, mental QoL and
physical QoL between patients following a diet or one
of the specific diets was tested with an independent
sample t-test. Following a diet was tested against not fol-
lowing a diet. Following one of the specific diets was
tested against not following that specific diet. For example
people following a ‘High in fibre diet’ were tested against
all patients not following a ‘High in fibre diet’.

Multiple linear regression was used to analyse the
possible association between diet quality and QoL. Cov-
ariates which were considered to be confounders were
age, gender, type of MS, duration of disease, body
mass index (BMI), past and current smoking, level of
education and physical activity. In the final model,
only covariates that changed the crude model with
more than 10% were included.

Ethical aspects

The study protocol was presented to the Medical
Research Ethics Committee Brabant, Tilburg, the Neth-
erlands, this committee declared that this study did not
come within the scope of the Medical Research Invol-
ving Human Subjects Act (WMO) and therefore needed
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no approval. The study was performed in agreement
with the Declaration of Helsinki and the WMO. After
having completed informed consent online, the patients
received a personal code and logged on to the website.

Results
Characteristics of study population

A total of 745 subjects started the screening question-
naire. Seventeen were excluded: fifteen because they
did not fulfil the inclusion criteria, two based on

Table 2. Sociodemographic and clinical characteristics of 728
research subjects diagnosed with MS, stratified by gender.

P-values difference
men and women

Characteristics Men Women

N 105 623

Sociodemographic

Age (years), mean £ SD 526 +99 454+112 0.000
Country of birth," n (%) 0.464

The Netherlands 99 (94.3) 591 (94.9)
Western country 3(2.9) 25 (4.0)
Non-Western country 3(2.9) 7(1.1)
Living situation 0.464
Alone 15 (14.3) 107 (17.2)
Together 0 (85.7) 516 (82.8)
Level of education?, n (%)
Low 22 (21.0) 114 (183) 0.519
Medium 33(31.4) 201 (323)
High 50 (47.6) 308 (49.4)
BMI, n (%) 0.781
Underweight 1(1.0) 9 (1.4)
Normal weight 56 (53.3) 329 (52.8)
Overweight 31 (29.5) 156 (25.0)
Obese 15 (14.3) 126 (20.2)
Smoking status, n (%)
Current 10 (9.5) 73 (11.7) 0.514
Past 58 (55.2) 241 (38.7) 0.002
Never 37 (35.2) 309 (49.6) 0.001
Physical activity (>30 0.136
min/day)®, n (%)
<5 times per week (83. 485 (77.8)
>5 times per week 17 (16.2 138 (22.2)
Clinical
Start of complaints 0.054
<1 year ago 2(1.9) 3(2.1)
1-3 years ago 3(2.9) 62 (10.0)
3-5 years ago 15 (14.3) 5(13.6)
5-10 years ago 27 (25.7) 167 (26.8)
>10 years ago 25 (55.0) 296 (47.5)
MS type, n (%) 0.038
cls 2(1.9) 9(1.4)
Benign 10 (9.5) 60 (9.6)
Relapsing-remitting 35(33.3) 380 (61.0)
Primary progressive 30 (28.6) 46 (7.4)
Secondary progressive 24 (229) 112 (18.0)
Unknown 4 (3.8) 16 (2.6)
Current use drugs, n (%) 0.087
Yes 47 (44.8) 335 (53.8)
No 58 (55.2) 288 (46.2)

MS: Multiple Sclerosis; SD: Standard Deviation; BMI: Body Mass Index; CIS:
Clinically Isolated Syndrome; 'Country of birth: based on definitions
made by Statistic Netherlands (CBS: Centraal Bureau Statistiek) 2| evel of
education: based on the standard classification of education in the Nether-
lands made by Statistic Netherlands *Physical activity: groups based on the
guidelines for physical activity in the Netherlands made by the Dutch
Health Organisation (Gezondheidsraad).

implausible values for height or weight. Baseline charac-
teristics of the remaining 728 subjects, 623 women and
105 men, are shown in Table 2. Men had an average age
of 53 years, women 45 years. In both genders, almost
half of the subjects had a high education level and the
majority of subjects had a healthy BMI. Over 80% of
the subjects were not current smokers. Only one out
of five subjects met the physical activity guideline of
30 min per day for 5 days per week. In many subjects,
MS-related complaints started more than ten years
ago followed by a diagnosis some years later. Women
were diagnosed more often with the relapsing-remitting
type of MS, where men more often had a progressive
type of MS.

Diet quality

Women had a DHD-Index of 57.9, which was 2.9 points
higher than the DHD-Index of men (p=0.005) (Table 3).
Their higher score was mainly due to a higher score for
the diet components vegetable, fibre and salt, meaning a
higher or more frequent intake of vegetables and fibre
and a lower intake of salt. In both men and women, sig-
nificant trends from lowest to highest tertile of the
DHD-Index were seen for all diet components
(p<0.002) (Supplemental Tables I and II), but especially
for the components vegetables, fruits, fish and saturated
fat. High adherence to trans-fat and alcohol guidelines
was seen in all tertiles. In women, smaller differences
between the tertiles were seen for salt than for men.
Women in the highest tertiles of the DHD-Index
were more highly educated (p=0.002), had a normal

Table 3. Nutritional characteristics of 728 research subjects
diagnosed with MS, stratified by gender.

P-values
difference men

Characteristics men women and women
N 105 623
Diet quality
DHD-Index Total', 55.0+11.7 579196 0.005

mean + SD
Vegetable 6.0+3.0 70+29 0.001
Fruit 6.8+3.4 74+3.0 0.094
Fibre 6.2+ 2.1 6.6+2.2 0.035
Fish 27+37 21432 0.768
Saturated fat 8.0£3.5 77+34 0.560
Trans fat 9.3+0.2 9.6+0.8 0.336
Salt 70£25 85+14 0.000
Alcohol 9.0+2.7 9.0+25 0.941
Currently on adiet, 27 (25.7) 233 (37.4) 0.014

n (%)
Willing to change 98 (93.3) 591 (94.9) 0.520

diet, n (%)

MS: Multiple Sclerosis; SD: Standard Deviation; DHD-Index: Dutch Healthy
Diet-Index 1 Per diet component the score ranges between zero and
ten, resulting in a total score between zero (no adherence) and 80 (com-
plete adherence).



Table 4. Association between DHD-index and Physical Health
Composite Score or Mental Health Composite Score.

Crude Fully adjusted
Sample model model
size (B '+ SE) (B" £ SE)

Type of score

PHCS

Men 105 0.351+0.18 p=0.056 0.233+0.19 p=0.256
Women 623 0.498 +0.12 p=0.000 0.410+£0.12 p=0.001
MHCS

Men 105 0511+£0.26 p=0.051 0.419+0.27 p=0.126
Women 623 0.548 £0.14 p=0.000 0.462 +0.15 p=0.002

Note: Adjusted for age, level of education, smoking, physical activity and
BMI. Stratification for gender.

DHD-Index: Dutch Healthy Diet-Index; BMI: Body Mass Index; 1 B indicates
change in PHCS or MHCS for one point change in DHD-Index; PHCS: Phys-
ical Health Composite Score; MHCS: Mental Health Composite Score

BMI (p<0.001), were not smoking (p<0.001) and met
the guideline for physical activity (p=0.004) more fre-
quently compared to people in the lowest tertiles of
the DHD-Index (Supplemental Table III). No differ-
ences were seen for age and type of MS. In men, no sig-
nificant differences in characteristics were found across
tertiles of the DHD-Index, except for age (p=0.038)
(Supplemental Table IV).

Wellbeing

Overall wellbeing was graded with a 6.8 out of 10 in men
and 7.0 out of 10 in women. Mental Health Composite
Scores (MHCS) of the MSQoL-54 questionnaire were
higher than the Physical Health Composite Scores
(PHCS), 67.2 (men) and 69.0 (women) vs 53.8 (men)
and 56.6 (women) respectively. Although women had
slightly higher scores, these differences were not
significant.

Association diet quality and QoL

The DHD-Index score significantly predicted physical
and mental QoL in univariate analysis in women:
PHCS ($=0.498; p<0.001); MHCS (8=0.548; p<0.001).
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After adjusting for the confounders age, level of edu-
cation, smoking, physical activity and BMI the associ-
ation remained significant (Table 4). In univariate
analysis in men, positive associations were seen as
well, however not significant: PHCS (f=0.351;
p=0.056); MHCS (=0.511; p=0.051). This trend was
weakened after adjusting for the confounders.

Specific diets for disease management

More than a third of the respondents indicated to follow
a diet, which was most often restricted in carbohydrates
(Table 5). Remarkably, followers of a diet had a 7-point
higher DHD-index compared to patients not following
a diet (p<0.001). Patients following a diet were more
often female, higher educated, non-smokers and more
physically active. The Jelinek diet, which is specific for
MS patients, was mentioned by less than 5% of respon-
dents, but had the highest score on diet quality: on aver-
age more than 10 points higher than patients not
following a diet. The highest mental QoL was found
in patients following a ‘high fibre diet’, whereas people
following a ‘vegetarian diet’ had the highest physical
QolL.

Discussion

Better adherence to dietary guidelines, measured as a
higher score on the DHD-Index, was associated with
better physical and mental QoL in women with MS
after adjusting for multiple confounders. These results
were less pronounced in men. Vegetables, fruits, fish
and saturated fat were the main discriminating factors
in the DHD-index, whereas trans-fat and alcohol were
quite similar across all levels of the index in both
sexes. Patients following a specific diet for the manage-
ment of MS had higher diet quality and higher QoL than
patients not following a specific diet.

Our findings in this sample of the Dutch population
of MS patients confirm those of an international cross-

Table 5. Specific diets for managing MS and their diet quality, Physical Health Composite Score and Mental Health Composite Score.

Mean

Type of diet N DHD-Index p-values PHCS p-values MHCS p-values
No diet 468 55.0+9.8 - 546+17.1 - 68.2+17.2 -
Following a diet! 260 62.0+85 <0.001 59.1t16.4 0.001 69.8+17.0 0.230
Sugar free diet? 86 63.1+6.8 <0.001 60.5+15.3 0.014 723+15.0 0.038
Low carbohydrate diet? 85 61.5+8.2 <0.001 58.2+ 149 0.215 68.2+16.6 0.769
High fibre diet? 48 65.0+8.3 <0.001 54.0+15.7 0.347 745+ 14.2 0.006
Paleo diet? 40 60.1£8.1 0.050 60.3+15.7 0.117 713+£15.0 0.327
Jelinek diet? 32 65.3+8.2 <0.001 62.1£16.9 0.045 67.6 +20.6 0.708
Gluten free diet? 31 629+8.6 0.002 59.9+15.1 0.222 69.3+13.5 0.850
Vegetarian diet® 23 62.8+8.6 0.009 65.7 £ 16.7 0.007 68.8+17.8 0.982

"Following a diet is tested against not following a diet.
2Specific diet is tested against not following that specific diet.

MS: Multiple Sclerosis; DHD-Index: Dutch Healthy Diet-Index; PHCS: Physical Health Composite Score; MHCS: Mental Health Composite Score.
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sectional study, in which diets that were characterised
by ample amounts of vegetables, fruits, fibre and healthy
fats were associated with better physical and mental
health [19]. Similar positive associations were found
between intake of fruits and vegetables and disability
and symptom severity in a survey including almost
7000 MS patients in the U.S.A. [12].

The large sample size is a strength of our study. In
addition, our findings in Dutch patients are comparable
to those of other studies and clinically relevant. In other
studies using the MSQOL-54, a 5-point change was con-
sidered to be clinically relevant for patients with MS
[20]. The association in our study implies that for a 5-
point change in the MSQol-54, a change of 10-12
point on the DHD-Index is needed. Presuming a causal
relationship, this change in DHD-Index is feasible, since
it can be achieved by improving on at least two diet
component (e.g. stop drinking alcohol and start eating
fish or eat more fruit and vegetables).

Our study population is skewed towards a higher
educated population with a healthy lifestyle, which
makes our findings less generalisable. However, other
studies in patients with MS showed similar character-
istics for their patients group, when looking at edu-
cation levels, smoking status and physical activity [20].
When comparing the participants to studies in the
healthy Dutch population, comparable results are seen
as well. This is reflected in the findings that diet quality
scores in the population with MS resemble the diet qual-
ity scores of the healthy Dutch population (mean DHD-
Index healthy population 59.2 £ 11.2; MS population
57.5+9.9) [16].

In our study, different results for men and women
were found. Only recently the importance of studying
both sexes separately has gained attention in the field
of disease susceptibility and progression, in MS as well
as other diseases [18]. Women have an increased sus-
ceptibility for MS and an increased rate of disability pro-
gression than men, suggesting a gender effect in the
mechanism of the disease [18]. Indeed, in our study
women were diagnosed more often than men with the
relapsing-remitting type of MS, where men more often
had a progressive type of MS. In addition, although
not significant, around 10% more women than men
reported the use of medication in our study. A review
on medication use in patients with MS found a positive
association between medication use and quality of life
[21]. Both types of MS and medication may explain
the different findings between men and women in our
study. Next to this, our findings showed that signifi-
cantly more men than women had smoked in the past.
Since smoking is an evidence-based risk factor for devel-
oping the disease, past smoking might also affect further

progression in disease. Sex differences, as in any disease,
may be related to sex hormones. However, different
studies have shown that the worse disease progression
of men compared to women, is probably related to
other factors than testosterone [18]. Independent
studies show that testosterone is protective in men
with MS [18]. In developed countries, cooking (includ-
ing skills, frequency and involvement in time) has been
associated with dietary benefits, such as consumption of
healthier food groups and better adherence to dietary
guidelines [22]. When looking at cooking at home, posi-
tive associations have been shown with being female,
married, older, greater time availability and more [22].
Therefore, this may be another factor why women
have higher diet quality compared to men. Lastly, the
smaller sample size for men decreased the chance of
finding significant associations. Thus, although it
seems plausible that the relation between diet and
QoL is different in men and women, this needs more
substantiation in studies that include more men.
About a third of the patients reported to follow a diet
to manage their disease. Remarkably, these patients on
average scored higher on diet quality than patients not
following a specific diet. Patients following a ‘high-
fibre’ diet scored high on mental QoL. Recently, the
interest in how diet influences brain function via the
gut microbiome and the role of a high fibre diet has
gained attention [23]. Although more research is needed
into these specific pathways, our results support this
promising field of interest. Patients following the MS-
specific Jelinek diet had the highest diet quality score,
which was 10 points higher than patients not following
a diet. This diet focusses on high intake of omega-3 fatty
acids and low omega-6 fatty acids. Consequently, fish,
fruit and vegetable intake are important in this diet,
which are categories in line with the DHD-Index.
Thus, although health professionals generally do not
advocate diets for MS, following any of these popular
diets might improve adherence to the Dutch dietary
guidelines and should therefore not be discouraged.
Causal inference cannot be made based on cross-sec-
tional studies. It is also possible that poor physical or
mental health leads to food choices that result in a
poorer diet quality. This reversed causality is considered
to be the main limitation of our study. Likewise, it could
be conceived that diet quality and QoL are both causally
linked to a third factor, like personality traits or financial
situation. E.g. financial means may impact access to
foods or physical activity, which could have negative
impact on QoL. In addition, patients with higher diet
scores could be better in self-management. The idea of
having control of your own life, could help in the per-
ception of your QoL. This is in line with our observation



that patients who followed a specific diet, had higher
QoL scores than patients not following a diet. Fatigue
could also be a third factor since it is a frequently
reported symptom of MS which may reduce QoL.
People who experience more fatigue, could be less
capable of preparing fresh meals and therefore have a
lower diet quality.

Generalisability of our research results to the whole
(Dutch) MS population might be another shortcoming
in our study. Selection bias might be present; it is ima-
ginable that people who are already interested in (and
complying with) diet and a healthy lifestyle are more
likely to fill out a questionnaire on this topic. In our
study, patients who followed a diet were more often
women, highly educated and physically active, all of
which are attributes associated with better diet quality.
Conversely, filling out a survey may be burdensome,
especially for patients in a further state of the disease
or with a lower QoL. It could therefore be possible
that such patients decided to not fill in the question-
naire. Although patients were given the option to save
the answers and resume at a later moment, this might
still play a role in our results.

Conclusion

A statistically significant positive association was found
between adherence to the Dutch dietary guidelines and
physical and mental QoL in women with MS. These
results were less pronounced in men. One third of the
patients was following a diet to manage MS, which
seemed to help them to better adhere to the dietary
guidelines. As this was a cross-sectional study, longi-
tudinal studies and randomised controlled trials are
needed to test whether starting an MS-diet or taking
measures to better adhere to the general dietary guide-
lines improves QoL and reduced disease activity and
slows disease progression.
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Eating Hubs in Multiple Sclerosis:
Exploring the Relationship Between
Mediterranean Diet and Disability
Status in ltaly
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Rome, Italy, ® Neuroimmunology Unit, IRCSS Fondazione Santa Lucia, Rome, Italy

Background: Multiple Sclerosis (MS) is a complex disease in which multiple factors
contribute to disability accrual. Mediterranean Diet (MeDi) has shown beneficial effects
across neurodegenerative diseases. We hypothesize that specific food habits, rather than
global adherence to MeDi, might impact on MS. We aimed to (i) evaluate differences in
adherence to MeDi between people living with MS (PwMS) and healthy controls (HC);
(i) characterize eating patterns in PwMS and HC, identifying the most influential MeDi
items for each group by the use of network analysis; (i) explore the relationship between
patients’ eating habits and disability.

Materials and Methods: In this cross-sectional study, we consecutively recruited 424
PwMS and 165 matched HC. Data were obtained through the administration of self-
reported questionnaires. Expanded Disability Status Scale (EDSS) and Fatigue Severity
Scale (FSS) were evaluated in the MS population. We performed between-groups
comparisons via unpaired two-sample t-test and X? test as appropriate. We calculated
food networks in both MS cases and HC using and tested the association
between hub nodes and disability. Finally, we conducted a post-hoc analysis,
investigating the relationship between food items, lifestyle factors (smoking, exercise)
and clinical outcomes.

Results: Most participants adhered sufficiently to MeDi. Exploring each group
separately, fruit, vegetables, cereal, and fish were identified as hubs in PwWMS, while
meat and alcohol were identified as hubs in HC. Hubs were all inter-correlated, indicating
that eating habits of PwWMS include a large intake of all the foods identified as hubs.
EDSS was predicted by the intake of vegetables (beta = —0.36, p < 0.03) and fish
(beta = —0.34, p < 0.02). The model including smoking pack/year, International
Physical Activity Questionnaire (IPAQ) score and intake of “negative foods” predicted
6% of the variance in EDSS (p < 0.001), while the model including smoking
pack/year and IPAQ score predicted 4% of the variance in FSS (p < 0.001).
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Eating Hubs in Multiple Sclerosis

Conclusions: We identified a sufficient adherence to MeDi in our population. PwWMS
showed overall a healthier dietary pattern than HC. Vegetables and fish intake were
associated with disability outcomes. Future longitudinal studies applying integrated
approaches are needed to understand lifestyle added value to the use of standard

pharmacological therapies.

Keywords: multiple sclerosis, Mediterranean Diet, lifestyle, disability, food network analysis

INTRODUCTION

Multiple Sclerosis (MS) is a complex disorder with genetic,
immunological and environmental factors contributing to the
disease onset and evolution. Among environmental factors, viral
infections, vitamin D deficiency, childhood obesity, smoking,
incorrect dietary habits, and vascular risk factors might play a
role in the development of MS (1). Whether dietary habits and
lifestyle affect the course of MS is still a matter of discussion
and established MS therapies are not usually integrated by
specific indications on diet. Nonetheless, the known effects
on the disease evolution of migration, low vitamin D levels
and obesity during adolescence make a strong case for the
relevance of dietary habits in MS (2). A recent study based
on web interviews provided data on dietary behavior of more
than 7,000 MS patients, demonstrating a strong association
between healthy dietary habits, better physical and mental
outcomes and lower level of disability (3). On the other hand,
unhealthy lifestyle habits and their consequences, such as being
overweight or obese, smoking and sedentary life, are common
in MS population with unfavorable sequelae (4). Among healthy
dietary regimens, the traditional Mediterranean Diet (MeDi),
has shown beneficial effects across neurodegenerative diseases
(5). Dietary supplementation and education on food intake,
with a particular focus on MeDi components, has shown a
positive impact on quality of life and cognitive performance in
patients with Alzheimer’s disease (6), on motor symptoms in
Parkinson’s disease (7) and on global disability in amyotrophic
lateral sclerosis (8). Indeed, a modified MeDi approach has
recently been associated to improvements in fatigue and other
MS symptoms, as well as disability (9). MeDi has shown
promising results not only on health-related issues but also on
cognitive performance sustained by brain volume preservation
in MS. Particularly in a cross-sectional study of patients with
early MS, higher hybrid MeDi score correlated with preserved
thalamic volumes (10) a site known to be crucial for cognitive
decline (11). Such beneficial effects are likely mediated by the
antioxidant components of MeDi, counteracting the oxidative
stress secondary to mitochondrial dysfunction, which represent a
pathological hallmark in all neurodegenerative disorders (12, 13).
MeDi is characterized by consumption of fruit, vegetables, whole
grains, legumes, nuts, lean fish, dairy products, white meat, small
quantities of red meat, moderate consumption of alcohol and
extra virgin olive oil as a fat source. These foods not only exert
an antioxidant action due to their composition but can positively
influence the function of immune cells in MS, probably favoring
a shift toward an anti-inflammatory profile (14).

Given these premises, MeDi seems a good candidate for a
dietary intervention in People Living with MS (PwMS). However,
before suggesting specific dietary indications, a deeper knowledge
of the dietary patterns commonly followed by PwMS, should be
acquired. This is not trivial as, even though Italy belongs to the
Mediterranean basin, a region where high level of adherence to
MeDi is expected, surveys on eating behavior of adult population
revealed that only one third of the population had an adequate
intake of vegetables and fish, and the energy intake from
saturated fats and sugars was globally very high (15).

Additionally, even in populations showing an overall good
adherence to MeDj, relative consumption of specific foods, as
well as the relationship between different food categories within
the diet (i.e., consumption of one food driven or associated to the
consumption of other foods) might differ across subgroups.

We hypothesize that the consumption of specific food items,
or their eating pattern, rather than the global adherence to MeDi
(16), might characterize MS patients and potentially affect their
disability outcomes. Indeed, when studying diet behaviors, it is
crucial to evaluate the multifaceted interdependence of foods in
the habitual diet. In this context a recent work has implemented
network science tools to identify novel diet patterns in prodromal
dementia (17), showing how network methods may progress
our knowledge of associated risk factors for complex disease
as dementia and MS. With network analysis we can recognize
eating hubs (i.e., items that are consumed in association with
many other items within the dietary regimen), thus highlighting
complex relations, hidden in the eating behavior, that may
be related to patients’ clinical status. This analysis would be
complementary to the wide investigations on dietary habits, that
have been performed and are still ongoing, and that so far have
elucidated the relation between incorrect dietary behavior and
MS poor clinical status and progression (3).

Given these premises, we set out to explore dietary patterns
and their relationship with disability outcomes in a sample
of PWMS followed in a large tertiary center in Central Italy,
implementing a novel network analysis approach. Additionally,
as diet is only one of the lifestyle habits potentially affecting
disability outcomes in MS, our analysis was complemented by the
exploration of aspects such as smoking and physical exercise (9).

Specifically, the aims of this work were (i) to evaluate
differences in adherence to MeDj, intake of specific food, lifestyle
habits between PwMS and HG; (ii) to describe the dietary pattern
of PWMS and HC identifying the most influential demographic
or MeDi items that characterize each group’s eating habits (i.e.,
eating hubs); (iii) to explore the relationships between those hubs
and disability outcomes.
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METHODS e The reduced form of the International Physical Activity
. . uestionnaire (IPAQ) assessing the engagement in physical

Participants Q (IPAQ) 8 5% Py

Participants older than 18 at the time of screening were
prospectively enrolled at the MS Center of the Sant’Andrea
Hospital in Rome between March 2018 and August 2019.
Participants with a diagnosis of MS according to most recent
revised McDonald criteria 2017 (18) regardless of disease
phenotype were recruited together with their family members
and hospital staff to act as control group. The ethical committee
board of Sapienza University of Rome at Sant’Andrea Hospital
provided approval for the project. Informed, written consent has
been obtained in all participants.

Exclusion criteria for both groups were: (1) diagnosis
of metabolic diseases; (2) mental or psychiatric diseases;
(3) pregnancy or breastfeeding; (4) food allergies and food
intolerances; (5) ongoing vegetarian or vegan diet; (6) any
condition preventing participants to provide adequate answers
to the administered questionnaires; (7) ability to walk without
support/aid. For latter exclusion criteria, PwMS with and
Expanded Disability Status Scale (EDSS) (19) higher than 5.5
were not recruited.

Study Procedures

The following information were collected in PwMS and HC:
demographic data, pharmacological therapies, smoking (number
of cigarettes smoked per day and duration of habit, i.e., smoking
pack/year), telephone and email contacts.

We also evaluated the following anthropometric indicators:
weight and height to calculate Body Mass Index (BMI kg/m?),
waist (WC) and hip circumferences, waist-hip ratio (WHR).

For BMI, we used World Health Organization (WHO) cut-
points to asses underweight (<18.5 kg/m?), normal weight (18.5-
24.9 kg/mz), overweight (25.0-29.9 kg/mz), and obese (>30
kg/mz). For men WC>94 cm and for women WC>80cm are
cut-points used to assess cardiovascular risk in the general
population (20). Fat distribution is further defined as WHR above
0.90 for males and above 0.85 for females (21).

Subsequently, the following
were administered:

questionnaires

e MeDi adequacy questionnaire (22). This is a nine-question
test, one for each food group (fruit, vegetables, legumes,
cereals, fish, meat and cold cuts, milk and derivatives, olive oil,
alcohol). For each question there are three different answers,
regarding the frequency intake of those particular foods, daily
or weekly, with a score from 0 to 2, begin 0 = no intake and 2
= more than once a week, referring to the last month. Adding
all the results, we evaluated the adequacy to MeDi (0-4 not
adequate; 5-9 poorly adequate; 10-15 sufficiently adequate;
16-18 completely adequate). Moreover, we computed the
frequency of intake for each food item and grouped food
categories as “positive” (fruit, vegetables, legumes, cereals,
fish, olive oil) vs. “negative” (meat and cold cuts, milk and
derivatives, alcohol): the higher the score in the “positive”
group the better the diet of the participant, while the higher
score in the “negative” group the worse the nutrition habits.

activity (23). The questionnaire is divided into 4 sections
in which intense activities, moderate activities, walking and
sitting are distinguished. For each of these categories the
participant needs to specify how many days per week the
various activities had been carried out and the total minutes of
activity in one of those 7 days referring to the previous week.
According to the scores obtained in the test, the person falls
into three different groups that specify the levels of physical
activity: inactive (lower score 700 Met); sufficiently active
(score between 700 and 2,519 Met) and active or very active
(score higher than 2,520 Met).

For each PWMS, the respective level of disability as measured by
EDSS (and fatigue in terms of Fatigue Severity Scale (FSS) (24)
were evaluated the same day of questionnaire completion.

PwMS were dichotomized into two subgroups according
to their EDSS score: no disability (EDSS <1.5; ie., no or
minimal signs in more than one functional system) and
disability (EDSS >2).

Network Analysis
To identify what demographic or MeDi items were most
influential for the eating habits of PwMS and how they were
linked to disability and fatigue, we performed a network analysis.
We created a structure depicting the connections, namely edges,
among all the variables of interest, namely nodes, such as age, sex,
and MeDi items (fruit, vegetables, legumes, cereals, fish, meat,
dairy, olive oil, alcohol). Thanks to this representation, we were
able to identify the hubs, that are the most connected variables,
thus the variables with the highest amount of connections with
the other variables. First, to generate the edges connecting the
nodes of the network, we built a mutual information matrix,
representing the relation among age, sex, and MeDi items for
both patients and HC (17). The mutual information matrix was
selected to describe the relation among age, sex and MeDi items,
as it provided information on the mutual dependence between
couples of variables, without any a priori assumption of linear
association among them. Since the investigated variables were
all categorical except for age, the continuous variable age was
grouped by ranges of years and devised in 5 classes (from class
0 if age <20 years to class 4 if age>49 years and the other classes
covering 10 years each) to build the mutual information matrix.

Then, we investigated the difference of age, sex and MeDi
items association between PwMS and HC We obtained 1,000
random matrices by reshuffling, 1,000 times, values taken from
the information matrices of PWwMS and HC, and placing them
into two matrices, that had the same dimensionality of the mutual
information matrices but casual entries, and that were subtracted
one from the other. Then, we averaged these 1,000 random
matrices and compared the result with the difference between the
mutual information matrix of HC and that of PwMS, by means
of a Z-score. Z-scores were considered significant at alpha = 0.05
if Z>1.96].

Moreover, on the mutual information matrices of both PwMS
and HCs, we calculated the hubs. Analytically, in a network,
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hubs are the variables with the degree larger than the average
plus a standard deviation. The degree of an item is the number
of its neighbors, e.g., of the number of links incident upon
it. Network analysis was implemented in the open-source R
environment (https://www.r-project.org/. For a flowchart of the
network analysis see Figure 1.

Statistical Analysis

All values are presented as mean (standard deviation) or median
[range], as appropriate. Normal distribution assumption was
checked for continuous variables by using Shapiro-Wilk tests.

Unpaired two-sample ¢-test and X? test were used to compare
demographic, clinical, anthropometric indicators, adherence to
MeDij, frequency of food intake and IPAQ scores between PwMS
MS and HC, as well as between PwMS with different levels of
disability, as appropriate.

To test the association between hub nodes from network
analysis and disability, a multivariate logistic regression was
conducted. Specifically, we included hubs (obtained by network
analysis) as independent variable and scores of either disability or
fatigue as dependent variable. Classes of disability were devised
as no disability (class 0, EDSS< = 1.5), or disability (class 1,
EDSS>1.5). Similarly, classes of fatigue were devised as no fatigue
(class 0, FSS lower than the median value) or fatigue (class
1, FSS higher than the median value). Initially, we performed
a sensitivity analysis to evaluate the minimum regression
coefficient (beta) relative to sample size, considering alpha =
0.05 and power = 0.90. In multiple regression, collinearity exists
if one variable is linearly predicted from the other and it may
affect the reliability of the calculation of regression coefficients.
Therefore, we checked for collinearity via Spearman correlation
and removed correlated variables (p < 0.05 not corrected for
multiple comparisons to be conservative at the most). However,
for completeness, also association between dependent variables
and removed hubs was calculated as bivariate logistic regression.
Significance was reached if p < 0.05.

Finally, as the network analysis identified as hubs only
items pertaining to the “positive foods,” and did not include
lifestyle factors other than diet, we conducted a post-hoc analysis,
investigating the relationship between “negative foods,” lifestyle
factors (smoking, exercise) and clinical outcomes (EDSS and FSS)
via hierarchical regression.

Analyses were conducted with the Statistical Package for
Social Sciences 25.0 (SPSS, Chicago, IL, USA). Network statistical
analyses were implemented in the open-source R environment
(https://www.r-project.org/. Sensitivity analysis was performed
with G-power (https://stats.idre.ucla.edu/other/gpower/.)

RESULTS

Participants in the Study

From an initial screening of 571 PwMS we enrolled 424 (74%)
participants. Among the excluded patients there were 52 PwMS
with metabolic diseases (9%), 47 with food allergies or food
intolerances (8%), 19 people following a vegetarian or vegan diet
(4%), 13 women in a gestational or breastfeeding state (2%),
12 (2%) have not been included due to incomplete data and 4

(1%) patients had psychiatric comorbidities. Two hundred and
eighty four participants were screened as HC, of which 165 people
(58%) were found to be suitable for study inclusion. Among
the excluded participants there were 30 people with metabolic
diseases (10%); 48 with food allergies or intolerances (17%); 18
people following a vegetarian or vegan diet (6%), 9 women in a
gestational or breastfeeding state (3%), 7 have not been included
due to incomplete data (3%) and 7 patients had psychiatric
comorbidities (3%). For a flowchart of the study participants
please see Figure 2.

Table 1 summarizes the main demographic characteristics
and anthropometric measurements of the two examined groups.
PwMS showed higher values of hip circumference compared to
HC (p < 0.014), while there was a trend for waist circumference
(p < 0.069) and no differences in terms of WHR and BMI.
Among study participants only men in the HC group had BMI
values belonging to the overweight range. No differences in terms
of frequencies among the two groups were detected (Figure 3).
Male HC subjects had WHR values above the cut-off, while
all the other participants were normal weighted with normal
WHR values. All subjects in our study were within the WC
cut-off values.

Table2 shows the main clinical characteristics and
anthropometric measurements of the PwMS subgroups.
PwMS in the disability group were older, had longer disease
duration as well as higher FSS scores compared to PwMS in
the no disability group. Waist circumferences and WHR were
significantly different among the two subgroups.

Adherence to MeDi, Intake of Specific
Food, Lifestyle in PwWMS and HC

The majority of participants in each group adhered sufficiently
to MeDi (60% in the group of PwMS and 56% in HC group).
In the PWMS group, only one participant had an inadequate
diet, while 38% poorly adequate and 2% completely adequate
diet. Among HC, 2% had inadequate adherence to MeDi, 41%
of participants showed poor adherence, while 1% followed a
completely adequate diet. There were no significant differences in
terms of adequacy to MeDi between PwMS and HC. Participants
less adherent to MeDi showed higher smoking pack/years
values in the whole sample (p < 0.001) as well in the PwMS
(p < 0.001).

When we explored differences in terms of food intake
frequency, we observed a tendency to a healthier diet in the
group of PWMS, as they consumed more frequently fish and less
frequently alcohol than HC (p < 0.001) (Figure 4).

PwMS showed overall lower IPAQ scores (2227.21 & 3587.26)
compared to HC (3701.33 + 8338.35) [p = 0.03]. Figure5
shows the percentage of participants for each category according
to groups.

In the group of PWMS there was a greater proportion of
participants with a long-time smoking habit compared to HC (4.2
+8.6vs. 1.0+ 3.1, p < 0.01).

There were no differences in terms of adherence to MeDi
between the two PwMS subgroups. However, when we compared
the frequency of food intake, a greater proportion of participants
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FIGURE 1 | Flowchart of the network analysis. Age, sex, and Mediterranean Diet items, such as fruit, vegetables, legumes, cereals, fish, meat, diary, olive oil, and
alcohol, were collected for both people living with MS and healthy controls. From the two datasets the mutual information matrices were calculated and hubs were

571 PWMS were recruited

284 subjects were screened

into the study as HC

52 (9%) Metabolic Diseases 30 (10%)

47 (8%) | Food allergies or Food intolerances | 48 (17%)

19 (4%) Vegetarian or vegan diet 18 (6%)

! 13 2%) Gestational or Breastfeeding state 9 (3%) )
4 (1%) Psychiatric omorbidities 7(3%)
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424 PWMS included 165 HC included
(74%) (58%)

FIGURE 2 | Flowchart of the participants in the study. PwMS, People Living with MS; HC, Healthy Controls.

in the no disability subgroup consumed fish more frequently than
patients in the disability subgroup (p < 0.01).

PwMS in the no disability subgroup engaged in physical
activities more often and more intensely compared to those with
disability (2667.8 &= 4263.6 vs. 1814.7 & 2757.7, p = 0.014).

PwMS in the no disability group had lower values of smoking
pack/years compared to those with disability (2.9 & 6.4 vs. 5.5 &
10.1, p < 0.002).

Food Network Analysis
We found no difference between mutual information matrices
of PwMS and HC (Figure 6). When exploring each group
separately, the network of PwMS identified fruit, vegetables,
cereal and fish as hubs (Figure 7A), while HC’s network identified
meat and alcohol as hubs (Figure 7B).

Beta = |0.32] was the minimum beta evaluable with a sample
of 424 PwMS. Hubs were all inter-correlated, as shown in Table 3.
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TABLE 1 | Demographical and anthropometric variables of the study participants.

People living with MS (N = 424) Healthy Controls (N = 165) P-values

Female/Male (%) 284 (67)/140 (33) 112 (68)/53 (32) 0.8

Age, years [range] 42.6 (11.0) [18-74] 40.9 (14.5) [18-77] 0.127
BMI, kg/m? 23.8 (3.9) 23.7 (3.5) 0.68
Female 23.3 (4.3) 22.9(3.4) 0.33
Male 24.8 (3.0) 25.3(3.1) 0.29
Waist circumference, cm 83.2 (12.9) 81.0 (14.8) 0.069
Female 80.0 (12.3) 76.8 (13.2) 0.024
Male 89.6 (9.5) 89.8 (14.2) 0.90
Hip circumference, cm 100.7 (8.8) 98.4 (13.2) 0.014
Female 100.4 (9.9) 98.7 (13.4) 0.18
Male 101.3 (5.6) 97.7 (12.6) <0.01
Waist-hip ratio (WHR) 0.82 (0.08) 0.82 (0.1) 0.8

Female 0.79 (0.07) 0.78 (0.09) 0.10
Male 0.88 (0.07) 0.91 (0.08) 0.022

Values are expressed as mean. Standard Deviation (SD) is indicated in the round brackets. The minimum and maximum values of the measurements are indicated in the square brackets
[range]. P-values refer to comparisons between groups; significance was reached if p < 0.05 and expressed in bold.

65%
62%
6
—

Body Mass Index (BMI) Category

25%  24%
I I = ;
Undeweight Normal Weight Overweight Obese
mHC mPwMS

FIGURE 3 | Percentage of participants according to Body Mass Index (BMI) Category. Underweight (<18.5 kg/m?); normal weight (18.5-24.9 kg/m?); Overweight
(25.0-29.9 kg/m?) and obese (>30 kg/m?). PWMS, People Living with MS; HC, Healthy Controls.

Significant positive Spearman correlations show monotonic
association between variables, thus that the increase of one is
paralleled by the increase of the other, thus eating habits of PWMS
include a large intake of all the “positive foods” identified as hubs.

We found no difference between mutual information matrices
of PwMS subgroups classified by EDSS or FSS.

Because of the collinearity, we did not perform a multiple
regression including all the hubs in the same model, but rather a
bivariate logistic regression for each hub to predict either EDSS or
FSS groups. EDSS was predicted by the intake of vegetables (beta
= —0.36, p < 0.03) and fish (beta = —0.34, p < 0.02). FSS was
not predicted by any hub, e.g., fruit, vegetables, cereal and fish.

Relationship Between “Negative Foods”
Lifestyle Factors and Disability

When testing the relationship between “negative foods” diet and
disability, the model including smoking pack/year, IPAQ score
and intake of “negative foods” predicted 6% of the variance in
EDSS (p < 0.001), with smoking pack/year, exercise and diet
being independent contributors (beta = 0.190, p < 0.001; beta
= —0.138, p < 0.004; beta = 0.098, p < 0.039, respectively).

The model including smoking pack/year and IPAQ score
predicted 4% of the variance in FSS (p < 0.001), with smoking
pack/year and exercise being independent contributors (beta =
0.135, p < 0.005; beta = —0.169, p < 0.001, respectively).
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TABLE 2 | Clinical and anthropometric characteristics of people living with MS involved in the study, according to level of disability.

Total (N = 424) EDSS <1.5 (N = 205) EDSS >2 (N = 219) P
Clinical characteristics
Age, years 42.6 (11.0) 39.3 (10.5) 45.6 (10.7) <0.001
Age of onset, years 31.4(9.9) 30.1(8.7) 32.7 (10.8) <0.01
Disease duration, years 12.0 (8.4) 10.1 (7.9) 13.8(9.0) <0.001
Therapies (no/first line/second line), % 20/60/20 20/64/16 20/54/26/ n.s.
Disease course, Relapsing Remitting (RR)/Secondary Progressive (SP) 402/22 205/0 198/22 <0.001
Median Expanded Disability Status Scale (EDSS) [range] 2.0 [0-5.5] 1.5[0-1.5] 3 [2-5.5] <0.001
Fatigue Severity Scale (FSS) 3.8(1.7) 3.1(1.6) 4.5(1.5) <0.001
Anthropometric characteristics
BMI, kg/m? 23.8(3.9) 23.65 (4.05) 24.07 (3.94) 0.270
Waist circumference, cm 83.2 (12.9) 81.8(11.9) 84.6 (12.6) 0.021
Hip circumference, cm 100.7 (8.8) 100.3 (8.55) 101.2 (9, 9) 0.281
Waist-hip ratio (WHR) 0.82 (0.08) 0.81(0.78) 0.83 (0.08) 0.013

Values are expressed as mean, unless otherwise specified. Standard Deviation (SD) is indicated in the round brackets. The minimum and maximum values of the measurements are
indicated in the square brackets. P-values refer to comparisons between groups; significance was reached if p < 0.05 and expressed in bold.

First line therapies: interferon, glatiramer acetate, dimethyl fumarate, teriflunomide.
Second Line therapies: fingolimod, natalizumab, ocrelizumab, alemtuzumab.

DISCUSSION

In our work we did not find significant differences in terms
of adequacy to MeDi between PwMS and HC, nor significant
differences regarding food intake within the study population
besides fish and alcohol consumption. Even though most
participants fell into the normal weight category value according
to BMI and were adherent to MeD1i, PWMS showed higher values
of waits and hip circumferences compared to HC. The network
analysis allowed us to unveil the relation between specific food
items (fruit, vegetables, cereal and fish). In particular, PwMS
showed an eating behavior characterized by the consumption of
“positive” foods, whose intake appears highly intercorrelated and
might partially contribute to physical disability level.

Adherence to MeDi, Intake of Specific
Food, Lifestyle Habits

We found no significant differences in MeDi adequacy between
PwMS and HC, in line with previous findings (25). However,
although most of the participants in both groups were sufficiently
adherent to MeDi, a very low percentage of participants were
completely adherent to it (2% PwMS and 1% HC). Even
though MeDi is the most used food model in Mediterranean
countries, such as Italy, even the general population is not
completely adherent to it, with younger age groups and smokers
being less adherent (26). Accordingly, in our work participants
less adherent to MeDi showed higher values of smoking
pack/years and particularly, in the group of PwMS there was a
higher percentage of participants with long-term smoking habits
compared to HC. Generally, the category of smokers seems to
have a less healthy lifestyle and incorrect eating habits than
non-smokers (27).

When we explored differences in terms of food intake
frequency, we observed a tendency toward a healthier diet in

the group of PWMS, as they consumed more frequently fish
and less frequently alcohol than HC. Despite the healthier
diet, in our sample of PwMS higher values of waist and hip
circumferences compared to HC were detected. WC is used
to measure abdominal adiposity and high values are common
among PwMS (28). While in our study population the BMI
was in the range of accepted values and most of the PwMS
fell in the normal weight category, there is evidence showing
that an increase in circumferences values is associated with
greater disability even in normal weight subjects (28). This is
confirmed in our sample, where patients with higher level of
disability showed significantly higher WC and WHR values in
comparison with the no disability group. An excess of visceral or
abdominal adiposity is one of the characteristics of the metabolic
syndrome often related to other disorders such as diabetes,
hyperlipidemia and hypertension (28). Metabolic and vascular
comorbidities affect both neuroperformance and brain and gray
matter volumes in MS, contributing to neurodegeneration and
long-term disability (29).

Even though in our work we did not collect serological
nutrional biomarker and such interpretations remain speculative,
several evidences support the correlation between an excess of
adipose tissue and the severity of MS. Firstly, an overweight or
obese subject has a state of chronic inflammation characterized
by an altered production of cytokines, such as IL-6, TNF-a,
leptin, and a downregulation of anti-inflammatory molecules
(30). Additionally, overweight negatively impacts disease course
by modulating monocyte cell number through ceramide-
induced DNA methylation of anti-proliferative genes (31). This
increased state of inflammation of overweight/obese subjects
is also observed within the Central Nervous System (CNS).
In particular, a recent study has shown elevated levels of
proinflammatory molecules (IL-6 and leptin) and reduced levels
of the anti-inflammatory cytokine IL-13 in the cerebrospinal fluid
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FIGURE 4 | Food intake frequency. Histograms of food intake frequency of people living with multiple sclerosis (PwMS, blue) and healthy controls (HC, orange),
devised by intake scores (0, 1, 2). On the top right, heatmaps display X? and relative p-value of food intake difference between PWMS and HC. Significant difference

(p-value<0.05) was found for fish and alcohol alone. Chi?: X2; EVO: olive oil.

(CSF) of obese MS patients, and patients with higher BMI (BMI
> 30 kg/m?) also had significantly higher EDSS values (30).

Excess of adipose tissue in PwMS might also affect daily
clinical practice, as it can interfere with the response to drugs,
possibly due to altered drug pharmacokinetics (32). Indeed,
a study carried out on a population of adult patients, under
interferon-beta (IFNP) therapy, showed that overweight and
obese patients have increased disease activity, as assessed by
NEDA status (composite score of no evidence of disease activity).
This result indicates that overweight and obesity may have an
impact on IFNp-treatment response (33). Based on these data,
regular exercise by reducing visceral adiposity may play a key role
in reducing inflammation. Finally, in line with previous evidence
(34), PWMS were less physically active and showed overall lower
IPAQ scores compared to HC.

Food Network Analysis
The food network analysis identified fruits, vegetables, cereals
and fish as hubs in PwMS with meat and alcohol being hubs

in HC, suggesting, in line with our analysis of food intake
frequency, that PWMS tend to have a healthier diet than HC.
It is possible that PwMS, having a chronic disease, are urged to
pay more attention to what they eat than the general population.
Indeed, a previous study has shown that patients, following an
initial clinical diagnosis of CNS demyelination, tend to change
their diet, increasing the amount of fruit and/or vegetables and
following a low-fat diet (35). Additionally, a recent work has
shown a trend toward reduced levels of storage lipids (fatty acids,
cholesterol esters, triglycerides, and diglycerides) in the plasma
of PWMS in comparison with HC (36). Additionally, in line with
previous findings highlighting the potential effects of MeDi on
MS course and disability (16) in our study participants higher
consumption of vegetables and fish was inversely correlated to
global motor disability, as assessed via EDSS. This relationship
hints to a beneficial role of food hubs on disability outcomes but
might also disclose an inverse causality.

Foods identified as hub of PwMS (fruits, vegetables, cereals
and fish) are rich in fiber, vitamins, w-3 polyunsaturated
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2-sample analysis to investigate differences between PwMS vs. HC and reporting the z-score, are displayed from the left to the right. PwMS vs. HC have no intake

fats or antioxidant molecules and possibly exert a protective
effect on the disease (14, 37). In particular, antioxidant
molecules such as vitamins C and E, plant polyphenol and
carotenoids might contrast free radicals, with beneficial effects
on the inflammatory response (37). Another mechanism by
which hub foods that could influence the disease outcomes
is the modulation of the microbiota (38). Specifically, foods
with omega-3 polyunsaturated fatty acids (PUFA) and fiber
can positively modify microbiota through the proliferation
of bacteria with anti-inflammatory action. Both short-chain

fatty acids (SCFA) obtained from the bacterial fermentation
of dietary fibers, and PUFAs, contained in fish, have an anti-
inflammatory function (39, 40). Nonetheless, we cannot exclude
that disease-related symptoms such as mobility deficits and
cognitive impairment in more disabled PwMS might have
affected the access to healthier food, that usually require
a more dedicated preparation rather than easy snacks or
fast-foods, partly accounting for the observed relationship
between food hubs intake and disability (41). However, in
our sample of PwMS we have not recruited those with
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TABLE 3 | Spearman correlation among MeDi item intake identified as hubs in
people living with MS.

Fruit Vegetables Cereal Fish
Fruit - 0.33 (0.001) 0.13 (0.01) 0.22 (0.001)
Vegetables - 0.19 (0.001) 0.21 (0.001)
Cereal - 0.12 (0.01)
Fish 0.12 -

To check for collinearity among hubs, we calculated Spearman correlation between
couples of items, as reported in the table. Significant correlations are reported in bold
font, relative p-value is shown between round brackets.

an EDSS higher than 5.5, also in order to restrain this
potential bias.

Relationship Between “Negative Foods”
Lifestyle Factors and Disability

Our post-hoc analysis disclosed an independent predictive role
for “negative foods,” exercise and smoking on motor disability.
This finding suggests that not only the intake of “positive foods”
is related to disability, but that the global composition of the
dietary regimen as well as the lifestyle adopted potentially affect
MS outcomes. Specifically, both smoking habit and low level
of exercise were related to disability and fatigue independently
from diet, as previously suggested (42, 43). Although reverse

causality and simultaneity cannot be excluded when interpreting
these associations, the relevance of a balanced dietary regimen,
rich in “positive foods” and poor in “negative foods,” associated
to a healthy lifestyle, might explain why studies exploring the
beneficial effects of isolated dietary supplementations are often
unsuccessful (44).

Our work is not without limitation. First, the cross-sectional
design of our work limited the ability to explore the temporal
relationship between lifestyle habits and changes in disability and
fatigue over time, preventing us from drawing conclusions about
direct causality. Second, we used a qualitative questionnaire
to assess the adequacy to MeDi and food intake, intrinsically
limiting the exact estimation of nutrients intake. We did not
measure serum markers (i.e., antiflammatory or antioxidant) that
could better reveal the association between nutrition intake and
disability or fatigue if inserted in the network analysis, but on
the basis of our results, future more comprehensive study on the
matter might lead to further elucidation. Moreover, the use of
family members as part of the control group might have limited
the possibility to reveal real differences in dietary and lifestyle
habits with PwWMS. We have tried to minimize this occurrence
introducing another set of controls in the HC group (healthcare
staff). Indeed, the choice of family members as control group
lie on the basis that family peers share characteristics such as
socioeconomic and educational level with their relatives, that are
known to influence diet behaviors (45).
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CONCLUSION

In conclusion, we identified a sufficient, although not optimal
adherence to MeDi in our population. People living with MS
showed a healthier dietary pattern than HC. Among food
hubs, vegetables and fish were related to disability outcomes,
which, in turn, were also predicted by intake of foods rich in
saturated fats and alcohol, smoking and exercise. Our results
confirm the association between diet, lifestyle and disability,
suggesting that the modulation of these factors might affect
MS outcomes. Further, our results suggest that, rather than
the intake of a single food, the association of a food with the
others is at the basis of the difference between PwWMS and HC
dietary habits. Future longitudinal studies applying integrated
approaches should be planned to confirm these hypotheses, as
the adoption of specific dietary regimens and exercise plans,
could be used as complementary to the prescription of standard
pharmacological therapies.
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Abstract Multiple sclerosis (MS) is a chronic neuro-
inflammatory disease of the central nervous system with un-
known etiology. Recently, the gut microbiota has emerged as a
potential factor in the development of MS, with a number of
studies having shown that patients with MS exhibit gut
dysbiosis. The gut microbiota helps the host remain healthy
by regulating various functions, including food metabolism,
energy homeostasis, maintenance of the intestinal barrier, in-
hibition of colonization by pathogenic organisms, and shaping
of both mucosal and systemic immune responses. Alteration
of'the gut microbiota, and subsequent changes in its metabolic
network that perturb this homeostasis, may lead to intestinal
and systemic disorders such as MS. Here we discuss the find-
ings of recent MS microbiome studies and potential mecha-
nisms through which gut microbiota can predispose to, or
protect against, MS. These findings highlight the need of an
improved understanding of the interactions between the mi-
crobiota and host for developing therapies based on gut com-
mensals with which to treat MS.
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Multiple Sclerosis

Multiple sclerosis (MS) is a chronic neuroinflammatory dis-
ease of the central nervous system (CNS) [1]. Clinical presen-
tation varies among patients, which may include sensory, mo-
tor, and/or cognitive deficits, and is typically preceded by
inflammatory and demyelinating lesions in the CNS white
matter [1]. MS is thought to be an autoimmune disease caused
by aberrant T-cell responses to myelin self-peptides [2].
Encephalitogenic T-cell responses in the CNS are followed
by additional immune-cell infiltration, leading to inflamma-
tion, demyelination, and neurodegeneration [3]. The etiology
of MS is complex, with both genetic and environmental fac-
tors playing major roles in disease pathogenesis. Genetic fac-
tors account for about 30% of disease risk (identical twins),
with human leukocyte antigen (HLA) genes being the stron-
gest genetic component [4, 5]. Although 70% of disease risk
stems from nongenetic components, considerably less is
known about environmental contributions to disease patho-
genesis. Possible environmental contributing factors include
smoking, exposure to the Epstein—Barr virus or other mi-
crobes, and low vitamin D levels due to insufficient exposure
to sunlight/ultraviolet [3]. However, recent evidence suggests
that the gut microbiota can make a major contribution to both
susceptibility and protection from the disease.

Gut Microbiota

Throughout the twentieth century, the incidence of MS (and
other autoimmune and allergic diseases) has increased in de-
veloped countries; a phenomenon that correlates inversely
with the incidence of infectious diseases such as measles and
polio [6]. This observation led to development of the “hygiene
hypothesis” according to which individuals who live in
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cleaner environments (developed countries where there is a
strong emphasis on personal hygiene) have little exposure to
orofecal microbes at an early age and are thus more likely to
develop allergic and autoimmune diseases [6, 7]. The corol-
lary is that individuals who live in developing countries and
are exposed to a high orofecal microbial load are more likely
to develop infectious diseases while being less likely to devel-
op allergic and autoimmune diseases. However, in recent
years the hygiene hypothesis has been revisited because ad-
vances in the microbiome field have suggested that clean hy-
gienic practices, such as the chlorination of water, overuse of
antibiotics, loss of green space, small family size, and com-
mon delivery by cesarean section, have resulted in alterations
of host-microbial flora collectively termed the microbiota [8,
9]. Indeed, it is now appreciated that the microbiota has a
crucial role in keeping the host in a healthy state.

Microbiota refers to the trillions of bacteria, viruses, and
fungi that live inside and on the human body, and their col-
lective genetic pool is termed the microbiome. Bacterial spe-
cies colonizing the small and large intestines are referred to as
the gut microbiota, and their role in health and diseases are
being investigated as a primary driver of host physiology
[10-12]. The gut microbiota functions like a bioreactor that
influences nutrient uptake, food metabolism, energy homeo-
stasis, and mucosal and systemic immune responses. A
healthy gut microbiota is characterized by its diversity and
resilience [13], and it helps to keep the host healthy in multiple
ways, including maintenance of an intact intestinal barrier,
inhibition of colonization by pathogenic organisms, and reg-
ulation of host physiology and immune responses [11, 14-16].

Alterations of the gut microbiota, resulting in changes in its
metabolic network, perturb this homeostasis, and can result in
intestinal and systemic disorders [10, 17, 18]. These alter-
ations are reflected in fecal samples which are utilized to pro-
file the gut microbiota because they provide an easily acces-
sible source of biospecimens .

Gut Microbiota and Autoimmunity

Advancements in culture-independent analysis, through
improved DNA sequencing technology, have led to re-
markable progress in our understanding of the roles of
the gut microbiota in autoimmune diseases. Microbiome
profiling, using 16S rRNA and metagenomic shotgun se-
quencing technologies, has been performed for several
autoimmune/autoinflammatory diseases, including MS
[19-29], type 1 diabetes (T1D) [30, 31], inflammatory
bowel disease (IBD) [32, 33], celiac disease [34, 35], and
rheumatoid arthritis [36—38]. The consensus of these stud-
ies is that patients with autoimmune/autoinflammatory dis-
eases exhibit microbial dysbiosis, i.e., an alteration in the
composition of the microbial community characterized by
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a decrease in beneficial bacteria and an increase in harmful
bacteria (pathobionts). A healthy mixture of commensal
bacteria helps in maintaining homeostasis at mucosal sur-
faces in the gut and perturbation of this community can
result in colonization by pathobionts, potentially promot-
ing a proinflammatory environment and predisposing the
host to inflammatory diseases [39]. How beneficial bacte-
ria maintain a healthy state and/or how pathobionts might
predispose to or accelerate autoimmune disease is un-
known. However, considerable efforts are being made to
determine whether alterations in the gut microbiota are the
cause or consequence of autoimmunity.

Studies performed in germ-free (GF) mice have established
that the gut microbiota is crucial for the development of a
healthy immune system; mice born and raised in GF facilities
lack well-developed immune cells and secondary immune or-
gans [40]. The initial interaction between the host immune sys-
tem and the gut microbiota is a major determinant of the com-
position of the gut flora [41, 42]. Constant cross-talk between
immune cells, intestinal epithelial cells (IECs), and the gut mi-
crobiota results in up- or downregulation of inflammatory me-
diators from the host (pattern recognition receptors, e.g., Toll-
like receptors) and microbes [toxins, e.g., lipopolysaccharide
(LPS)] [43]. Thus, the balance between host immune responses
and gut microbiota is intricate, and the host adapts to discrimi-
nate between beneficial commensal bacteria and pathogenic bac-
teria. IECs play a significant role in this discrimination; their
tight junctions join adjacent cells to form a barrier between
immune cells of the host and bacteria in the gut [11, 16]. This
cross-talk between IECs, immune cells and the microbiota help
in maintaining homeostasis at the mucosal surface. Interestingly,
in pathological states, this barrier is breached, resulting in in-
creased gut permeability and systemic distribution of bacterial
products and/or the bacteria itself. Several autoimmune diseases
are associated with a condition called “leaky gut syndrome”,
which is characterized by increased gut permeability [44, 45].

The importance of the gut bacteria, their enzymes, and
metabolites in human health and disease are actively being
deciphered. Early research in the field points towards the gut
microbiota playing an important role in host physiology by
regulating numerous metabolic pathways. We discuss in the
following sections 1) differences in microbial compositions of
the gut between healthy controls and patients with MS; 2) how
depletion or enrichment of particular gut microbes in patients
with MS might predispose to autoimmunity; and 3) the possi-
bility that reversal of such dysbiosis might protect against
autoimmunity by regulating various metabolic pathways.

MS and the Gut Microbiota

Recently, several groups, including ours, profiled fecal micro-
biota in patients with MS in an attempt to determine the extent



The “Gut Feeling”: Breaking Down the Role of Gut Microbiome in Multiple Sclerosis 111

to which the gut microbiome influences MS risk (Table 1).
These studies revealed that patients with MS exhibit microbial
dysbiosis [19-28].

The majority of MS microbiome studies have reported a
reduced abundance of Prevotella and Parabacteroides be-
longing to the Bacteroidetes phylum in patients with MS
versus healthy controls (Table 1) [19, 20, 24, 26, 28]. As
highlighted in Table 1, several human microbiome studies in
adult patients with MS (at least > 10 subjects) across different
geographical regions (USA, Japan, and Italy) have shown
either depletion of Prevotella versus healthy controls [19,
20, 26, 28] or enrichment of Prevotella after treatment with
disease-modifying drugs [24]. A recent study analyzing duo-
denal biopsies from patients with MS reported that patients
with active disease showed a lower abundance of Prevotella
than healthy controls or patients in remission [28]. Among the

Table1 Bacterial families (F), genera (G), and species (S) whose abun-
dance is often higher or lower in patients with multiple sclerosis (MS)
versus healthy controls

Bacteria Abundance in MS vs healthy

controls [ref.]

Bacteroides (G)
Parabacteroides (G)
Prevotella (G)

Decreased [20]
Decreased [19, 26]
Decreased [19, 20, 24, 28]

Butyricimonas (G) Decreased [24]
Lachnospiraceae (F) Decreased [22]
Blautia (G) Increased [19]
Dorea (G) Increased [19]
Streptococcus Increased [20, 28]

Decreased [20, 25]
Decreased [20]
Decreased [20, 25]
Decreased [22]
Increased [25]
Decreased [19]
Decreased [19]

Faecalibacterium (G)
Eubacterium (G)
Clostridium (G)
Ruminococcaceae (F)
Ruminococcus (G)
Lactobacillus (G)
Coprobacillus (G)

Erysipelotrichaceae (F) Decreased [19]
Veillonellaceae (F) Decreased [19]
Collinsella (G) Decreased [19, 24]
Adlercreutzia (G) Decreased [19]
Slackia (G) Decreased [24]
Acinetobacter (G) Increased [26]

Bifidobacterium (G)
FEggerthella (G)

Pseudomonas (G)

Increased [20, 22]
Increased [20]
Increased [19]
Increased [19]
Increased [19]
Increased [22]
Increased [20]
Increased [24, 26, 27]

Mycoplana (G)
Haemophilus (G)
Bilophila (G)
Sutterella (G)
Akkermansia (G)

3 MS microbiome studies from the USA, 2 have shown a
lower abundance of Parabacteroides in patients with MS
versus healthy controls [19, 26]. Jangi et al. [24] demonstrated
that the abundance of Butyricimonas, another member of the
Bacteroidetes, is low. Finally, Miyake et al. [20] demonstrated
that the abundance of Bacteroides is lower in patients with MS
than in healthy controls. The demonstration of reduced abun-
dance of bacteria from the Bacteroidetes phylum by several
groups suggests that certain bacteria from this phylum might
play an important role in protecting against the development
of MS.

Certain bacterial genera belonging to the phylum Firmicutes
have been found to be either enriched or depleted in patients
with MS. However, some discrepancies regarding the associa-
tion of Firmicutes with MS have been reported by different
laboratories. For example, where we found an increase in the
abundance of Blautia and Dorea (of the Lachnospiraceae fam-
ily) in patients with MS [19], others observed an increases in the
abundance of Streptococcus [20, 28] and Ruminococcus [25].
Also, where we observed a decrease in the abundance of
Lactobacillus, Coprobacillus, Erysipelotrichaceae, and
Veillonellaceae [19], others observed decreases in the abun-
dance of Lachnospiraceae, Ruminococcaceae [22], and in
Clostridia species [20, 25]. The observed discrepancies in
the abundance of Lachnospiraceae and Ruminococcaceae
could be due to many factors (discussed below), including
specificity of 16S rRNA primers utilized for analysis of the
microbiome and/or differences in the patient population.
Details about the various primers and sequencing technolo-
gies utilized and their significance are discussed in a recent
review [46].

With regard to the phylum Actinobacteria, we and Jangi
et al. [19, 24] observed a decrease in the abundance of
Collinsella in patients with MS. In addition, we found a re-
duced abundance of Adlercreutzia in patients with MS [19].
Although Jangi et al. [24] did not report a difference in
Adlercreutzia, they did report a reduction in Slackia, another
member of the Actinobacteria phylum. Other groups observed
an increased abundance of Bifidobacterium [20, 22] and
Eggerthella [20] in patients with MS.

In the case of Proteobacteria, the majority of the studies
revealed an increase in the abundance of certain bacteria be-
longing to this phylum in patients with MS (Table 1). We
observed an enrichment of Pseuodomonas, Mycoplana, and
Haemophilus in patients with MS [19], whereas others ob-
served an increase in abundance of Bilophila [22], and
Acinetobacter [26]. Two studies reported a modulation of
Sutterella in patients with MS, with Miyake et al. [20]
reporting a decreased abundance in patients with MS and
Jangi et al. [24] reporting an increased abundance in patients
with MS on disease-modifying therapies. Finally, 3 groups
observed an enrichment of Akkermansia, of the
Verrucomicrobia phylum, in patients with MS [24, 26, 27].
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Caution must be made when interpreting the results in the
aforementioned microbiome studies as considerable variabil-
ity exists between each study of patients with MS. The results
from the handful of studies that profiled the gut microbiome in
healthy controls and patients with MS suggest that there is no
“MS-associated gut microbial signature”. Rather, the litera-
ture suggests that patients with MS exhibit dysbiosis, defined
as an alteration of microbial architecture from healthy controls
that shifts the immune balance towards an inflammatory phe-
notype [46]. This is supported by 2 recent studies showing that
fecal transfer from patients with MS, but not healthy controls,
to mice increased either disease incidence [27] or severity [26]
of experimental autoimmune encephalomyelitis (EAE), a
mouse model of MS. Based on this, we hypothesize that pa-
tients with MS exhibit a general increase in proinflammatory
bacteria, rather than exhibiting an increase or decrease in a
specific set of bacterial genera. That being said, there are cer-
tain bacterial genera found to be depleted (Prevotella) or
enriched (Akkermansia) in multiple cohorts of MS patients
from different continents (Table 1). Therefore, the possibility
for commonalities for certain gut bacteria in patients with MS
is not completely inconceivable. Overall, caution must be tak-
en when interpreting results as bacterial alterations in one set
of patients with M'S might not represent the gut microbial state
of all patients.

Additional explanation for high variability among studies
stems from the lack of standarized sequencing methodologies.
Several 16S rRNA primers, specific for certain hypervariable
regions within the 16S gene, exist and differential use of these
primers may show bias for particular taxa [46]. Additionally,
the gut microbiome has been shown to be influenced by ge-
netics [47], diet [48], geographical location [49], and use of
disease-modifying therapies [24, 27]. These are all potentially
confounding factors and must be kept in mind when designing
and interpreting gut microbiome experiments, not just for MS
but for any disease/disorder of interest.

The above-described MS microbiome studies have shown
that there are differences in the bacterial populations between
patients with MS and healthy controls, with some consensus
between different studies. The next step is to elucidate the
functional significance of these differences, i.c., to determine
the mechanism whereby modulation of the host immune re-
sponse by gut bacteria might predispose to, or protect from,
disease. A better understanding of these mechanisms will aid
in developing therapies for treating or even curing MS based
on gut commensal bacteria. Gut bacteria may affect host phys-
iology through either their own components (e.g., cell wall,
polysaccharide A, LPS) or microbial metabolites produced as
a result of their metabolism of the host diet and/or other bac-
terial breakdown products (a process known as cross-feeding)
[50, 51]. In the following sections, we discuss various meta-
bolic pathways in which gut bacteria participate, their known
effects on host immunity, as well neurons and/or glial cells,
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and how these metabolites might influence MS. The major
metabolic pathways used by commensals that influence host
immune responses are metabolism of short-chain fatty acids
(SCFAs), bile acids, phytoestrogens, tryptophan, and choline
(Table 2; Fig. 1).

SCFA Metabolism

Among the bacterial metabolic pathways, SCFAs are the
most extensively studied in the context of host immunity
[51-53]. SCFAs, abundant in high-fiber foods, are 1 to 6
carbons in length and produced through the fermentation of
indigestible starches and complex sugars [52, 53]. The ma-
jority of SCFAs in the colon are acetic acid, propionic acid,
and butyric acid [54]. SCFAs contribute to host immunity
at both intestinal and extraintestinal locations, modulating
cell processes either by interacting with certain G-protein
coupled receptor and/or actively or passively transporting
into the cytoplasm. Once inside the cytoplasm, SCFAs
can regulate transcription factors and certain enzymes, such
as histone deacetylases [50].

Within the colonic lumen, IECs represent the first line of
defense as they are in direct contact with the gut microbiota
and their metabolites. Besides serving as an energy source,
SCFAs can modulate the immune-defensive functions of IECs
by altering barrier integrity and cytokine production in response
to inflammatory stimuli [52]. In vitro treatment of human IECs
with SCFAs leads to a decrease in the induction of proinflam-
matory cytokines by inflammatory stimuli [55, 56] but induces
production of interleukin (IL)-18, a proinflammatory cytokine
involved in epithelial integrity and homeostasis [57]. Notably,
treatment with acetate-producing Bifidobacterium improves
barrier function against enterohemorrhagic Escherichia coli
O157:H7 [58]. Similarly, direct treatment with SCFAs en-
hances barrier function by inducing mucin genes in goblet
cells [50].

SCFAs can also modulate the phenotype and effector func-
tion of leukocytes in the gut. In general, SCFAs induce a
tolerogenic phenotype in lymphocytes and antigen presenting
cells [50, 54, 56]. Previous studies showed that SCFAs down-
regulate the expression of major histocompatibility complex
class II, co-stimulatory molecules, and inflammatory cyto-
kines by dendritic cells (DCs) and potentiate a regulatory phe-
notype in CD4"FoxP3™ T cells (Tregs) [50, 52, 59-61].
Several studies demonstrated that SCFAs induce the differen-
tiation of both FoxP3™ Tregs and IL-10-producing T cells
in vitro, as well as in vivo, thereby maintaining mucosal ho-
meostasis and protecting against colonic inflammation [50,
52, 54, 62-64]. Taken together, these results suggest that
SCFAs induce a tolerogenic and immunosuppressive pheno-
type in the gut mucosa. It should be noted, however, that
SCFAs have also been shown to potentiate a proinflammatory
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Table 2 Bacterial families (F) or

genera (G) that are depleted or Bacterial metabolic

Gut bacteria depleted or enriched

Reference for bacterial involvement

enriched in patients with multiple pathway in patients with MS in metabolic pathway
sclerosis (MS), and their associa-
tion with specific metabolic SCFA Clostridium (G) [53, 68]
pathways Faecalibacterium (G) [53, 83]
Eubacterium (G) [53]
Ruminococcus (G) [53]
Butyricimonas (G) [24]
Bacteroides (G) [51, 83]
Prevotella (G) [67]
Bile acid Lactobacillus (G) [115, 116]
Clostridium (G) [117,118]
Erysipelotrichaceae (F) [119]
Parabacteroides (G) [121]
Acinetobacter (G) [126]
Bifidobacterium (G) [127]
Pseudomonas (G) [123,124]
Bilophila (G) [110]
Phytoestrogen Prevotella (G) [152]
Parabacteroides (G) [19]
Adlercreutzia (G) [136]
Slackia (G) [136]
Lactobacillus (G) [158]
Tryptophan Lactobacillus (G) [50]
Choline Acinetobacter (G) [199]
Mucin-degrading Alkkermansia muciniphila (G) [32,205-207]
Bacteroides (G) [207]
Ruminococcus (G) [207]
Bifidobacterium (G) [207]
Dorea (G) [207]

SCFA = short-chain fatty acid

phenotype in both IECs and immune cells [52]. Presumably,
the precise phenotype elicited by SCFA treatment depends on
one or several factors such as the SCFA used, the dose used,
the duration of the treatment, and the model system utilized.

In addition to modulating the immune system, bacterial
metabolites generated from the gut microbiota have the ability
to directly modulate CNS function. For example, in both
in vivo and in vitro models of Parkinson’s disease, butyrate
prevents neuronal degeneration and death [65]. Moreover, this
modulation of CNS function may be direct, given that SCFAs
are found in systemic circulation [66].

Several bacterial genera whose abundance is low in pa-
tients with MS are capable of participating in SCFA metabo-
lism. These include Clostridium, Faecalibacterium,
Eubacterium, Ruminococcus, Butyricimonas, Bacteroides,
and Prevotella (Table 2) [51, 53, 67]. Consistent with their
association with SCFA metabolism, these bacterial genera in-
duce an anti-inflammatory phenotype in IECs and immune
cells. Clostridium species (Firmicutes) are dominant gut

commensals and are strongly associated with SCFA metabo-
lism [68]. Clostridium clusters IV and XIVa (distinct cohorts
of Clostridium groups based on phylogeny) are implicated in
maintaining gut homeostasis by inducing FoxP3™ Tregs, and
their representation is reduced in patients who have MS, as
well as active IBD [20, 68—71]. Several groups have demon-
strated that immunosuppression by Clostridium involves
SCFA production, as discussed by Nagano et al. [72]. The
Clostridia family includes Eubacterium, Ruminococcus, and
Faecalibacterium which have anti-inflammatory properties
[53]. Eubacterium levels are low in stool samples from pa-
tients with IBD, and treatment with Eubacterium attenuates
experimental colitis, presumably owing to its SCFA-
producing abilities [73, 74]. Within the colon, Ruminococcus
plays a crucial role in degrading resistant starch to SCFAs, and
it leads to decreased proinflammatory cytokine production
invitro [75, 76]. Faecalibacterium prausnitzii is another com-
mensal bacterium of the Firmicutes phylum, and low levels
are associated with a higher risk of IBD [77, 78].
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Fig. 1 Schematic of the bacterial metabolic pathways that influence
the host immune system. Metabolism of indigestible carbohydrates,
primary bile acids, phytoestrogens, and tryptophan by commensal gut
bacteria results in production of metabolites such as short-chain fatty
acids (SCFAs), secondary bile acids, phytoestrogen metabolites, and
indoles/indole derivatives, respectively. These bacterial metabolites
exert anti-inflammatory effects on mucosal immune cells, and has
been demonstrated in vitro and in vivo. Bacterial metabolites can 1)
promote barrier function and epithelial integrity; 2) induce

Faecalibacterium prausnitzii supernatant induces anti-
inflammatory effects in human peripheral blood mononuclear
cells and a model of colitis based on induction by 2,4,6-
trinitrobenzenesulfonic acid [79-81].

Bacteroides fragilis is a well-studied member of the
Bacteroides genus and has been shown to induce IL-10-
producing FoxP3* Tregs by producing polysaccharide A
[82]. Bacteroides fragilis has also been shown to participate
in SCFA metabolism [51]. Bacteroides thetaiotaomicron
produces acetate, which is associated with modulation of
mucus production in colonic epithelial goblet cells [83].
Butyricimonas is a SCFA-producing bacterium predomi-
nant in the gut, and its abundance correlates negatively
with the expression of proinflammatory genes in T cells
and monocytes from patients with MS [24]. Prevotella is
a commensal bacterium that plays a dominant role in
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tolerogenic dendritic cells (DCs), which trigger the polarization of
CD4" T cells into interleukin (IL)-10 and/or transforming growth
factor (TGF)-B-producing FoxP3* regulatory T cells (Tregs); and 3)
directly induce IL-10 and/or TGF-B producing FoxP3™ Tregs. This
tolerogenic intestinal environment may influence the peripheral im-
mune system, and thereby lead to protection against and/or amelio-
ration of experimental autoimmune encephalomyelitis (EAE)/multi-
ple sclerosis (MS). IEC = intestinal epithelial cell

metabolizing xylans to SCFAs [67]; its abundance has
been reported to be low in patients with MS [19, 20, 24,
28] and patients with rheumatoid arthritis (RA) [36].
Additionally Prevotella histicola has been shown to sup-
press EAE and collagen-induced arthritis in humanized
mice [84, 85]. Although abundance of Prevotella in MS
has been consistent with studies showing either a lower
abundance [19, 20, 28] or an increase after treatment in
patients with MS [24], the role of Prevotella in RA remains
uncertain, as 1 study has reported a higher abundance of
Prevotella in patients with early-onset RA [38]. It is pos-
sible that the apparent contradictions regarding the
Prevotella results are due to differences in the specific spe-
cies and strains utilized in the studies, and/or to differences
in the patient populations [86]. Notwithstanding the uncer-
tainty on a few points covered above, the majority of the
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available data suggest that a reduction in SCFA-producing
bacteria contributes to the proinflammatory state in pa-
tients with MS.

Using the EAE model, Haghikia et al. [§7] demonstrated
that SCFA treatment induces Tregs in the gut and ameliorates
EAE. Chitrala et al. [88] showed that fecal transplant from
CD44~"~ donors to wild-type (WT) hosts ameliorated EAE,
which they attributed to the increase in abundance of SCFAs
in the stool. Mizuno et al. [89] also demonstrated that oral
treatment with SCFAs or a high-fiber diet (results in high
SCFA levels in the cecum) ameliorated EAE in C57B1/6 mice,
and this was accompanied by a greater frequency of Tregs in
the draining lymph nodes [89]. The anti-inflammatory prop-
erties of SCFAs have been studied in other models of autoim-
mune diseases as well. For example, Marino et al. [90] dem-
onstrated that nonobese diabetic mice receiving special diets
designed to release particular SCFAs in the colon were less
prone to develop spontaneous T1D [90]. In addition to their
EAE findings, Mizuno et al. [89] demonstrated that oral ad-
ministration of SCFAs ameliorates collagen-induced arthritis.
It should be noted, however, that SCFA administration exac-
erbated K/BxN serum transfer arthritis; a model that, unlike
collagen-induced arthritis, does not require adaptive immune
responses and instead relies on innate immunity [89]. Thus,
SCFAs may exert bimodal effects dependent on the cell type
they are influencing. In a model of intestinal inflammation,
dextran sulfate sodium-induced colitis, lack of the SCFA re-
ceptor GPR43, expressed on a variety of myeloid cell types,
resulted in the development of more severe disease than in
WT mice [91]. Moreover, in GF mice, which also exhibit
exaggerated dextran sulfate sodium-induced colitis, treatment
with SCFAs ameliorated intestinal inflammation [91]. Indeed,
SCFAs have a demonstrated therapeutic potential in patients
with IBD when given as an enema [92].

Collectively, the published findings on SCFA-producing
bacteria suggest that they could influence immune responses
involved in local or systemic pathophysiological states
through their modulation of IECs and/or leukocytes (Fig. 1).
The development of novel and more effective therapeutic in-
terventions is likely to benefit from future assessment of the
contribution of SCFA-producing bacteria to pathological
states, such as MS.

Bile Acid Metabolism

Bile acids—steroid acids produced by the liver—aid in the
digestion and absorption of dietary fats and fat-soluble vita-
mins [93]. Hepatocytes synthesize primary bile acids, which
undergo a conjugation reaction with glycine or taurine before
being secreted to the gallbladder [94]. After a meal, the gall-
bladder releases bile into the duodenum. In the distal ileum,
conjugated bile acids are later reabsorbed by active transport

and returned to the liver via the portal circulation to be utilized
for subsequent digestions [94]. This process is termed
enterohepatic circulation. While 95% of primary conjugated
bile acids are efficiently returned to the portal circulation, the
remaining 5% escape active transport and become substrates
for bacterial metabolic reactions [93, 95]. The major microbial
metabolic modifications, including deconjugation, the oxida-
tion of hydroxy groups, and 7a/3 dehydroxylation, result in
the production of secondary bile acids [95]. Unlike the prima-
ry bile acids, which are conjugated, the secondary bile acids
cannot participate in active reuptake. Some secondary bile
acids are absorbed through the colon by passive diffusion,
whereas others are excreted in feces [94]. Both primary
and secondary bile acids can modulate host hormonal and
immunological processes by stimulating nuclear receptor
farnesoid X receptor (FXR) or cell-surface receptor G
protein-coupled bile acid receptor 1 (GPBARI1 also known
as TGRS) [54, 96].

Within the intestinal lumen, bile acids can influence barrier
function and defense mechanisms via FXR* and GPBAR™
IECs. A study using the biliary obstruction model of intestinal
injury demonstrated that FXR plays a crucial role in protecting
against bacterial overgrowth and the disruption of epithelial
integrity [97]. In a separate study, feeding rats primary bile
acids prior to bile-duct ligation led to a decrease in intestinal
injury [98]. Similarly, GPBARI™" mice develop abnormal
intestines characterized by altered tight junctions, irregular
mucus-cell morphology, and increased susceptibility to colitis
[99]. Furthermore, treatment of the human intestinal epithelial
cell line Caco-2 with secondary bile acids resulted in de-
creased IL-8 production after stimulation with IL-1(3 [55].

Bile acids may also be involved in regulating leukocytes in
the gut. FXR™™ mice exhibit a proinflammatory colonic phe-
notype and develop exacerbated trinitrobenzenesulfonic acid-
induced colitis [100]. Additionally, macrophages from these
animals exhibit enhanced proinflammatory cytokine response
to stimulation with LPS [100]. This study also revealed that
FXR agonists attenuated the expression of IL-13 and tumor
necrosis factor (TNF)-« in LPS-stimulated murine lamina
propria CD11b" cells and human THP-1 cells [100]. Several
other studies demonstrated that GPBAR1 agonists decrease
nuclear factor kappa B (NF-kB) activity in macrophages and
monocytes [101-103]. Recently, it was shown that GPBAR1”
~ mice developed exacerbated colitis and enhanced recruit-
ment of classically activated M1 macrophages [104]. In con-
trast, GPBAR1 agonist treatment alleviated colitis and shifted
the polarization of lamina propria macrophages from M1 to
alternatively activated M2 macrophages; a process reliant on
IL-10 [104]. GPBARI agonists also inhibit the production of
proinflammatory cytokines in primary human macrophages
but not anti-inflammatory IL-10 [105]. The differentiation of
monocytes into DCs in the presence of bile acids results in an
IL-12 hypoproducing phenotype that is dependent on
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GPBARI1 [106]. However, once DCs are terminally differen-
tiated, they do not respond to GPBARI stimulation as the
expression of this receptor is downregulated over the course
of differentiation [106]. Further, bile retinoids (which are dis-
tinct from bile acids) imprint CD103* DCs within the lamina
propria of the small intestine with retinol-metabolizing activ-
ities, enabling them to generate gut-tropic effector T cells and
inducible Tregs [107]. Interestingly, both the retinoic acid re-
ceptor and FXR dimerize with retinoid X receptor, suggesting
possible interplay between these 2 pathways [107].
Collectively, these studies indicate that bile acids have a cen-
tral role in maintaining intestinal homeostasis.

The majority of these studies do not directly test the con-
tribution of primary versus secondary bile acids. However,
fecal samples from patients with IBD have increased and de-
creased abundance of primary and secondary bile acids, re-
spectively. This suggests that a decrease in the amount of
secondary bile acids may play a role in the proinflammatory
state of patients with IBD [55]. Indeed, primary bile acids can
stimulate Clostridium difficile growth and spore formation,
whereas secondary bile acids inhibit outgrowth [93, 108].
Recent studies have shown that antibiotic treatment results
in a higher primary to secondary bile acid ratio in fecal sam-
ples, which may promote C. difficile infection [93, 109].
Furthermore, primary bile acids generated from a high milk-
fat diet promote the growth of Bilophila wadsworthia, leading
to exacerbated colitis in genetically susceptible IL-10"" mice
[110]. These finding suggest that the ability of particular pri-
mary or secondary bile acids to promote or protect against
disease is context dependent. Bile acids may also modulate
CNS function directly. Primary and secondary bile acids are
present in rat brain under homeostatic conditions, and may
interact with GPBAR1" microglia [111, 112].

Several bacteria capable of bile acid metabolism are
depleted (Lactobacillus, Clostridium, Erysipelotrichaceae,
and Parabacteroides) or enriched (Acinetobacter,
Bifidobacterium, Pseudomonas, and Bilophila) in patients
with MS (Table 2) [19, 20, 22, 26]. Lactobacillus,
Clostridium, Erysipelotrichaceae, and Parabacteroides have
been shown to exert anti-inflammatory effects. Lactobacillus
species are a common ingredient in a number of probiotics,
and exert anti-inflammatory effects in both in vitro and in vivo
settings [113]. THP-1 cells exposed to Lactobacillus superna-
tant produced lower levels of TNF-« [114], possibly owing to
its participation in bile acid metabolism [115, 116]. Certain
Clostridium species have also demonstrated anti-
inflammatory activities via bile acid metabolism.
Clostridium scindens, which belongs to cluster XIVa, protects
against C. difficile infection by their production of secondary
bile acids [117, 118]. Patients with MS are depleted of
Clostridia clusters XIV (as well as IV), further supporting a
role for producers of secondary bile acids in maintaining im-
mune homeostasis in the gut [20]. The Erysipelotrichaceae
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family plays a major role in bile-acid metabolism [119], and
some members exert anti-inflammatory effects on the host
immune system [19, 120]. Parabacteroides can also generate
secondary bile acids [121], and this might be responsible for
its anti-inflammatory effects [122].

With regard to bile acid-metabolizing bacteria for which
patients with MS are enriched, Bilophila and Pseuodomonas
promote proinflammatory responses. As mentioned above,
Bilophila utilizes primary bile acids that promote colonic in-
flammation in genetically susceptible mice [110]. Furthermore,
bile-acid signaling via FXR promotes Pseudomonas biofilm
formation, and this likely contributes to its proinflammatory
effects [123, 124]. Similarly, Acinetobacter baumannii pro-
motes biofilm formation, and is an important pathogen as-
sociated with nosocomial infections [125]. Other members
of the same genus have also been shown to participate in
bile-acid metabolism [126]. Finally, Bifidobacterium ex-
presses enzymes that are necessary for bile-acid metabo-
lism [127]. Although interactions between bacteria and bile
acids can result in proinflammatory effects, the majority of
studies indicate that bile-acid signaling pathways promote
anti-inflammatory responses. In support of this, 2 separate
studies showed that the activation of either FXR or
GPBARI suppresses lymphocyte and myeloid cell activa-
tion, resulting in an attenuation of EAE [128, 129].
Collectively, these studies support the notion that bile-
acid metabolism plays a major role in immune regulation
both within and outside of the intestine (Fig. 1). Future
work distinguishing the roles of primary versus secondary
bile acids in modulating immune responses in EAE/MS
will aid in our understanding of the contribution of this
metabolic pathway to disease.

Phytoestrogen Metabolism

Phytoestrogens are plant-derived compounds that are present
in diet and can be categorized into 4 major classes:
isoflavones, prenylflavonoids, coumestans, and lignans [130,
131]. Gut bacteria metabolize isoflavones and lignans into
equol and enterolactone, respectively [130, 131]. Isoflavones
are most abundant in soybeans/soy products and lignans are
most abundant in flaxseed [132]. Phytoestrogens are structur-
ally similar to mammalian estrogen and can be either agonistic
or antagonistic to estrogen receptors (ER), with a preference
for ER3 [133, 134]. Gut bacteria play a critical role in the
metabolism and bioavailability of lignans [135] and
isoflavones [136] by providing the enzymes necessary for their
conversion to enterolactone and equol, respectively. After gut
bacteria hydrolyze and deglycosylate phytoestrogens, the
resulting metabolites are more readily absorbed by the intes-
tine[130, 136]. From there, they may be transported to the liver
to have systemic effects on immune modulation.
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Phytoestrogens may have an impact on various aspects of
immunity, both in the intestine and systemically. With regard
to the colonic lumen, studies on IECs (in vitro) have shown
that they modulate host-cell behavior, as both primary intesti-
nal cells and IEC cell lines express ER3 [137]. Several studies
have demonstrated that isoflavones suppresses the production
of proinflammatory cytokines and exert protective effects on
barrier function in IEC cell lines [138, 139]. Isoflavones also
inhibit LPS-induced nitric oxide production and inducible ni-
tric oxide synthase expression in a dose-dependent manner
[140], and downregulate NF-kB and extracellular signal-reg-
ulated kinase activation [141]. Lignans also have an immuno-
suppressive effect on IECs, reducing their expression of
monocyte chemoattractant protein-1 in response to LPS treat-
ment [142].

Phytoestrogens may also modulate the phenotype of im-
mune cells in the gut. Isoflavones and lignans suppress
macrophage/monocyte activity by inhibiting reactive oxygen
species release, cyclooxygenase-2 and NF-kB activation, and
proinflammatory cytokine production after LPS stimulation
in vitro [139, 143—146]. DCs express ERs, and therefore their
behavior may also be modulated by phytoestrogens [147].
Similar to their effects on macrophages/monocytes,
phytoestrogens downregulate LPS-induced production of pro-
inflammatory cytokines and antigen-presenting machinery in
DCs [139]. Phytoestrogens may also influence Treg function,
as treatment with them increases FoxP3, transforming growth
factor-3, and cytotoxic T lymphocyte-associated protein 4
expression in splenocytes [148]. Genistein, an abundant iso-
flavone, is a known tyrosine kinase inhibitor, and, at high
concentrations, may inhibit lymphocyte proliferation [130].
Phytoestrogen metabolites, which are found in circulation,
may be able to access the CNS and protect against neurode-
generative insults as various regions in the CNS express ER
[134, 149-151]. These observations suggest that bacterial me-
tabolites not only modulate immune function, but also may
influence the CNS directly.

Patients with MS have a reduced abundance of Prevotella,
Parabacteroides, Adlercreutzia, Slackia, and Lactobacillus,
that have the ability to metabolize phytoestrogen compounds
(Table 2) [19, 24]. Prevotella species were shown to metabo-
lize phytoestrogens into beneficial metabolites [152], and this
may contribute to its anti-inflammatory effects [84, 153]. The
ability of P. histicola to induce Tregs and suppress EAE in
humanized mice [85] suggests that metabolism of phytoestro-
gen by Prevotella might be one of the major mechanism of
disease suppression. Parabacteroides metabolize
phytoestrogens and their presence is correlated with remission
in patients with Crohn’s disease [19, 122, 154]. Adlercreutzia
equolifaciens and Slackia are other equol producers in the gut
[136, 155, 156]. Lactobacillus, a major milk fermenter, can
confer anti-inflammatory effects on immune cells, possibly
through its bioconversion of phytoestrogens [157, 158].

Given these findings, it is reasonable to hypothesize that
phytoestrogens and their metabolites might confer protection
in EAE and/or MS by inducing anti-inflammatory responses.
Several studies have demonstrated that therapeutic adminis-
tration of phytoestrogens (genistein and daidzein) ameliorates
EAE, which is correlated with a decrease in the production of
proinflammatory cytokines and an increase in the production
of anti-inflammatory cytokines [159—164]. Phytoestrogens
are also protective in the nonobese diabetic mouse model of
T1D [165] and were associated with shifts in the gut
microbiome [166]. A recent study by Berer et al. [27] demon-
strated that mice transplanted with fecal samples from healthy
human controls, which developed a lower frequency of spon-
taneous EAE than mice transplanted with MS fecal samples,
harbored a higher abundance of Adlercreutzia then MS fecal-
treated mice. This suggests that phytoestrogen metabolism
may confer protection in EAE [27]. However, a direct role
of equol and enterolactone (end metabolites of phytoestrogen)
in EAE/MS is unknown. Studies are currently underway in
our laboratory to decipher their role in modulation of immune
responses and EAE.

Aside from their effects on autoimmune models,
phytoestrogens are well known for their health benefits in
treating menopausal symptoms and various diseases such as
cardiovascular diseases, type 2 diabetes, and cancer [130,
167-169]. However, the results of clinical trials for the thera-
peutic use of phytoestrogens have been mixed [170, 171]. A
possible explanation for the failure of phytoestrogens to pro-
vide health benefits in clinical trials is the loss of specific
commensal bacteria in the gut required for the conversion of
these phytoestrogens into beneficial metabolites such as equol
and enterolactone. Based on our data and published reports,
we propose that metabolism of phytoestrogen into equol and
enterolactone by microbes of the gut plays a critical role in
maintaining immune homeostasis because they induce anti-
inflammatory responses (Fig. 1).

Tryptophan Metabolism

Tryptophan, an essential amino acid present in a variety of
protein-based foods, is metabolized by certain gut bacteria
into indole and indole derivatives and these can modulate
the effectiveness of both the intestinal barrier and immune
cells by activating the aryl hydrocarbon receptor (AhR) or
pregnane X receptor [50, 172]. AhR plays a major role in
regulating mucosal immune responses, as demonstrated by
microbial perturbations in AhR™" mice [173]. In addition,
the generation of AhR ligands by commensal bacteria confers
protection from inflammation and leads to modulation of the
expression of both pro- and anti-inflammatory genes [172].
Tryptophan metabolites strengthen barrier function, in-
crease mucin production, and attenuate TNF-x-mediated
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production of proinflammatory cytokines [174, 175].
Activation of AhR by tryptophan metabolites induces expres-
sion of the IL-10 receptor on IECs, suggesting an anti-
inflammatory phenotype [176]. AhR activation also influences
intestinal epithelial integrity indirectly through activation of
group 3 innate lymphoid cells (ILC3), which require AhR for
complete functionality and to produce IL-22, a cytokine essen-
tial for maintaining barrier integrity [177]. Tryptophan metab-
olites also activate pregnane X receptor, which helps maintain
integrity of the gut barrier and enhances the healing of intestinal
wounds in vivo [178, 179]. Tryptophan metabolites may also
modulate immune cell function via AhR, as its expression in
CDl11c* DCs is critical for immune homeostasis [180].
Further, AhR is required for the expression of indoleamine
2,3-dioxygenase, an immunosuppressive enzyme involved in
tryptophan metabolism [181]. Given that indoleamine 2,3-
dioxygenase-expressing DCs can limit effector responses
and promote the expansion of Tregs [182], AhR activation
modulates tolerogenic DC function, possibly by bacterial-
derived metabolites. Indeed, tryptophan catabolites from gut
bacteria confer mucosal homeostasis by engaging AhR [183].
In addition to modulating immune function, indole metabo-
lites may modify neural function directly [184].

Lactobacillus, which patients with MS are depleted of, is
well known for its involvement in tryptophan metabolism
(Table 2) [19, 50]. Transfer of Lactobacillus to mice geneti-
cally susceptible to colitis (CARD9 ") resulted in attenuation
of inflammation in an AhR-dependent manner [185]. With
regard to EAE, rats highly resistant to EAE harbor a diverse
group of Lactobacillus species [186], and mice administered
such a mixture exhibited milder EAE accompanied by IL-10-
producing Tregs [187]. Furthermore, we observed that sup-
pression of EAE by P, histicola in HLA transgenic mice was
associated with an increase in the abundance of Lactobacillus
[85]. In addition to Tregs, other gut-associated immune cells
can exert regulatory function in EAE. Kadowaki et al. [188]
demonstrated that transfer of CD4" induced intraepithelial
autoreactive T cells from myelin oligodendrocyte
glycoprotein-specific T-cell receptor transgenic (2D2) mice
suppressed EAE. Gut environmental stimuli that contribute
to the development of these cells include gut microbiota and
gut microbiota-derived dietary compounds such as Ahr li-
gands [188]. Furthermore, administration of microbial trypto-
phan metabolites to mice reduced CNS inflammation and
EAE, and patients with MS have lower circulating levels of
AhR agonists [189]. These studies highlight the potentially
significant role of tryptophan metabolites in MS.

Choline Metabolism

Gut bacteria can modulate lipid levels through their effects on
choline metabolism [172]. Choline is a water-soluble nutrient
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essential for cell signaling, the structural integrity of cell mem-
branes, neurotransmission, and biosynthetic reactions [190,
191]. Certain gut bacteria metabolize dietary choline into an
intermediate precursor, trymethylamine, which is further me-
tabolized in the liver to generate trimethylamine N-oxide
(TMAO) [172]. Most of the studies examining the relationship
between the gut microbiota and choline metabolism have been
performed in the contexts of obesity, atherosclerosis, and car-
diovascular disease. However, obese individuals have an in-
creased risk of MS development [192], and obesity has been
shown to modulate host physiology by influencing the gut
microbiota and systemic inflammation [193, 194].

The molecular mechanisms underlying TMAO-induced
pathogenicity are poorly understood because its receptor is
unknown [172]. TMAO exacerbates atherosclerosis, and its
levels are elevated in patients with cardiovascular disease and
obesity [195, 196]. In the atherosclerotic ApoE ™~ mouse mod-
el, supplementation of diet with high levels of choline pro-
motes atherosclerosis and the formation of lipid-rich macro-
phages (foam cells) [197]. Additionally, in mice, atherosclero-
sis susceptibility can be transferred from donor to host by fecal
transplantation [198]. Acinetobacter baumannii participates in
choline metabolism, and the abundance of Acinetobacter is
high in patients with MS (Table 2) [26, 199]. Thus, choline-
metabolizing bacteria potentially play a role in MS pathogen-
esis by modulating lipid levels and/or obesity.

Mucin Degradation

The mucus layer of the digestive tract, secreted by goblet cells,
consists of a heterogenous population of glycoproteins (mu-
cins), salts, lipids, and other proteins such as immunoglobu-
lins and growth factors [200, 201]. The mucus layer sits at the
interface between the intestinal epithelium and the lumen,
providing a selective barrier against damage, coming into di-
rect contact with bacteria. The mucus layer is also an adhesive
surface that is colonized and used as an energy source by
commensal bacteria [200, 201]. Thus, the mucus layer is a
crucial physical layer between bacteria and the host cells,
and serves as a scaffold for the attachment of commensal
bacteria. The colonic epithelium of GF mice has a significant-
ly thicker mucus layer than that of its WT counterparts, owing
to lack of mucin degradation by commensals and subsequent
water retention [200]. Indeed, a certain amount of mucin deg-
radation by commensal bacteria is an important aspect of ho-
meostatic mucus turnover [200]. However, excessive mucin
degradation may allow direct exposure of luminal antigens to
the intestinal immune system, and/or provide by-products for
other pathogenic bacteria to scavenge [202]. Whether mucin
degradation is protective or pathogenic for the host depends
on the bacterium utilizing the pathway and the context of the
model system.
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Goblet cells are an integral part of the mucosal immune
system, as they not only provide mucus, which separates host
cells and the external environment; they also provide luminal
antigens to DCs of the lamina propria in the small intestines
[203, 204]. Interestingly, only tolerogenic CD103* DCs were
found to be capable of participating in this interaction. Thus, it
may be possible that the modulation of goblet cell function by
mucin degradation can influence the anti-inflammatory as-
pects of the intestinal immune system.

Several bacterial species that are capable of degrading mu-
cins are increased in patients with MS including Akkermansia
muciniphilia Ruminococcus, Bifidobacterium, and Dorea [19,
22, 25-27]. Whether these bacteria exhibit proinflammatory
activities by mucin degradation is controversial. Whereas the
presence of A. muciniphilia exacerbates colonic pathology in
Salmonella typhimurium-induced intestinal inflammation
[205], it has also been shown to exert anti-inflammatory prop-
erties and correlate negatively with IBD, T1D, and obesity
[32, 206, 207]. Ruminococcus gnavus, however, is present at
high levels in patients with IBD and may promote dysbiosis
[32]. Bifidobacterium can induce different levels of expres-
sion of pro- and anti-inflammatory cytokines, depending on
the strain [208]. Dorea, which does not directly metabolize
mucins but feeds on by-products released by mucin degrada-
tion, is associated with IBD [207, 209]. Further, ceratin spe-
cies of Dorea might be pro-inflammatory as they can induce
interferon-y [210]. Collectively, these studies suggest that
mucin-degrading bacteria may promote inflammation in pa-
tients with MS, depending on the composition of the bacterial
community.

Other Mechanisms: Molecular Mimicry

Molecular mimicry is defined as significant structural homol-
ogy between a given microbial antigen and self-antigen,
resulting in aberrant immune responses to the latter peptide
following exposure to the microbe [211]. Although molecular
mimicry is proposed as a possible cause of autoreactive T-cell
activation, conclusive supporting experimental evidence has
been elusive. Certain components of the gut microbiota have
been shown to share sequence similarities with encephalito-
genic myelin peptides, suggesting that gut bacteria may con-
tribute to MS through molecular mimicry [212].
Pseudomonas, which is present at high levels in patients with
MS [19], has structural similarity to myelin basic protein (a
dominant CNS antigen) and can activate myelin basic protein-
specific T-cell clones [213]. Peptides from Escherichia coli, a
common gut commensal, have been shown to provoke MS-
like disease in a mouse model expressing a humanized T-cell
receptor transgene [214]. However, the biological relevance of
these findings to patients with MS is unclear.

Concluding Remarks

Recent studies showing that patients with MS are enriched or
depleted of certain bacteria highlight the importance of the gut
microbiota in the development of this disease. Gut microbiota
may participate in MS pathogenesis by modulating host im-
munity through the regulation of multiple metabolic pathways
(including those for SCFAs, bile acids, phytoestrogens, tryp-
tophan, choline) and mucin degradation. The participation of
certain bacteria in more than one metabolic pathway adds a
layer of complexity, requiring an understanding of potential
cross-talk between bacterial metabolites and host immune re-
sponses. For example, the addition of isoflavones to anaerobic
bacteria from fecal samples results in the enrichment of
SCFAs, as well as equol [215]. Lactobacillus, Prevotella,
and Parabacteroides are examples of such bacteria because
they can induce production of SCFAs in addition to metabo-
lizing phytoestrogens. Similarly, Lactobacillus can participate
in the metabolism of SCFAs, phytoestrogens, and trypto-
phans. Future studies examining these aspects in a single ex-
periment might help to better understand cross-talk among
bacteria and various metabolic pathways in the context of
MS. However, the majority of microbiome studies are based
on a single time point in patients with MS with established
disease and thus it is possible that some of the reported chang-
es in the microbiota are due to inflammation itself. Future
studies should be based on longitudinal collection of samples
to determine whether disease relapse is associated with pres-
ence of certain gut bacteria. Additionally, the colonization of
GF mice with gut bacteria that are associated positively or
negatively with MS can be tested for the ability to either in-
duce disease or protect against it.
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Abstract: Epigenetics is a series of alterations regulating gene expression without disrupting the DNA
sequence of bases. These regulatory mechanisms can result in embryogenesis, cellular differentiation,
X-chromosome inactivation, and DNA-protein interactions. The main epigenetic mechanisms con-
sidered to play a major role in both health and disease are DNA methylation, histone modifications,
and profiling of non-coding RNA. When the fragile balance between these simultaneously occurring
phenomena is disrupted, the risk of pathology increases. Thus, the factors that determine proper
epigenetic modeling are defined and those with disruptive influence are sought. Several such factors
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The history of epigenetics is linked with the study of evolution and development. The
first steps taken to understand epigenetics were based on observing the differentiation and
specialization of cells and the adjustment of their metabolic functions with the knowledge
that every somatic cell in the body contains the same genetic material. Since the beginning
of interest in the topic of epigenetics, its definition has been changing and becoming
more specific, leading to its current understanding as the presence of patterns of gene
expression that can be inherited, and which are the foundation for changes in the phenotype.
The pattern of these gene expressions is modified due to the influence of various factors,
including the external environment (such as pollutants and radiation) and lifestyle (such
as tobacco smoking, alcohol consumption, or inadequate diet). From studies on Agouti
rodents and bee populations to studies involving a famine-exposed population during
World War II, we have learned that food—the amount and type of nutrients—has an
undeniable long-term effect on the lives of offspring, exerted by epigenetic mechanisms.
As already mentioned, some of these mechanisms are hereditary, so epigenetic marks can
potentially persist during development and be passed from offspring to offspring, which
also affects the lives of grandchildren and possibly further generations [1,2].
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Regulation of gene expression by activating or silencing genes is accomplished through
simultaneous mechanisms that include i.a. DNA methylation, histone modification, and
profiling of non-coding RNA. The process of DNA methylation is mediated by the DNA
methyltransferase (DNMT) family, which transfers methyl groups on DNA strands. There
are four known patterns of methylation, with the most widely studied being the methyla-
tion of CpG islands located in promoter regions of genes, and similar methylation of CpG
island shores. Other patterns are methylation in gene bodies, and in repetitive sequences,
which protects chromosomal integrity. Methylation results in silencing the gene. It can be
done either by blocking the availability of heterochromatin for transcription in the promotor
region or in the gene body itself. Among the DNMT family, we can distinguish subtypes,
involved in methylation during embryonic development (de novo methylation), such as
DNMT3A and DNMT3B, as well as those involved in methylation of hemimethylated sites
generated during DNA replication, such as DNMT1. There is also a ten-eleven transloca-
tion (TET) enzyme family, described as having a role in the DNA active demethylation
process. TET1-3 are dioxygenases catalyzing 5-methylcytosine oxidation and promoting
cytosine demethylation. The TET enzymes group has been especially studied in stem cell
differentiation and early development, and more recently in carcinogenesis in multiple
solid cancers [3].

Histones are proteins responsible for packing and ordering DNA. The modification
processes such as methylation, demethylation, acetylation, deacetylation, phosphorylation,
ubiquitination, SUMOylation, and ADP-ribosylation reorganize the structure of chromatin,
thus regulating gene expression. Acetylation is performed by histone acetyltransferases
(HATs) and results in higher gene expression, while deacetylation is catalyzed by histone
deacetylases (HDACs) and results in gene suppression predominance. These two best-
known histone modifications occur on lysine residues in the N-terminal tail. It is worth
noting that the region and the number of histone methylations may result in various effects—
silencing or expression of genes. At the same time, the co-occurrence of DNA methylation
and histone methylation can have different resultant effects. The methylation status of
histones depends on dynamic processes determined by the activity of methyltransferases
(HMTs) and demethylases (HDMs). An example of HDM can be amine oxidase lysine-
specific demethylase 1 (LSD1/KDM1A), which was described to affect the clinical outcome
and recurrence risk in various cancers, including colon cancer [4]. It is worth noting that
depending on the histone substrate, H3K4me2/mel or H3K9me2/mel, the result of the
LSD1/KDMI1A activity can be gene repression or activation, respectively [5].

Noncoding RNAs (ncRNAs) are sequences of infrastructural and regulatory functions
with no protein product. Among regulatory ncRNAs, there are microRNAs (miRNAs),
Piwi-interacting RNAs (piRNAs), small interfering RNAs (siRNAs), and long non-coding
RNAs (IncRNAs), each with a slightly different regulatory function—modulating the tran-
scriptional and post-transcriptional expression or repression of genes, regulating chromatin
formation, histone modifications, and DNA methylation [6].

The impact of vitamin D has been noted in various epigenetic phenomena in recent
years, mainly in the context of a search for the pathogenetic basis of cancer. In complex
machinery of interactions, the genes responsible for proper vitamin D signaling may
themselves undergo epigenetic modifications. Due to the long CpG islands in the promoter
regions of genes essential for vitamin D-dependent signaling, these genes are susceptible to
methylation and may be silenced. The interplay between the VDR gene product, its ligands,
coactivators, corepressors, chromatin modifiers, remodelers, and the genes encoding these
elements, creates a complex structure that is a likely substrate for the development of
pathology. In terms of DNA methylation status, there was a negative correlation found
between 1,25(0OH)2D levels and CpG methylation in adenomatous polyposis coli—a tumor
suppressor related to colon cancer [7]. In further studies, vitamin D seemed to alter
colorectal cancer risk by mediating the Wnt regulatory genes—a strong negative association
of vitamin D intake with DKK1 and Wnt5a methylation has been noted [8]. 1,25(OH)2D was
also found to reduce DNA methylation of the e-cadherin promoter, or even promote DNA
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demethylation in human breast cancer [9,10]. The effect of vitamin D on the demethylation
process was comprehensively described in the work of Fetahu et al. The authors gathered
available data from studies describing the effect of VDR signaling on the expression of
genes regulating oncogenic processes in patients with colorectal cancer and several other
tumors. Attention was drawn to the cross-regulatory effect between VDR and histone
demethylase activity. 1,25(0OH)2D was found to increase the expression of the lysine-specific
demethylase 1 and 2, JARID2, KDM5B, and KDM6B histone demethylases, while inhibiting
others—KDM4A, KDM4C, KDM4D, KDM5A, KDM2B, JM]D5, JMJD6, and PLA2G4B. The
effects of such broad actions are diverse, although they have been related, especially the
inhibition of the KDM4 family, to genome stability, and the upregulation of KDM6B has
been attributed to a possible antiproliferative role. [5,11] Higher vitamin D levels may also
have an indirect influence on histone demethylases by mRNA [12,13].

A proper balance between epigenetic modifications is essential for embryonic de-
velopment, division, differentiation, and maturation of all cells, including the cellular
component of the immune system. As epigenetics has become a keenly explored topic
in understanding the basis of cancer, its involvement is also being increasingly studied
in the context of autoimmune diseases (ADs). The evidence so far has shown that epige-
netic dysregulated modifications, including DNA methylation, histone modification, and
ncRNAs, are involved in the pathogenesis of several ADs. Epigenetic mechanisms have
also been discussed as a potential source of abnormal signaling interactions in various
conditions, as well as the substrate of susceptibility of some individuals to developing
different ADs [14-16].

2. Involvement of Vitamin D in Immunomodulation

Vitamin D in its most common form, cholecalciferol, is a micronutrient crucial for human
health. Supplied from the diet or synthesized in the epidermis from 7-dehydrocholesterol,
it has to be modified to obtain biological activity. Through progressive hydroxylation
it is converted into 25-hydroxycholecalciferol (25(OH)D), and then the active form, 1,25-
dihydroxycholecalciferol (1,25(0OH)2D), a hormone that performs numerous functions.
Interestingly, the conversion from 25(OH)D to 1,25(OH)2D occurs mainly in the kidneys
with the CYP27B1, an enzyme stimulated by parathyroid hormone; however, the hydrox-
ylation can be performed in other cells and tissues. Such an extrarenal hydroxylation, in
various epithelial cells, parathyroid glands, and macrophages, is under the control of cy-
tokines (e.g., TNF« or IENy) [17]. Circulating in the blood, 1,25(0OH)2D binds with the specific
vitamin D receptor (VDR), found in many tissues of the body, i.e., bone (osteoblasts and
chondrocytes), muscle, adipose tissue, skin, epithelium, kidneys, pancreas, pituitary gland,
as well as in immune cells: lymphocytes T, lymphocytes B, monocytes, natural killer cells,
and antigen-presenting cells (APC) [18]. Apart from maintaining the calcium-phosphate
balance and thus role in the correct structure and function of bones, vitamin D also takes a
number of actions modulating immunological processes, which explains its interest in the
context of autoimmunity. After binding to the VDR, vitamin D forms a heterodimer with the
retinoid X receptor (RXR). The obtained complex activates the vitamin D response element
and recruits enzymes responsible for histone acetylation. The ongoing structural changes
in chromatin induced by the obtained complex result in targeted gene regulation [19].
More than 900 genes involved in both innate and adaptive immunity, as well as many
other physiological interactions are under the control of 1,25(0OH)2D and intracellular VDR
connection. A deficiency of vitamin D has been therefore associated with a wide range of
diseases, including cardiovascular, neuromuscular, and metabolic disorders, hypertension,
neoplasm, as well as infectious and autoimmune diseases [20,21]. In terms of the innate re-
sponse, vitamin D is proven to activate NK cells and NKT cells modulating the secretion of
cytokines, such as IFN-y and IL-4, with simultaneous suppression of macrophage activation
and the domination of the M2 “anti-inflammatory” macrophages. On the other hand, the
antimicrobial activity of macrophages induced by vitamin D is known—both the increased
phagocytosis of M. tuberculosis and P. aeruginosa, as well as the induction of cathelicidin and
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defensin secretion [22-24]. The protective function of 1,25(0OH)2D through genomic and
non-genomic mechanisms has been recently studied in COVID-19 patients. Worth noting
is the non-genomic activity of vitamin D against SARS-CoV-2, involving active inhibition
of the replication machinery of the virus. According to Qayyum et al., vitamin D and the
inhibitory action of luminesterol on the MP™ viral protease and the viral RNA-dependent
RNA polymerase may play a significant role in an active fight against SARS-CoV-2 infection
and thus diminish the severity of COVID-19 progression in patients [25,26]. The infectious
stimulus and the type of cell-producing cytokine seem to be crucial for the impact of vitamin
D on the production of IL-8. 1,25(0OH)2D may increase IL-8 production and thus the ability
of neutrophils to respond to invading pathogens by recruiting additional neutrophils to the
site of infection. However, vitamin D has been also described to decrease IL-8 release in
hyperinflammatory macrophages [27]. Vitamin D is known to inhibit monocyte production
of proinflammatory cytokines such as IL-1, IL-6, IL-12, and TNF-c. It also restrains the
differentiation and maturation of dendritic cells with decreased expression of MHC class II
molecules, co-stimulatory molecules, and IL-12, important in self-tolerance [28]. Studies
show that dendritic cells can metabolize vitamin D for the programming of T cells. What is
more, 1,25(OH)2D may also interact with dendritic cells directly and influence their migra-
tion and capacity to instruct T cells and hence to initiate, fine-tune, or suppress immune
responses [29]. The role in promoting proliferation and effector functions of immunosup-
pressive T regulatory cells is especially explored. Vitamin D supplementation may increase
Treg/CD3 ratios in both healthy individuals and patients with autoimmune disorders as
well as the T regulatory cells function [30]. Vitamin D is responsible for the activation and
proliferation of lymphocytes, and the differentiation of Th lymphocytes, resulting in a more
balanced Th1/Th2 response that limits the development of self-reactive T cells preventing
inflammation and autoimmunity [31]. This includes regulation of the Th17 lymphocyte
population through an alternative pathway of 20-hydroxy- and 20,23-dihydroxyvitamin D
synthesis involving related orphan receptors « and y (RORo and RORY). This is possible as
RORo and RORy have also been identified as major regulators of the said lymphocytes [32].
Moreover, the differentiation of B lymphocytes into plasma cells and the production of
antibodies is under the inhibitory influence of vitamin D. It should be remembered that,
although naive B cells have a relatively small expression of VDR mRNA, the authors of the
present study observed a three- and fourfold increase in VDR expression in the excited state
with the use of anti-CD40/IL-21 and anti-IgM/anti-CD40/IL-21 [33]. In addition, vitamin
D-mediated signaling inhibits the formation of memory B cells as well as immunoglobulin
secretion in activated B cells. The IgA, IgG, and IgM production is suppressed, while data
concerning IgE secretion are conflicting, which may be accounted for by the modulatory
role of vitamin D and IL-4-dependent increase in IgE immunoglobulins due to Th2 skew-
ing [34]. Broad immunomodulatory effects on cell populations of the immune system and
their functional changes were presented by Cyprian et al., and earlier by Mora et al. [35,36].
The mechanisms described above are summarized in Figure 1.

Maintaining proper vitamin D levels is therefore crucial for physiological immune
functions. At the same time, according to some sources, vitamin D deficiency is nowadays
considered the most common medical condition, affecting more than a billion people
worldwide [37]. A 250H2D of <50 nmol/L or 20 ng/mL is defined as vitamin D deficiency.
It affects the European population in varying degrees—from <20% of the population in
Northern Europe, 30-60% in Western, Southern, and Eastern Europe (even around 90% in
Poland) [38], and up to 80% in the Middle East. Similar trends with the range of 20-90%
have been reported for Australia, India, Africa, South America, Turkey, and Lebanon,
suggesting that vitamin D deficiency is a problem for both developing and developed
countries [39]. Severe deficiency (serum 250HD < 30 nmol/L or 12 ng/mL) is found
in >10% of Europeans and in >20% of the populations of India, Tunisia, Pakistan, and
Afghanistan [40]. These figures may vary by ethnicity in different regions of the countries
listed, as well as by age groups, with lower vitamin D levels occurring in children and the
elderly [37,41].
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Figure 1. Immunomodulatory effect of 1,25(OH)2D on selected cells. NK, natural killer; NKT,
natural killer T; DC, dendritic cell; T lymph, T lymphocyte; B lymph, B lymphocyte. Created with
BioRender.com.

Knowing that the vitamin D status of the fetus and the newborn is completely depen-
dent on the vitamin D levels in maternal blood, we better understand the importance of
adequate supplementation during pregnancy and lactation in terms of proper modulation
of the child’s immune responses [42]. Studies in various countries have shown that vita-
min D deficiency in pregnant women and infants is common, affecting 4% to 60% of the
former and 3% to 86% of the latter [43—45]. In fact, adequate vitamin D levels determine the
normal course of pregnancy from a very early stage, due to the necessary tolerance of the
semi-allogenic fetus by the mother’s immune system. Observational studies have linked
vitamin D deficiency with preeclampsia, altered placental vascular pathology, abnormal
fetal growth patterns, as well as the risk of preterm delivery [46].

In children, vitamin D deficiency is classically associated with the occurrence of rickets. In
recent decades this disease remains a significant public health disorder despite the fortification
of food. This is mainly due to the prevalence of the described deficiency. While skeletal symp-
toms are the most recognizable, it is the extraskeletal complications, hypocalcemic seizures,
and cardiomyopathy that are the most devastating and cause the reported fatalities [47].
Newborns with vitamin D deficiency usually do not have overt defects in skeleton or cal-
cium metabolism, while deficiency has been linked to a higher risk of a number of disorders
in this age group: respiratory distress syndrome, lower respiratory tract infections, food
sensitivities, asthma, autism, schizophrenia, and type I diabetes [42,48-50].

3. Vitamin D Deficiency and Epigenetic Dysregulations in Autoimmunity

In autoimmune conditions, the immune system misidentifies the host’s own cells
and tissues as foreign elements, which results in developing an immune response against
them. According to a commonly accepted definition, in the background of ADs are certain
genetic predispositions of an individual, which are superimposed by external factors—the
so-called triggers that cause the disease to manifest. Undoubtedly, external factors can affect
the epigenetic mechanisms described earlier and thus contribute to the development of ADs.
Numerous interactions between epigenetic modifications and ADs, both systemic and organ-
specific, have been identified. These correlations have been described in theumatoid arthritis
(RA), systemic lupus erythematosus (SLE), systemic sclerosis (SSc), Sjogren’s syndrome (SjS),
inflammatory bowel disease (IBD), multiple sclerosis (MS), type 1 diabetes (T1D), and oth-
ers [16]. Reports of low serum vitamin D predicting the course of ADs in the future have
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been published [28]. Vitamin D has also been shown to facilitate the progression of existing
autoimmune diseases. In the study with undifferentiated connective tissue disease (UCTD)
patients, the mean vitamin D level was significantly lower in the group that progressed to
a definitive disease [51]. Disease activity has also been shown to correlate inversely with
vitamin D in many but not all studies.

3.1. Systemic Autoimmune Diseases

SLE is believed to be the most studied autoimmune disorder correlated with epigenetic
modifications. Among patients with ADs, a higher prevalence of vitamin D deficiency
was commonly observed in SLE patients, which may be due to increased photosensitivity
or possible renal complications of the disease, disrupting the effective hydroxylation of
250HD [28,35]. At the same time, lower 250HD levels found in SLE patients suggest that
vitamin D deficiency may be a risk factor for the disease. The studies have also found
higher SLE disease activity measured with the Systemic Lupus Erythematosus Disease
Activity Index (SLEDALI) associated with lower levels of vitamin D [52]. Similar correlations
between low levels of vitamin D and disease activity and severity have been observed in
other ADs such as MS and RA [28]. In their broad review, Mazzone et al. presented the
importance of epigenetic alterations in ADs, including SLE patients. Attention was drawn
to the methylation status of specific genes, such as CD11a (ITGAL), perforin (PRF1), CD70
(TNFSF7), and CD40LG (TNFSF5) in T lymphocytes as a factor in SLE pathogenesis and
development. Histone modification patterns and the role of ncRNAs in SLE have been
investigated to a lesser extent than DNA methylation. In general, the hypomethylation also
observed in SLE is a result of the restricted availability of methyl donors and/or disruption
of DNMTT1 activity. Therefore, a balance between methyl donor, S-adenosylmethionine
(SAM) as a factor dependent on dietary micronutrients, such as folate, zinc, methionine,
choline, and vitamins, and DNMT1 seems to be the key to avoiding SLE flares [53]. A recent
meta-analysis by Yang et al. evaluated the effect of VDR gene polymorphisms on suscep-
tibility to developing SLE. As the researchers point out, links have been demonstrated
between polymorphisms and different populations: between the VDR Apal polymorphism
and the susceptibility of the general population, between the VDR BsmI polymorphism
and the susceptibility of the African and Caucasian populations, and between the VDR
FoklI polymorphism and the susceptibility of the African population [54]. The aforemen-
tioned polymorphisms—Apal, Bsml, and Fokl—are among the four polymorphic sites
within the VDR gene, in addition to the Taql polymorphism. The Apal and Bsml sites are
located in the intron portion of the gene, Fokl in exon-2 is responsible for the creation of
an alternative transcription initiation site, while Taql in exon-9 is the result of a silent T
to C substitution. All the mentioned sites can disrupt vitamin D metabolic pathways [55].
Although referenced study detected no significant correlation between Tagl polymorphisms
and susceptibility to SLE in the populations assessed, further explorations concerning this
conclusion need to be conducted. Dietary interventions in SLE are a frequently addressed
topic of research since in this group of patients it was quite common to find vitamin and
mineral deficiencies. Proper supplementation provides antioxidant, anti-inflammatory, and
immunomodulatory effects, and thus makes it possible to reduce the severity or prevent
the disease [53]. Currently, a diet rich in vitamins and minerals, and mono- and polyunsat-
urated fatty acids with moderate energy consumption preventing obesity and potentially
cardiovascular disease is recommended to control the inflammatory findings of the disease
and the complications and co-morbidities resulting from SLE therapy [56].

Although the incidence of RA does not begin to increase until after the age of 25, due
to interesting reports of correlations between single nucleotide polymorphisms (SNPs) in
vitamin D metabolic pathway genes and susceptibility to RA, it was decided to include it in
this review. Multiple epigenetic factors in the pathogenesis and progression of the disease
have already been identified. They include the role of RA synovial fibroblasts (RASFs),
which through epigenetic modifications become a source of numerous pro-inflammatory cy-
tokines. A participatory global hypomethylation in RASFs, associated with the acute course
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of the disease, has also been described before [57]. In a study by Tian-Ping Zhang et al.,
ten SNPs in vitamin D metabolic pathway genes (CYP2R1, CYP24A1, VDR, and CYP27B1)
were genotyped in an RA patient and a control group. The results showed that CYP2R1
and CYP27B1 genetic variations were associated with the genetic background of RA, while
altered VDR and CYP27B1 methylation levels were related to the risk of RA [58]. The study
also confirmed that vitamin D deficiency is prevalent among RA patients, and the 250HD
level is significantly lower compared with healthy controls. Subsequent studies yielded
similar findings in this regard. At the same time, in view of previous reports of an increased
risk of RA among Caucasians due to VDR gene polymorphisms and the Fokl variant, an
analysis of the association of four selected VDR gene polymorphisms (Bsml, Fokl, Apal,
and Taql) with susceptibility to RA in the Lithuanian population was conducted. How-
ever, the genetic analysis did not reveal RA susceptibility in the study group. Instead, a
significant inverse correlation between vitamin D levels, DAS28, CRP, and HAQ scores was
noted, indicating an association of vitamin D deficiency with increased disease activity and
disability scores in these patients [59].

In SjS, the influence of vitamin D levels is still controversial. On the one hand, the
lack of UV exposure as part of the treatment of cutaneous manifestations of the disease
has been postulated as a risk factor for vitamin D deficiency, while on the other hand, the
clinical picture of the disease and at least some of its manifestations appear to be reliant on
vitamin D deficiency [60]. The deficiency has been linked to the appearance of peripheral
neuropathy and non-Hodgkin lymphoma (NHL) in patients with SjS, which translates into
mortality in this AD [61]. In terms of the impact on the nervous system, vitamin D was
described to participate in the biosynthesis of neurotropic factors, production of enzymes for
neurotransmitter synthesis, inhibition of inducible nitric oxide synthase (iNOS) synthesis
as well as increasing levels of glutathione and gamma-glutamyl-transpeptidase [60,62].
Therefore, a correlation is being sought between vitamin D deficiency in patients with
SjS and the severity of sensory or motor-sensory neuropathy, as well as abnormal corneal
innervation and potentially more severe discomfort on the ocular surface [63]. Ro/SSA
and La/SSB antibodies are the key serological findings associated with a congenital cardiac
block in neonates of mothers with SjS. The vitamin D status was also studied as a potential
factor for cardiac block development in children of SjS patients. Based on the observation
of seasonal influence on the development of anti-Ro and anti-La positive congenital cardiac
block, Ambrosi et al. suggested that low levels of vitamin D during 18 to 24 weeks of
pregnancy could be involved in the pathogenesis of this disease. They found that average
vitamin D levels for each month of pregnancy inversely correlated with the proportion of
congenital heart block pregnancies [60,64,65]. Epigenetic studies are still needed to describe
the complexity of primary SjS. As outlined in a recent review analysis by Imgenberg-Kreuz
J, within the HLA genes we find the strongest genetic association with the occurrence of
pSS. Attention is also drawn to the role of DNA hypomethylation and interferon-induced
gene overexpression [66]. An association was also sought between the occurrence of
VDR polymorphisms and susceptibility to primary SjS. In the currently only study on a
Hungarian group evaluating this phenomenon, no such association was found for the Bsml,
Apal, Taql, and FoklI polymorphisms [67].

In patients with SSc—a chronic disease with vasculopathy, and visceral and cutaneous
fibrosis—vitamin D deficiency of <30 ng/mL has been reported in up to more than 87% of
cases [68]. Poor vitamin status seems to be related to a more aggressive disease with multi-
visceral and severe organ involvement—especially pulmonary and cardiac involvement.
When comparing 250HD levels, Groseanu et al. found no difference between diffuse and
limited subtypes of the SSc [69]. In the systemic literature review by Schneider et al. the
authors conclude that despite the vast literature on vitamin D deficiency and SSc incidence,
it remains unclear if hypovitaminosis is an epiphenomenon or if it actually determines an
increase in susceptibility and a worse prognosis for this complex disease. Analyses to date
have postulated the involvement of impaired VDR signaling with reduced expression in
fibroblasts from SSc patients and overactivation of TGF-f3 signaling. The study by Juan
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Li et al. selected as many as eight single nucleotide polymorphisms (Taql, Fokl, Apal,
Bsml, Cdx2, Bgll, Tru9l, and rs11168267) of the VDR gene and evaluated the association
between their occurrence and susceptibility to SSc. It has been shown that Apal and Bgll
genotypes may be important in the pathogenesis of SSc, while no significant association
was found for the other single nucleotide polymorphisms. At the same time, no association
was observed between the polymorphisms studied and the clinical picture of SSc [70].
Thorough research on the clinical effects of vitamin D supplementation in SSc patients as
well as the clarification of vitamin D commitment in SSc pathogenesis is still needed [71].

The vitamin D status and the VDR function have also been of interest in studies on IBD.
The expression level of VDR is high in the intestine, and therefore the role of surveillance
of cell proliferation, barrier function, and immunity has been attributed to it. Vitamin D
deficiency, low VDR expression, and dysfunction of vitamin D/VDR signaling have been
observed in patients with Crohn’s disease (CD) and ulcerative colitis (UC), and they were
found to be related to the activity in both diseases [72]. Studies have shown that a low
level of intestinal epithelial VDR is accompanied by a reduction in Atg16l1, an IBD risk
gene, and a regulator of autophagy, which leads to dysbiosis and impaired autophagic
responses [73]. Moreover, impaired vitamin D/VDR signaling fails to regulate the proper
expression of several components of tight junctions and adherent junctions, which causes
disruption of the mechanical barrier of the intestine and leads to a less effective mucosal
healing process in murine models [74]. In a systematic electronic search by Vernia et al., the
authors stated that vitamin D deficiency in IBD is multifactorial, resulting from inadequate
sun exposure, unnecessary dietary restrictions, and, in some instances, impaired absorption
of nutrients—a possible effect of an ongoing inflammation. Emerging evidence suggests
that vitamin D deficiency may be implicated in a more aggressive disease behavior and an
impaired response to biological therapy [75]. Deficiency of 250HD has been associated with
more hospitalizations, flare-ups, use of steroids, and escalating treatment [76]. Therefore, as
vitamin D supplementation may prove to be one of the important elements of therapeutic
management in IBD patients, reliable evidence is being sought to determine the dose of
vitamin D effective for intervention. A limitation of most of the available data attempting
to elucidate the molecular mechanisms of vitamin D action, including the effect on the
maintenance of the mucosal barrier in the intestinal lumen, is that it comes from studies
conducted in preclinical settings, making it difficult to translate the results into clinical
management. The intestinal microbiota, which is a component of the vitamin D-IBD axis,
should not be forgotten either. The ratio of commensal to pathogenic bacteria and its effect
on the VDR was one of the elements studied within this topic [77,78]. The interplay of
bacterial metabolites, butyrate, and lithocholic acid, as well as bacterial enzymes (e.g.,
capable of activating vitamin D) and growth factors on VDR signaling and the course of
inflammation, has also been explored [75]. Guidelines on the practical use of probiotics as
valuable components of treatment in IBD are also expected in the future [79].

3.2. Organ-Specific Autoimmune Diseases

The increasing incidence of type I diabetes mellitus (T1DM) has led to an active
search for information on the interplay between diet and epigenetics in this disease. Un-
derstanding the diet-epigenome axis with vitamin D as one of the nutritional factors
involved could potentially allow new diagnostic and therapeutic approaches for patients
with TIDM. The pathogenesis of TIDM highlights known environmental factors associ-
ated with a higher risk of its development, including infections, dietary factors, advanced
maternal age, psychological stress, antibiotic use, mode of delivery, and steroid intake [80].
Viral infections—especially by group B coxsackieviruses or echoviruses—have also been long
considered as one of the most likely trigger candidates for TIDM [81]. Diet and nutrients
as potential triggers of T1IDM are still being studied with some interesting yet inconclusive
insights. Evaluated dietary factors involve breastfeeding, early intake of cows” milk, solid
foods (fruit, root vegetables, gluten, and non-gluten-containing cereals, and eggs), and
vitamin D [82]. Most of the cohort studies showed that breastfeeding and vitamin D had
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protective effects, whereas bovine milk and the early introduction of gluten were risk
factors [83]. As Cerna et al. noted, these risk factors support the hypothesis that general
antigenic stimulations are more important than actual antigens in the disease process. Com-
bining these compounds with an immature immune response and insufficient tolerance
in the gut, as well as a predisposition to inflammation due to a deficiency of long-chain
polyunsaturated fatty acids, typical of the western diet, the hypothesis seems credible [84].
The concept of the influence of the gut microbiota on increasing or decreasing the risk of
developing autoimmune diseases, including T1DM, is consistent with the above observa-
tions. Although the topic of the effect of breast milk on TIDM is controversial and one
can also find sources in the literature that have not shown its protective role in the disease,
it is believed that breastfeeding reduces intestinal epithelial permeability by preventing
triggering factors [85,86]. In the past, vitamin D deficiency has been linked to the occurrence
of T1IDM, among others, based on epidemiological data showing that countries at northern
latitudes had a high prevalence of T1IDM [83]. Compared to healthy individuals, patients
with T1DM also had lower 250HD values [87-90]. This correlation was also supported
by reports that vitamin D supplementation lowers the risk of developing TIDM, and that
when supplemented appropriately (more than 30 ng/mL), vitamin D can help preserve
residual f-cell and insulin secretion, as well as improve glycemic control and insulin sensi-
tivity [91,92]. A historical large-scale birth cohort study in Finland evaluated the effect of
vitamin D supplementation on rickets and the development of type 1 diabetes and found
an 80% reduction in the risk of TIDM in children who received >2000 IU of vitamin D per
day compared to children receiving less or no vitamin D supplementation [93]. However,
in a study by Bierschenk et al. comparing serum levels of 250HD in patients with type 1
diabetes, first-degree relatives, and controls, the level of 250HD was found to be low in all
groups, and not specifically associated with T1D. The authors concluded that the uniform
suboptimal 250HD levels, despite residence in a zone with abundant sunshine, support
additional dietary vitamin D fortification practices [94]. Important conclusions in terms of
prenatal prevention of TIDM were reached in their study by Marjaméki et al. They found
that maternal intake of vitamin D from food or supplements during pregnancy was not
associated with advanced beta cell autoimmunity/type 1 diabetes or type 1 diabetes itself
in Finnish offspring having increased genetic susceptibility to T1D [95].

Attention is also drawn to the role of the VDR and its polymorphism in TIDM. In recent
years, a number of studies have examined the association of VDR gene polymorphisms
with T1DM risk in different populations, with conflicting results. A recent meta-analysis
of 39 case-control studies by Zhai et al. rejected any significant association between VDR
gene polymorphisms and T1DM risk in the overall results. At the same time, the results of
subgroup analysis revealed significant negative and positive associations between FokI
and Bsml polymorphisms and T1IDM in Africans and Americans, respectively. The authors
emphasize that compared to the previous meta-analysis from 2014 by Tizaouia et al., apart
from the association of VDR genetic polymorphisms with TIDM risk in different ethnic
groups, the overall analysis was almost the same despite including further studies [96,97].
It is not entirely clear where all the differences in the observed vitamin D-diabetes axis
of interactions come from. As Kohil et al. explain, some of these discrepancies can be
attributed to differences in the type of supplement used (i.e., cholecalciferol, alpha-calcidiol,
or calcitriol), the dose of the vitamin, the age group of the study participants, and/or the
duration of diabetes [80]. Apart from the VDR polymorphism, the authors highlighted
the potential role of CYP27B1 polymorphisms with a favorable genetic background for
various autoimmune disorders including TIDM [82]. Knowing that the immune cells are
also expressing CYP27B1 and thus modulate the immune response, the studies previously
performed on the European population (German, British, and Polish) provide significant
data concerning a potential decrease in the availability of the active form of vitamin D in
people with the CYP27B1 promoter C(-1260)A polymorphism [98-101].

The pathogenesis of autoimmune thyroid diseases (AITDs) has been suggested to be
multifactorial, including genetic, environmental, and hormonal factors, such as vitamin D
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deficiency [102]. A recent review by Lee et al. focused on understanding the role of immune-
related genes and thyroid-specific genes gathered in the group of AITD susceptibility genes.
Although the topic of vitamin D metabolism and the genes and epigenetic mechanisms
affecting it was not directly addressed in the paper, the undoubted involvement of IFN-o
in triggering thyroid autoimmunity was highlighted [103]. Due to the conflicting results of
previous studies on VDR polymorphism and the incidence of AITDs, a meta-analysis of
eight studies with a total number of participants exceeding 1000 with AITDs was conducted.
Four of the most commonly described polymorphisms of the VDR gene—Bsml, Fokl, Apal,
and Tagl—were evaluated, showing that the BsmlI or Tagl polymorphism is significantly
associated with AITD risk. However, the authors noted important limitations of the analysis
related to the omission of gene-environment interactions, the lack of a uniform definition
of the control group, and the limited number of studies and their participants, especially in
the context of patient ethnic diversity [104]. Vitamin D deficiency is highly prevalent in
endocrine disorders and its supplementation appears to have beneficial effects, as described
in one of the recent reviews by Galusca et al. In an analysis of the literature on Hashimoto’s
disease, low vitamin D production appeared to be associated with higher anti-thyroid
peroxidase (anti-TPO) antibody titers and thyroid volume, while supplementation was
addressed in connection with a reduction in antibodies levels in some studies. In addition,
some researchers indicated a gradual decrease in thyroid-stimulating hormone (TSH) levels
with supplementation. The serum concentration of vitamin D showed a significantly
lower value in Graves’ disease patients who were not in remission compared to those who
were. Moreover, in a randomized prospective study, the thyroid volume and the degree of
exophthalmos revealed a statistically significant correlation with vitamin D levels [105,106].

MS is an inflammatory disease characterized by neurodegenerative events and autoim-
mune attacks on myelin in the central nervous system (CNS), leading to varying degrees
of recurrent or progressive neurological disorders. Epigenetic changes play an important
role both in the development of myelination and remyelination and in the pathogenesis
of some neurodegenerative diseases, including MS, Alzheimer’s, Parkinson’s, and Hunt-
ington’s diseases [107]. Relapses of MS usually occur in the absence of a defined trigger;
however, it has been described that MS symptoms vary throughout the year, suggesting
that environmental factors may act as the above-mentioned triggers, and influence the
overall susceptibility to MS and its progression [108]. Vitamin D is one of the best-described
environmental factors for MS. It has been found to modulate Th17 autoimmunity through
transcriptional suppression of the pro-inflammatory cytokine IL-17, via recruitment of
histone deacetylase 2 to the IL17A promoter region. Moreover, 1,25(0OH)2D may change the
expression of genes that modify histones [107,108]. In a comprehensive review by Sintzel
et al., the authors state that there is increasing evidence indicating a causal relationship
between low vitamin D levels and the risk of MS as well as greater clinical activity and
brain MRI-confirmed activity in MS patients [109]. Interventional studies conducted so far
on limited groups of MS patients have shown that a high supplemental dose of vitamin D
(10,400 IU/day) is safe and exhibits pleiotropic immunomodulatory effects. A reduction
was found in the proportion of interleukin-17+CD4+ T cells, CD161+CD4+ T cells, and
effector memory CD4+ T cells with a concomitant increase in the proportion of central
memory CD4+ T cells and naive CD4+ T cells. These effects were not observed in the
group of low-dose supplementation (800 IU/day) [110]. More research is needed to confirm
whether high-dose supplementation of vitamin D in MS patients is truly beneficial in the
context of changes in calcium levels and prolonging the time to disease progression to the
secondary progressive phase. The search for a link between VDR polymorphisms and MS
is still a topic under investigation. However, information on this relationship is hetero-
geneous, likely influenced by matched research groups. In a recent retrospective study
involving more than 200 patients with relapsing-remitting multiple sclerosis and more than
800 Caucasian healthy controls, no influence of the Apal, Bsml, Cdx2, and Tagl was found.
However, a significant effect of the VDR Fokl (rs2228570) on the development of MS was
demonstrated [111]. It should be noted, however, that in an earlier large meta-analysis,
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despite notable inconsistencies between the reports evaluated, a significant association
between Taql polymorphism and MS susceptibility was detected, while the effect of the
Bsml polymorphism on increasing the risk of MS was detected only in the Asian population.
Interestingly, it was also found that the Apal VDR polymorphism may have a protective
function, reducing MS risk in the Asian population [112]. The process of DNA methylation
should also be mentioned as a regulator of processes in MS pathogenesis. In addition to the
hypomethylation of FOXP3 or IL-17 in T cells, the methylation pattern of the alternative
VDR promoter, which is located in exon 1c, has also been studied. This gene regulatory
element was previously found to be hypomethylated in other immune cells; however, in a
study by Ayuso et al., a different, moderate pattern of methylation in the T cells population
was found. What is more interesting, in the group of relapsing-remitting multiple sclerosis
patients the methylation of the exon 1c promoter was increased even more. The search for
the significance of this VDR promoter methylation pattern in MS patients, as well as in
patients with other autoimmune diseases, is a challenge for further research [113].

4. Current Clinical Trials Using Vitamin D in Autoimmune Diseases

Literature sources to date point to the need for vitamin D supplementation to com-
pensate for vitamin D deficiency, which should be pursued in all individuals, not just those
with autoimmune disorders. However, even the guidelines for the overall vitamin D sup-
plementation dose in the community are not standardized. While in the United Kingdom,
guidelines indicate 400 IU per day as the recommended dose for adults and children over the
age of 4, the Endocrine Society recommends a daily supplementation dose of 600-1000 IU
depending on age, and in cases of deficiency, 2000 IU per day, even to 50,000 IU per week. It
seems that prevention and treatment of different conditions require different concentrations
of vitamin D. Cutoff values in vitamin D concentration supported by high-level evidence
studies are still not available. However, it appears that for interventions in bone mineral
density, dental health, fracture risk, or tumorigenesis, benefits are obtained starting at
250HD concentrations of 30 ng/mL [114]. For tuberculosis prevention, in vitro studies
have indicated a cholecalciferol concentration of 4 pug/mL as adequate to slow prolifer-
ation in culture. This is a much higher concentration, but potentially achievable due to
local hydroxylation performed by macrophages. At the same time, in vivo studies did not
provide a clear conclusion [114,115]. A number of research and review papers, including
those cited in this paper, point to the need for robust randomized controlled trials on
large groups of patients to determine a dose of vitamin D supplementation that would
demonstrate long-term benefits with a safety profile in ADs. In their study, Fletcher et al.
point out other important uncertainties regarding the supplementation dose used. Indeed,
it is still unclear what serum 250HD level is optimal for immune function. It is possible
that different levels of 250HD are optimal for innate antimicrobial and antiviral responses
relative to anti-inflammatory effects. It is also possible that the level of 250HD benefi-
cial in AD differs from that considered appropriate for maintaining skeletal health [116].
Prominent studies in the search for supplementation doses in people with ADs are those
evaluating intervention with vitamin D in patients with MS. Notable are the exceptionally
high daily doses of vitamin D (from 10,000 to 40,000 IU/day) used in these clinical trials,
which has proven safe as a combined 250HD-interferon-beta therapy. Only a few of the
studies (presumably on a sufficient study group) have shown promising results in terms of
improved MRI results, although baseline results were not achieved [117]. The literature
also emphasizes the importance of the risk of vitamin D toxicity, especially in the face of
hazardous internet trends, encouraging MS patients to use ultra-high doses of vitamin D of
80,000-100,000 IU daily [109]. For other ADs, positive effects of vitamin D are also sought,
but lower supplementation doses are usually considered. A recent interventional study
in patients with SLE showed benefits in disease activity and fatigue after 250HD supple-
mentation as follows: 8000 IU daily for 4 weeks, followed by 2000 IU daily maintenance for
patients with vitamin D insufficiency, or 8000 IU daily for 8 weeks, followed by 2000 IU
daily maintenance in vitamin D-deficient patients [118]. Another missing piece is solid
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evidence for vitamin D use in autoimmunity prevention. As a model on this subject, a
recent study with 25,871 participants, supplemented with a placebo, omega-3 fatty acids, or
vitamin D (2000 IU/day), should be mentioned here. Vitamin D supplementation, with or
without omega-3 fatty acids, was shown to reduce the incidence of autoimmune diseases in
this cohort by 39% after 3 years of follow-up and by 22% after 5 years [119]. It is therefore
suggested that vitamin D use may be considered as prevention against ADs, but may
also require long periods of supplementation. Despite the availability of studies based on
animal models, as well as numerous studies of vitamin D and specific autoimmune diseases
in humans, high-quality randomized trials should be pursued in this area as well [116].
Listed below are some interesting clinical trials using vitamin D in patients with ADs.
All were selected based on a search of clinicaltrials.gov and include registered, currently
ongoing studies. They may inspire further research efforts and be the basis for new dietary
recommendations in the management of autoimmune diseases in the future.

e  “Pilot Study of OMEGA-3 and Vitamin D in High-Dose in Type I Diabetic Patients
(POSEIDON)”"—NCT03406897. A recruiting interventional open-label study with an
estimated 56 participants. The authors aim to evaluate the efficacy and safety of a
treatment regimen based on omega-3 fatty acids and vitamin D in patients with T1D.
The authors hypothesize that the used combination administered to patients with new
or established forms of the disease will be safe and preserve insulin secretion [120];

e  “Early High-Dose Vitamin D and Residual 3-Cell Function in Pediatric Type 1 Dia-
betes”—NCT05270343. Not yet recruiting interventional open-label study with an
estimated 198 participants. The aim of the project is to evaluate the effect of high-
dose vitamin D supplementation on early T1D in children and adolescents. Patients
simultaneously require intensive insulin therapy [121];

e  “Effect of Vitamin D Supplement on Disease Activity in SLE"—NCT05260255. The
purpose of the ongoing study is to evaluate the effect of vitamin D supplementation on
SLE activity (Systemic Lupus Erythematosus Disease Activity Index 2000). A recruiting
interventional double-blind study with an estimated 100 participants. The study is
also expected to assess IL-6 levels and anti-dsDNA titers at specific intervention
intervals [122];

e  “The Vitamin D in Pediatric Crohn’s Disease (ViDiPeC-2) (ViDiPeC-2)”"—NCT03999580.
The aim of the study is to evaluate the effectiveness of high-dose vitamin D supple-
mentation in children with CD. The researchers expect to achieve a reduction in the
frequency of relapses and improved patient quality of life [123];

e  “High Dose Interval Vitamin D Supplementation in Patients with Inflammatory Bowel
Disease Receiving Biologic Therapy”—NCT04331639. A recruiting interventional open-
label study with an estimated 50 participants. Vitamin D will be administered concur-
rently with IBD biologic therapy every 4-8 weeks. The researchers aim to evaluate, using
laboratory tests and a questionnaire, inflammatory markers as well as markers of bone
health after intervention with vitamin D [124];

e  “Longitudinal Effect of Vitamin D3 Replacement on Cognitive Performance and MRI
Markers in Multiple Sclerosis Patients”—NCT03610139. A recruiting interventional
single-blind study with an estimated 162 participants. The researchers hypothesize
that high-dose vitamin D supplementation will result in improvements in cognitive
performance at 6 and 12 months after supplementation [125].

5. Conclusions

The above literature review represents a collection of studies and observations to
date on the epigenetic function of vitamin D in autoimmune diseases. The latest available
reports exploring the epigenetic basis of selected disease entities and the involvement of
vitamin D receptor relay in the most commonly considered epigenetic mechanisms, as
well as the possible benefits of vitamin D supplementation in patients, are analyzed. An
effort was made to present the sometimes contradictory reports in an accessible manner.
Using the clinicaltrials.gov database, the ongoing interventional clinical trials evaluating
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the utility of vitamin D in ameliorating the course of autoimmune diseases and improving
quality of life were presented. Further challenges in addressing the broad topic of vitamin
D in autoimmunity were also identified.
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Effect of probiotics supplementation on disease progression,
depression, general health, and anthropometric
measurements in relapsing-remitting multiple sclerosis
patients: A systematic review and meta-analysis of clinical
trials

Shahrzad Mirashrafi,Seyedeh Zahra Hejazi Taghanaki,Faezeh Sarlak,Amir Reza
Moravejolahkami,Mohammad Ali Hojjati Kermani,Mohsen Haratian,

Background

Probiotics may have a promising role in chronic autoinflammatory diseases. The
current systematic review and meta-analysis investigated the effects of probiotics
on disease progression, depression, general health, and anthropometric
measurements in Relapsing-Remitting Multiple Sclerosis (RRMS) patients.

Methods

The English literature search was performed using PubMed, Scopus, Web of
Science, and the Central Cochrane Library through January 2021. Random effect
models were used to synthesise quantitative data by STATA..

Results

From a total of 152 identified entries, four trials were included in quantitative
synthesis (n = 213; 106 as intervention, 107 as control). An additional six studies
with the same structure and different markers were also systematically reviewed.
The pooled effect size showed that Expanded Disability Status Scale (EDSS)

(WMD = -0.43; 95% Cl = -0.65, -0.20; P <.001), Beck Depression Inventory-II (BDI-
I)(WMD =-3.22; 95% Cl = -4.38, -2.06; P <.001) and General Health
Questionnaire (GHQ) (WMD = -4.37; 95% Cl = -6.43, -2.31; P <.001) were improved
following probiotics supplementation. However, body weight and body mass index
did not statistically change.

Conclusion

Our findings revealed that probiotics supplementation can improve disease
progression, suppress depression, and general health in MS patients; although,
further investigations may be needed.
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ARTICLE INFO ABSTRACT

Keywords: Background: To systematically review and synthesize the literature on the multiple sclerosis (MS) gut microbiota
Multiple sclerosis composition as compared to persons without MS.
Gut Methods: We systematically searched MEDLINE, EMBASE, and Web of Science databases for relevant published

M%‘“E?m‘“e articles (2008-2018).
ralstr:ri;ma Results: Of 415 articles identified ten fulfilled criteria. All studies used a case-control design, six sourced par-

ticipants from the US, two Germany, one Italy, and one Japan. Nine focused exclusively on adults and one on
children, totaling 286 MS and 296 control participants. Over 90% of cases had relapsing-remitting MS; disease
duration ranged from 10.6 * 6.5 months to 15.3 * 8.6 years (mean *+ SD). Nine studies examined stool and
one evaluated duodenal mucosa. Diverse platforms were used to quantify microbes: Illumina MiSeq, Roche 454,
microarray, and fluorescence in situ hybridization. None of eight studies reported a significant alpha-diversity
differences between cases and controls. Two of seven studies reported a difference in beta-diversity (P < 0.002).
At the taxa-level, =2 studies observed: lower relative abundance of Prevotella, Faecalibacterium prausnitzii,
Bacteroides coprophilus, Bacteroides fragilis, and higher Methanobrevibacter and Akkermansia muciniphila in MS
cases versus controls. Exposure to an immunomodulatory drug (IMD), relative to no exposure, was associated
with individual taxonomic differences in three of three studies.

Conclusion: Gut microbiota diversity did not differ between MS cases and controls in the majority of studies.
However, taxonomic differences were found, with consistent patterns emerging across studies. Longitudinal
studies are warranted to elucidate the relationship between IMD exposure and differences in the gut microbiota
composition.

Systematic review

1. Introduction Some studies also assessed potential effect modifiers (or confounders),

such as exposure to an immunomodulatory drug (IMD) used to treat

A growing body of evidence points to the gut microbiota playing a
role in immune-mediated, neurological disease, such as multiple
sclerosis (MS) (Rooks and Garrett, 2016; Tremlett et al., 2017). An
important initial step to understanding the relationship between the gut
microbiota and MS is to survey the gut microbial community. Recent
studies on MS have focused on surveying the gut bacterial (and ar-
chaeal) communities. A common goal has been to investigate whether
there are differences in the MS gut microbiota composition between MS
cases and controls, measured as the overall microbiota composition
(diversity) and relative abundance of individual resident microbes.

MS.

We conducted a systematic review in order to comprehensively
collate the body of evidence surrounding the relationship between the
gut microbiota and MS. Our objective was to include published articles
in which the gut microbiota profiles had been compared between in-
dividuals with and without MS.

2. Methods

Our systematic review was designed to address the following
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specific questions: (1) Does the gut microbiota composition differ be-
tween MS cases and controls (participants without MS), as assessed by
(a) diversity metrics and/or by (b) taxa-level relative abundances? (2)
What are the main effect modifiers (confounders) identified to date in
studies evaluating the gut microbiota in MS?

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) guidelines (Moher et al., 2010). The systematic review pro-
tocol was registered with the International Prospective Register of
Systematic Reviews (PROSPERO) database (registration no.
CRD42018089173) and the protocol is in accordance with the PRISMA-
P (2015) guidelines (Shamseer et al., 2015).

2.1. Eligibility criteria

Original research articles assessing the potential gut microbiota
differences in diversity or taxonomic relative abundance between MS
cases and controls (individuals without MS) were eligible for inclusion.
We included any of the following study designs: cohort, cross-sectional,
case-control, and comparative cohort studies. Other study designs were
excluded, such as intervention studies (unless pre-intervention samples
were available for cases/controls) and studies without a control group
(e.g., case series). No restrictions were imposed with respect to the age
of study participants, geographical location or setting (e.g., community
or hospital), or disease course(s) under study (e.g., relapsing-onset,
primary progressive).

2.2. Literature search strategy

We performed a systematic literature search of MEDLINE, EMBASE,
and Web of Science databases for original research articles published in
English between January 1st, 2008 and February 8th, 2018, which we
subsequently updated to June 19th, 2018. At the time of publication, a
final update to August 24th, 2019 was included and reported as an
addendum. The search strategies for each database are shown in
Fig. 1A. We did not include conference abstracts, unpublished work or
the grey literature (e.g., presentations, posters, websites or disserta-
tions).

2.3. Eligibility assessment, data extraction, and quality assessment

The literature search results were uploaded to Mendeley for
screening. Titles and abstracts were screened based on the study in-
clusion and exclusion criteria by two independent reviewers (AM and
JF). Any disagreement was resolved between the reviewers. The full
texts of all screened-in abstracts were then retrieved and assessed for
eligibility and relevant information retrieved were extracted by one
reviewer (AM), as outlined in Appendix 1. Two independent reviewers
(AM and JF) assessed the risk of bias in individuals studies specific to
our current systematic review-related questions using the US's National
Institutes of Health (NIH) tool for Quality Assessment of Case-Control
Studies (NIH National Heart, Lung, and Blood Institute). No study was
excluded based on the risk of bias (rated as good, fair, and poor), in part
because a study could be assigned as ‘poor’, inferring a high risk of bias,
if the microbiota quantification platform was not valid to address our
study question(s).

3. Results
3.1. Study and participant characteristics

Of 415 articles identified (based on titles and abstracts), ten fulfilled
criteria for inclusion (Cantarel et al., 2015; Miyake et al., 2015;
Chen et al., 2016; Cree et al., 2016; Tremlett et al., 2016; Jangi et al.,
2016; Cosorich et al., 2017; Swidsinski et al., 2017; Berer et al., 2017;
Cekanaviciute et al., 2017). A flow chart outlining the screening process
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A. Literature Search Strategies

MEDLINE search - Ovid interface

exp Multiple Sclerosis/

multiple sclerosis.mp.

1or2

microbiota/ or gastrointestinal microbiome/ or microbial consortia/
(microbiome or microbiota).mp.

((gut or intestin*) adj3 (microbi* or flora or microfiora)).mp
4or50r6

3and7

8 not (animals/ not humans.sh.)

10 Ilimit 9 to english language

11 limit 10 to last 10 years

12 review.pt.

13 11not12

DONOONEWN -

EMBASE search - Ovid interface

exp Multiple Sclerosis/

multiple sclerosis.mp.

1or2

microflora/ or bactenial flora/ or feces microfiora/ or exp intestine flora/ or exp microbiome/
(microbiome or microbiota).mp.

((gut or intestin*) adj3 (microbi* or flora or microfiora)).mp
4or50r6

3and7

8 not ((exp animal/ or nonhuman/) not exp human/)

10 limit 9 to english language

11 limit 10 to last 10 years

12 review.pt.

13 11not 12

DN EWN -

Web of Science

(TS=("multiple sclerosis”) AND TS=((microbiome OR microbiota) OR ((gut or intestin*)
NEAR/3 (microbi* OR flora OR microfiora)))) AND LANGUAGE: (English) AND DOCUMENT
TYPES: (Article)

Indexes=SCI-EXPANDED, ESCI Timespan=2008-2018

B. PRISMA 2009 Flow Diagram

()
Articles identified through
c database searching
=]
= (n=570)
S
=
€ v
(7]
i

Articles after duplicates removed
(n =415)

y

Articles excluded
(n=392)

Articles screened
(n = 415)

y

Full-text articles

excluded
(n=13)

Full-text articles assessed
for eligibility
(n=23)

y

Articles included in
systematic review
(n=10)

[ Included] [ Eligibility M Screening J[

Fig. 1. Literature search strategies and PRISMA flow diagram.

A. Systematic literature search strategies of MEDLINE, EMBASE, and Web of
Science databases for original research articles. B. Selection of articles for in-
clusion in the systematic review of the multiple sclerosis microbiota (2008-18).

is provided in Fig. 1B (Moher et al., 2010). All ten studies used a case-
control design for a total of 286 MS cases and 296 controls. Nine studies
enrolled adults, of which one focused solely on twins discordant for MS,
and one enrolled children. Nine studies collected stool samples from



Multiple Sclerosis and Related Disorders 37 (2020) 101427

‘PeSH JO seImnsu] [euoneN ‘HIN Xopul sseul Apoq ‘[N SIS0I9[ds a[dnnur ‘SN 9[qe[reAe Jou ‘YN ‘(S F UBSW St passaidxa aIe elep snoNupuo)
‘Burssiur sem BIRp [RIIUI]D Y21ym 110da1 jou pIp A3 (5193[qns g 10J BIep [edIUId SUISSIW a1om (9T07) ‘e 12 13uer *(Jools A[[ea1dA1) uondaf[od sjdures e10IqOIdIW Jo wn 3] 0] Ae[al syuedoned Apnis sy Jo soUSLILIORIRYD

sased
$ pue s[onuod ¢ SUISSIA
(14-20) ¥'v1 ¥ 9vp

$2)B1S paAIIUN

Ireq VN VN VN / (96D 6’11 F L0V 1L/ 1L 10038 [01U02-358) ‘L10T “INDIARURYRD
(€9-12) 801 * €'1¢
aeq ‘pa11odal Jou poylaur Sax VN VN :PaUIqUIOD S[OIU0D pue SN €/ ¥E [001S  [OIJU0D-9SBD ‘UIMI-0D) Auewdn /10 ‘Io19g
91910sqo ST suonsanb Apmis o
3urssasse 10j poyjow uonedynuenb [onuod Aueurnn
eXe], 'SBIq JO S Y3IY / 1004 VN VN VN VN ¥1/01 003§ -9SBD ‘UOTIUIAINU] L10T ‘DsuISpIms
ONSST) esodnuwt
Ireq “pariodar jou poypawr sax VN VN EF8/CTF IV L1/ 61 [euspong [01u0d-3s8) AT °£10T Y2110S0D
(%0)
0/ (%g) T :o1uedsty
(%0)
0/ (%€) T >peld
€9 F $'9C (%001) slels
Ireq "pa11odar 10U poyIau S3L /LY FTLE €F/(%L6)8SPIUM 196 F TTY /0S8 F L6F €v / 09 [001S Jonuod-ase) pauun ‘910z ‘18uer
(%G€)
I 9/ (%) 8 druedsiy
(@1sonQuontnNN) 1BURHDS  SUISSIN 0T°L F 8'CC (%LL) Apms soreIS
Ireq P00 SPDY ¥20[g S9X /99°S ¥ 2T €1/(%0S)6™MIM  80°€ F SEL/ ¥y F STI L1/ 81 1001 jo1d ‘[onuod-ased  paNu() ‘9IOT WI[WAIL,
(%9)
1/ (%€1) T :PY0
(%ET)
T/ (%9) 1 :ueisy
(%E€T)
T / (%0) 0 oelg
(©@IsonQUONINNN) SWSAS 0Ty ¥ 8'€T (%69) 9IS
Ireq eleq A1e121( YP0[g $9X /6G°€ F €€C 11/ (%I8) €1 PIMYM 8'ST + ¥S/ 81Tl + ¥S 91 /91 10018 [o1juod-ase) paiun ‘910g 991D
LY ¥ 8LC sajels
Ireq VN /€9 F 08¢ VN €L F €0V /901 ¥ 6CTY 9¢ / 1€ 1003S [onuod-ased pa1tun ‘910 ‘UIYD
Ireq VN VN VN 86 + S8C/TL F 09€ 0¥ / 0T [003S [onuod-ase) ueder ‘GTOZ ‘OeAIN
o€ (%0) 0/ (%0)
- 81 :a8uer pauIquiod 0 Uﬁ.—&&mwm Ao\oOOHv AHW\ONV %Uﬂum uOEn— JO.HHEOU sojels
Ireq VN S[onuod pue SN 8 / (%00T) £ PIYM 8€ / (8¥—0€) Th URIPIN 8/ L [001s -9SBD ‘UONUDAIIU]  PAIUN ‘GTOT ‘[PIeIue)
(fonuon (fonuop
JUSWIISSISSY (fonuo) / SN “;ur (jonuo) / / SIN) uondaqio) Jrdures / SIN) syuedonred adA ], sydures Anuno) ‘uonedrqnd
(.serg Jo sy, 10) Aend HIN JUSUISSSASSY 9IQ  /3Y) Xapu] sse]y Apod  SIA) AMDTUYIY 3 908y Jo Qi TeaN (s1ea}) 28y Jo JoqUINN Teo13ojorg udisaq Apms Jo 189X “IOYINY ISITI

A. Mirza, et al.

*S9IPNIS POpNIIUL 3} JO ATRUWIWNS :BIOIqOIDTW NS sIsoro[ds a[dnnur ay,
1 9IqeL



A. Mirza, et al.

participants while one collected duodenal mucosal samples. Char-
acteristics of the included studies are summarized in Table 1. Study
quality was ‘fair’ for nine articles and ‘poor’ for one. The study identi-
fied as poor used an obsolete method (fluorescence in situ hybridization;
FISH) for characterizing the gut microbiota, thus making it a high risk
of bias in the context of our systematic review-specific questions
(Swidsinski et al., 2017).

Across the nine studies which reported participant demographics,
females predominated. Overall the number (%) of females/males were:
182/104 (64%/36%) for cases and 181/111 (61%/38%) for controls
(sex was missing for four controls in one study (Cekanaviciute et al.,
2017)). The average ages of cases and controls ranged from 12-54 and
13-54 years, respectively across studies (age was missing for nine
controls and four cases in one study (Cekanaviciute et al., 2017)).
Across the four studies that reported race and/or ethnicity, the majority
of participants were Caucasian, totaling 87/101 (86%) of MS cases and
75/84 (89%) of controls. Six studies recruited participants from the
United States, two from Germany, one from Italy, and one from Japan.
The most commonly reported lifestyle factors were diet (five studies)
and BMI (five studies), both diet and BMI were available in three stu-
dies (Table 1). Diet was collated via a validated food frequency ques-
tionnaire in two US-based studies; three did not specify. Both diet
metrics and BMI (based on descriptive group means) were similar when
cases were compared to controls, except for one study, which, for MS
cases, observed a higher intake of specific dietary elements (i.e., car-
otenoids) (Cree et al., 2016).

The majority (267,/286; 93%) of MS cases had a relapsing-remitting
disease course at the time of sample collection. Five studies used the
McDonald 2010 criteria for MS diagnosis, one used the Poser criteria
and four did not specify (Poser et al., 1983; Thompson et al., 2018).
Five studies reported the disease duration of the MS cases, which
ranged, on average from 0.9-15.3 years (Table 2).

Medication exposure status was reported in nine of ten studies; all
focused on IMDs or immunosuppressants (IMS) used to treat MS.
Overall, 118 (43%) of MS cases (n = 276) were exposed to an IMD or
IMS near the time of sample collection; 64 (23%) to (-interferon, 35
(13%) glatiramer acetate, 18 (7%) other IMDs, and 1 (<1%) IMS
(azathioprine). IMD or IMS exposure was typically defined as exposed
in the two or three months prior to the time of microbiota sample
collection. The pediatric study included IMD naive MS cases, explicitly
defined as never exposed to an IMD (Tremlett et al., 2016). Of the seven
studies that reported use of systemic corticosteroids, 11/229 (5%) of
MS cases were exposed to systemic corticosteroids near the time of
sample collection (Table 2).

3.2. Sample handling and sequencing procedures

Eight of the ten studies mentioned at least some aspects of the
methods related to sample collection. A US-based group sampled par-
ticipant's microbiota using culture swabs, another US-based group
collected stool directly into a dry container, and the Italy-based group
collected mucosal biopsies into a culturing solution containing anti-
biotics (Chen et al., 2016; Cosorich et al., 2017; Cekanaviciute et al.,
2017). Four studies shipped stool samples overnight (shipped with ice
with the exception of one study) while four groups stored or processed
the sample the same day of the collection (Cantarel et al., 2015;
Cree et al., 2016; Tremlett et al., 2016; Jangi et al., 2016). Samples not
sequenced the same day of collection were stored at —70 °C or —80 °C
prior to DNA extraction (Cantarel et al., 2015; Miyake et al., 2015;
Chen et al., 2016; Tremlett et al., 2016; Jangi et al., 2016; Berer et al.,
2017; Cekanaviciute et al., 2017).

Seven studies sequenced various regions of the 16S rRNA gene using
a Next-Generation Sequencing (NGS) platform (either Illumina MiSeq
or Roche 454). One study used both Roche 454 and Illumina MiSeq
(Table 3) (Berer et al., 2017). Two studies used a DNA microarray
platform only (Affymetrix PhyloChip G3) and one used FISH to probe
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and profile the 16S rRNA genes (Cantarel et al., 2015; Cree et al., 2016;
Swidsinski et al., 2017). The 16S rRNA variable-region gene sequenced
varied between studies. The method of generating ‘Operational Taxo-
nomic Units’ (OTUs) also varied. OTUs are clusters of similar se-
quences—typically > 97%—that are assumed to represent a single
taxon; for 16S rRNA, OTUs typically have genus-to-species level of
taxonomic specificity. The different methods of generating OTUs among
the studies that used an NGS platform include: de novo OTU clustering
(four studies) and closed reference OTUs (three studies). Despite these
differences, all studies that used an NGS platform clustered the 16S
rRNA sequences into OTUs based on a 97% similarity threshold
(Table 3).

The twin cohort study also sequenced the gut metagenome (the
collective genomes of all the gut microbes in a stool sample), although
authors reported that none of the results reached significance, and no
data was provided (Berer et al., 2017).

3.3. Gut microbiota diversity

Eight of ten studies assessed the gut microbiota diversity (alpha- or
beta-diversity), Table 4. None of the alpha-diversity metrics, e.g., the
number of different species within a sample, differed significantly be-
tween cases and controls. Out of seven studies that calculated beta-
diversity (the number of microbial species that are not the same in two
different environments), two studies reported a difference in a beta-
diversity metric, between cases and controls (Table 4) (Miyake et al.,
2015; Chen et al., 2016). No studies reported whether potential con-
founders, such as IMD exposure, were relevant to the significant alpha-
or beta-diversity findings.

IMD exposure and gut microbiota diversity were assessed in two US-
based studies (Cantarel et al., 2015; Tremlett et al., 2016). Alpha-di-
versity did not differ between IMD exposed and unexposed MS cases in
either study, although beta-diversity did differ in the pediatric MS study
(Table 4) (Tremlett et al., 2016).

3.4. Taxa-level findings

Taxa-level differences between cases and controls were reported as
follows: phylum level (seven studies), genus (seven studies), and spe-
cies/OTU level (eight studies). In total, two genera and four species
(none of which reached significance at the phylum level) similarly
differed in their relative abundances between MS cases compared to
controls in a consistent direction for two or more studies (Table 5).
Specifically, at the genus level, lower relative abundances of Prevotella
were observed in three studies and a higher relative abundance of the
Archaea Methanobrevibacter was observed in two studies. At the species
level, there was a higher relative abundance of Akkermansia (mucini-
phila) and Faecalibacterium prausnitzii, which was observed in four
studies each. Also, a lower relative abundance of Bacteroides coprophilus
was reported in three studies and a lower Bacteroides fragilis abundance
was reported in two studies (Table 5). Different statistical tests were
used to assess differences in OTU abundance, including: models based
on the negative binomial distribution (four studies), t-tests (Welch or
Student, three studies), Wilcoxon rank sum test (two studies) and
ANOVA (one study, Table 6).

Three studies compared gut microbiota taxa- or OTU-level findings
according to IMD exposure status via a sub-group analysis
(Cantarel et al.,, 2015; Tremlett et al., 2016; Jangi et al., 2016;
Cosorich et al., 2017; Berer et al., 2017). When IMD unexposed MS
cases were compared to controls (Table 5), a higher relative abundance
of the following taxa was found Methanobrevibacter (two studies, with a
combined total of 37/60 cases/controls) (Tremlett et al., 2016;
Jangi et al., 2016) and A. muciniphila (four studies, with 125/148 cases/
controls) (Tremlett et al., 2016; Jangi et al., 2016; Berer et al., 2017;
Cekanaviciute et al., 2017). Lower relative abundances were observed
for Prevotella (two studies, with 99/114 cases/controls), (Jangi et al.,
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Table 3

Technical and computational methods used to process and quantify the microbiota.

Multiple Sclerosis and Related Disorders 37 (2020) 101427

First Author, Date of
Publication

Microbiota Quantifying
Instrument, 16S rRNA Region

Method Generating OTUs

Normalization of Sample Sequence Depth

Cantarel, 2015 DNA microarray (Affymetrix
PhyloChip)

Miyake, 2015 Roche 454, V1-V2

The array contains representative sequences from NA
OTUs, which were clustered at 95% similarity
Individual taxa analysis: Closed reference OTUs at

Rarefied to 3000 sequence per sample

97% similarity. Diversity analysis: De novo OTU
clustering at 96% similarity

Chen, 2016 Ilumina MiSeq,V3-V5 De novo OTU clustering at 97% similarity using IM- Rarefied to 10,000 sequence per sample
TORNADO
Cree, 2016 DNA microarray (Affymetrix NA NA
PhyloChip)
Tremlett, 2016 Illumina MiSeq, V4 De novo OTU clustering at 97% similarity using QIIME  Rarefied to 201,546 sequence per sample
Jangi, 2016 Roche 454, V3-V5;Illumina De novo OTU clustering at 97% similarity using NA
MiSeq, V4 Mothur

Cosorich, 2017
Swidsinski, 2017

Roche 454, V3-V5

Fluorescence in situhybridization NA

(FISH)

Berer, 2017 Roche 454, V3-V5
QIIME

Cekanaviciute, 2017 Illumina MiSeq, V4
QIIME

De novo OTU clustering generaed using QIIME

Closed reference OTUs with 97% similarity using

Closed reference OTUs with 97% similarity using

At least 3000 sequence per sample
NA

Diversity analysis: Rarefied to 10,975 sequences per
sample.Individual taxa analysis: variance-stabilizing
transformation
Diversity analysis: Rarefied to 10,000 sequence per
samplelndividual taxa analysis: variance-stabilizing
transformation

Closed-reference OTU assignment assigns query sequences to OTUs generated from an external reference database, whereas sequences in de novo OTU clustering are
clustered against one another. The two common methods for normalizing read counts were rarefying and scaling. Rarefying refers to randomly discarding reads in
each sample until each sample has an equal number of sequences. Scaling often includes transforming, e.g., variance stabilizing transformation. OTU, operational
taxonomic units; NA, not available; V, variable region of 16S rRNA gene; IM-TORNADO, Illinois Mayo Taxon Organization from RNA Dataset Operations; Qiime,

Quantitative Insights Into Microbial Ecology.

2016; Cekanaviciute et al., 2017) B. coprophilus and B. fragilis (two
studies, with 80/87 cases/controls) (Tremlett et al., 2016;
Cekanaviciute et al., 2017). Findings for F. prausnitzii were mixed
(Tremlett et al., 2016; Cekanaviciute et al., 2017).

4. Discussion

We reviewed the recent literature (2008-2018) on the MS gut mi-
crobiota composition. Of the ten studies comparing the gut microbiota
between MS participants and controls, the majority found no major
differences in the overall composition of the gut microbiota in children
or adults with MS relative to controls, as judged by alpha- or beta-di-
versity measures. Instead, subtle differences in the gut microbial com-
munities were generally observed. At least two or more studies reported
a higher relative abundance of Akkermansia and Methanobrevibacter and
a lower relative abundance of Prevotella, Bacteroides (coprophilus and
fragilis) and Faecalibacterium prausnitzii for MS cases relative to controls.
Studies were generally too modest in size to adequately assess potential
effect modifiers (confounders) such as drug exposure relevant to di-
versity or taxa-level findings.

4.1. Microbiota diversity

No study observed a significant difference in alpha-diversity be-
tween MS cases and controls and the majority found no differences in
beta-diversity. However, the metrics and methods used varied across
studies. While this makes comparisons challenging, the use of different
diversity measures was not unexpected, as no single index perfectly
summarizes local diversity (Morris et al., 2014). Beta-diversity speci-
fically quantifies the variation in the taxonomic composition between
samples; two of seven studies reported a significant difference between
MS cases and controls (Miyake et al., 2015; Chen et al., 2016). How-
ever, it remains possible that findings were affected by IMD exposure;
differences in beta-diversity were found in one study when IMD ex-
posure was examined (Tremlett et al., 2016).

4.2. Individual taxa

We identified several taxa that differed in their relative abundance
between MS cases and controls across two or more studies, though their
role in MS are largely unknown. Methanobrevibacter, an archaeal
anaerobe and methanogen, was enriched in MS cases relative to con-
trols (Gaci et al., 2014). Consistent with this are the higher methane
breath test results observed in MS patients compared to controls
(Jangi et al., 2016). However, enrichment of methanogens has also
been associated with constipation (Gaci et al., 2014; Falony et al., 2016;
Vandeputte et al., 2016), a condition which is common in MS. A. mu-
ciniphila was also enriched in MS cases relative to controls. A similar
relationship was reported in Parkinson's disease (Bedarf et al., 2017;
Collado et al., 2007; Heintz-Buschart et al., 2018; Hill-Burns et al.,
2017). A. muciniphila has been shown to elicit a pro-inflammatory T
lymphocyte response in vitro; however, in vivo studies using mouse
models of MS have so far failed to elicit a similar reponse
(Cekanaviciute et al., 2017). Intriguingly, A. muciniphila may be bene-
ficial in the setting of obesity or metabolic disorders, by supporting
metabolic health and improving the intestinal barrier (Greer et al.,
2016; Plovier et al., 2017; Schneeberger et al., 2015). These context-
specific observations highlight the complexity of the gut microbiome,
and a need to understand the underlying biology.

The remaining taxa identified—all of which are also common
commensal bacteria of the human gastrointestinal tract—were all lower
in relative abundance for MS cases relative to controls. Faecalibacterium
prausnitzii is known for mitigating inflammation and may be depleted in
the gut of individuals with other diseases, such as inflammatory bowel
disease and irritable bowel syndrome (Liu et al, 2017; Lopez-
Siles et al., 2017; Prosberg et al., 2016; Wright et al., 2015).

Two studies reported conflicting relative abundances, within each
study, for several OTUs classified as F. prausnitzii (Table 5)
(Tremlett et al., 2016; Cekanaviciute et al., 2017). These conflicting
OTUs may actually be two different recently discovered phylogroups
within the species F. prausnitzii which have recently been identified
(Lopez-Siles et al., 2017). The two phylogroups share 97% 16S rRNA
gene sequence similarity but have different metabolic properties.
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Table 5
Key findings from taxa-level relative abundances: MS cases versus controls (all MS cases versus controls are initially shown, regardless of immunomodulatory drug (IMD)
exposure. In addition, findings from IMD unexposed MS cases relative to controls are also depicted).

First Author, Year of Publication

. ke, 2015 SIS Jerdl Swidsh, - Berer Colanay

Genus Comparison ’
Methanobrevibacter ~MS vs Control NS

IMD Unexposed MS vs Control
Prevotella MS vs Control NS NS

IMD Unexposed MS vs Control
Species Comparison
Akkermansia MS vs Control NS
muciniphila IMD Unexposed MS vs Control
Bacteroides MS vs Control NS
coprophilus IMD Unexposed MS vs Control
Bacteroides MS vs Control NS
e IMD Unexposed MS vs Control
Faecalibacterium MS vs Control NS
prausnitzii

IMD Unexposed MS vs Control

Taxa | in MS vs control Taxa 1 in MS vs control Mixed findings NS | Not significant Not reported

Taxa listed here are differentially significant across 2 or more studies. Red and green cells indicate a lower and higher relative abundance, respectively. Empty cells
indicates that the respected study did not report the differential abundance of the respected taxa between the two groups. ‘MS vs Control’ refers to all of the MS
participants included in the study, regardless of IMD exposure, compared to the control participants. ‘IMD unexposed MS vs Control’ refers to the MS cases unexposed
to an IMD at the time of microbiota sample collection, compared to the controls. Genus Akkermansiais represented as Akkermansia muciniphila. The 4 studies that
compared taxa-level findings between IMD unexposed MS cases vs. controls are (1st author, num. MS cases vs. controls): Tremlett, n = 9vs. n = 17; Jangi, n = 28 vs
n = 43; Berer, n = 17 vs. n = 17; Cekanaviciute, n = 71 vs. n = 71. If a study reported a higher and lower relative abundances with the same taxonomy assignment,
the cell was split into two colors, as was the case for Faecalibacterium prausnitzii. If a study reported a taxonomy assignment confidence score, only scores of 95% or
better were included in the table. All taxa are statistically significant (P < 0.05) after FDR adjustment. NS, not significant; IMD, immunomodulatory drug; untr, IMD
untreated; tr, IMD treated; MS, multiple sclerosis; NS, not significant.

Future studies planning to assign taxonomy may find it helpful to fur-
ther classify F. prausnitzii into phylogroups when possible to better re-
solve the mapping contradiction and serve as a better discriminating
biomarker (Lopez-Siles et al., 2017).

The effects of Prevotella may differ by species. P. histicola has been
shown to suppress or prevent disease activity in a mouse model of MS
(Mangalam et al., 2017). Interestingly, the relative abundance of Pre-
votella was lower in relapsing-remitting MS patients with ‘evidence of

Table 6
Operational taxonomic unit (OTU)-level findings: MS cases versus controls.

First Author, Date of
Publication

Differential Abundance Statistical
Method

Total OTUs Generated

Number of OTUs or Species Differentialy
Abundant After Multiple-Testing Adjustment

Cantarel, 2015
Miyake, 2015
Chen, 2016
Cree, 2016
Tremlett, 2016
Jangi, 2016
Cosorich, 2017
Swidsinski, 2017

Berer, 2017

Cekanaviciute (2017)

Wilcoxon rank sum test, with
Bonferroni correction

Welch's t-test, with Benjamini-
Hochberg correction.

Wilcoxon rank-sum test, with
Benjamini-Hochberg correction
ANOVA test, with Bonferroni
correction

Negative binomial regression, with
Bonferroni correction

DESeq2, with Benjamini and
Hochberg correction

t-Student test

t-Student test

DESeq2, with Benjamini and
Hochberg correction

DESeq2, with Benjamini and
Hochberg correction

NA

130 OTUs

NA

2621 OTUs

25,134 OTUs

Roche 454: 4317 OTUs. 426 OTUs (after filtering).

MiSeq: 10,620 OTUs. 1191 OTUs (after filtering)
NA
NA
NA

1462 OTUs (after filtering)

Total 359 OTUs

Total 21 OTUs (2 OTUs enriched, 19 OTUs
reduced)
NA

0 OTUs (277 OTUs before adjustment)

Total 323 OTUs (160 OTUs enriched and 163 taxa
OTUs reduced MS).
NA

None statistically significant
NA
None statistically significant

247 OTUs (161 reduced in MS and 86 enriched in
MS)

Different statistical tests were used to assess differences in OTU abundance. DESeq2 is a differential gene expression analysis based on the negative binomial
distribution. Filtering is the process in which undesired (e.g., unreliable) OTUs are removed. Often when filtering is used, OTUs present in less than 5% of samples are
discarded. In some cases, it was not possible to determine if the total OTU count was filtered or not before reporting. ANOVA, Analysis of variance; NA, not available.
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disease activity’ relative to those with ‘no evidence of disease activity’
in one study (Cosorich et al., 2017). Prevotella species were also present
in the oral microbiota of new-onset rheumatoid arthritis participants,
but not in controls, suggesting a possible role in this autoimmune in-
flammatory condition (Scher et al., 2012).

B. fragilis is thought to benefit human health by, for example,
breaking down dietary fibers to produce short-chain fatty acids and
anti-inflammatory polysaccharides (Lukiw, 2016; Ochoa-Reparaz et al.,
2010). B. fragilis is also considered a pathobiont, having an in-
flammatory pathogenic potential via its production of endotoxins
(Lukiw, 2016). While there is limited relevant literature for Bacteroides
coprophilus, this species merits further investigation for its potential role
in MS.

Experimental studies allude to a pro-inflammatory MS gut micro-
biota. Neurological symptoms were exacerbated in animal models of
MS when stool from individuals with MS was transplanted into the gut
of mice with spontaneous or induced autoimmune encephalomyelitis,
further supporting the association of the gut microbiota with MS
(Berer et al., 2017; Cekanaviciute et al., 2017; Procaccini et al., 2015).

4.3. Potential confounders

Of the few confounding factors assessed to date in MS, exposure to
disease-modifying drugs appears to be a likely candidate. However,
most studies were too modest in size to formally assess the effect of
confounders, hence much remains unknown. For example, at least 20
samples per group have been suggested in order to detect differences in
taxonomic relative abundances (Weiss et al., 2017). Exposure to several
medications as well as stool consistency (a reflection of gut transit time)
are considered important factors in explaining microbiome variation
and are related to MS itself (Falony et al., 2016; Vandeputte et al., 2016;
He et al., 2018; Maier et al., 2018). A cross-sectional study assessing the
differences between the gut microbiota of MS cases treated with either
dimethyl fumarate (DMF; n = 33 cases) or glatiramer acetate (GA,
n = 60) relative to IMD naive cases (n = 75) was published in 2018,
and although did not fulfill our inclusion criteria (due to absence of
controls without MS), it is worthy of comment (Katz Sand et al., 2019).
Authors reported that MS cases exposed to either DMF or GA had lower
relative abundances of the Lachnospiraceae and Veillonellaceae families
compared to IMD naive cases (Katz Sand et al., 2019).

Constipation (reflecting a slow gut transit time) is common in MS,
may influence the gut microbiota composition and contribute to a pro-
inflammatory local environment. Microbiota from chronically con-
stipated individuals was demonstrated to damage the intestinal barrier
and further contribute to constipation (Cao et al., 2017). An enrichment
of A. muciniphila and Methanobrevibacter spp. could be related to a slow
gut transit and constipation, as shown in other conditions, including
Parkinson disease (Gaci et al., 2014; Falony et al, 2016;
Vandeputte et al., 2016; Cao et al., 2017; Chia et al., 1995; Stocchi and
Torti, 2017). Methanogens may thrive in a gut with reduced motility,
and may contribute to a slow colonic transit by augmenting methane
production which acts as a neuromuscular transmitter, and has been
shown to slow bowel movement (Gaci et al., 2014; Vandeputte et al.,
2016; Pimentel et al., 2006). Understanding how these factors relate to
MS and the gut microbiota's composition and function may clarify a
possible causal role of the gut microbiota in MS. Alternatively, findings
might point towards an opportunity to modify the gut microbiota to
improve outcomes in MS. Future studies could assess stool consistency
using proxy markers, such as the Bristol Stool Scale (Koh et al., 2010).
Polypharmacy is common in MS and ideally, all recent drug exposure
should be captured (Falony et al., 2016; Maier et al., 2018). The re-
lationship between the IMDs used to treat MS and the gut microbiota is
particularly intriguing and could provide additional mechanistic in-
sights. Sufficiently powered, prospective longitudinal studies are
needed to better understand the complex and likely dynamic relation-
ship between MS, the gut microbiome, comorbidities, medication
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exposure, diet, and other lifestyle factors.
4.4. Heterogeneity of study design

Heterogeneity in the microbiota composition across studies may
relate to differences in the sourcing of cases and controls and their
characteristics, including: the broad age range of participants (from
children to adults); (Falony et al., 2016) MS course (2 studies included
participants with primary or secondary progressive MS (Cree et al.,
2016; Berer et al., 2017)) and disease duration (which ranged from a
few months to decades); host geographic location (although all studies
were from largely westernized populations) and ethnicity (He et al.,
2018; Deschasaux et al., 2018; Gaulke and Sharpton, 2018;
McDonald et al., 2018). The degree to which these differences con-
tribute to variation in the gut microbiota are complex, context specific
and is not fully understood (He et al., 2018). For example, although it is
possible that individuals with a progressive disease course might differ
in terms of their gut microbiota composition from those with a relap-
sing disease course, insufficient data and cases were available. Further,
teasing apart the effects of age, disease duration, accrual of co-
morbidities and medication exposures from the underlying disease
course would likely require access to a sizable cohort of individuals
with progressive and relapsing MS.

Technical methods for quantifying and analyzing the gut microbiota
also differed, including the choice of: quantification instrument, 16S
rRNA sequences regions(s), and gastrointestinal tract site sampled.
Computational methods also differed, including: the bioinformatics
pipeline used to generate OTUs, OTU abundance normalization, and
statistical tests employed. While the method of generating OTUs varied,
all studies using an NGS platform generated OTUs at the same taxo-
nomic resolution by clustering the 16S rRNA sequences based on a 97%
similarity threshold.

4.5. Strengths and limitations

The strengths of this review include its systematic, reproducible
approach, and pre-registered protocol. Our systematic review also
provides insights into the heterogeneity in microbiome study design
including an overview of the differences in the computational pipelines.
However, all studies included were relatively modest in size, with the
total number of available data pertaining to 286 MS cases and 296
controls from a limited number of regions in the world. It remains
possible that associations have been missed, particularly with the lower
abundant taxa. For simplicity, we only reported findings on taxa that
were similarly observed across two or more studies. Further, all studies
were considered together, including one which sampled duodenal
mucosal tissue. It remains possible that different physiological niches in
the gastrointestinal tract will harbor distinct microbiota communities of
relevance in MS. Interrogation of the gut microbiota in MS was pri-
marily conducted using 16S rRNA sequencing which is typically unable
to assign taxonomy below species level and is incomplete at low taxo-
nomic ranks. It was not possible to match and compare individual OTUs
identified across studies. We found no published study investigating the
virome or mycobiome (fungi microbiome) in MS.

4.6. Concluding remarks

To our knowledge, this article is the first to systematically review
the scientific literature investigation the link between the gut micro-
biome and MS. Despite the modest cohort sizes, diversity in the geo-
graphical location of participants and sample processing and bioinfor-
matics pipelines used, consistent patterns are emerging: several taxa
were similarly identified as being over or underrepresented in MS
versus controls. A better understanding of a possible causal role of the
microbiota in either facilitating the onset of MS, or outcomes in MS,
including perpetuating comorbidities will facilitate our ability to
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harness the microbiome to affect positive change in MS.
5. Addendum

5.1. Summary of articles published between June 20th 2018 and August
24th, 2019

The systematic literature search was updated on August 24th, 2019
by one reviewer (AM). Of 122 new articles identified, three fulfilled the
inclusion criteria, one from the US, one from Canada, and one from
China (Cekanaviciute et al., 2018; Forbes et al., 2018; Zeng et al.,
2019).

Briefly, the US-based study included stool samples from 25 RRMS
cases, all unexposed to IMDs or corticosteroids 3 months prior to stool
collection (80% were women, mean age = 44.0 years), and 24 controls
(12.5% women, mean age = 49.3 years). All bacteria as well as the
spore-forming bacterial fractions alone were sequenced at the 16S rRNA
V4 region, using the Illumina NextSeq platform and clustered into
closed-reference OTUs (97% sequence similarity). No differences were
observed in alpha-diversity (Chaol) or beta-diversity (unweighted
UniFrac) between cases and controls for either the spore-forming bac-
teria or total bacteria. Differences between MS cases and controls in the
relative abundance of OTUs of spore-forming bacteria fractions in-
cluding: lower Ruminococcus gnavus, Ruminococcus bromii, Veillonella
dispar, and a higher relative abundance of Propionibacterium acnes,
Staphylococcus epidermidis, Clostridium perfringens, and Clostridium ci-
troniae were reported (all P < 0.05). Taxa-level differences between
cases and controls among total bacteria and the effects of possible
confounders were not reported (Cekanaviciute et al., 2018).

The Canada-based study included stool samples from 19 MS cases
(average age = 47.3 years; 14 were women; MS course was not re-
ported) and 23 healthy controls (average age = 32.4 years; 12 were
women). In addition, the authors included 20 Crohn's disease cases, 19
ulcerative colitis cases, and 21 rheumatoid arthritis cases (not reported
here). DNA extracts were sequenced at the 16S rRNA V4 region using
the Illumina MiSeq platform, clustered into de novo OTUs (97% se-
quence similarity). Because the dataset had an unusually low abun-
dance of Gram-negative bacteria, the differential taxa abundance
testing included only OTUs from Gram-positives phyla (i.e., OTUs
within the phyla Firmicutes, Actinobacteria, and Tenericutes). The au-
thor's main goal was to compare across all the immune-mediated dis-
eases relative to controls. Here, we report only the comparisons be-
tween the MS cases and controls. Alpha-diversity (i.e., Chaol, ACE,
Shannon index, and Simpson diversity index, based on all phyla) did
not differ between MS cases and controls. Beta-diversity was not di-
rectly compared between MS cases and controls. Significant differences
between MS cases and healthy controls in the relative abundance of
gram-positive bacteria at the genera level included: Lower
Butyricicoccus, Dialister, Faecalibacterium (consistent with a previous
finding (Miyake et al., 2015)), Fusicatenibacter, Gemmiger, Lachnospira,
Sporobacter, and Subdoligranulum in MS cases relative to controls and
higher Actinomyces, Eggerthella, Anaerofustis, Clostridium group III,
Clostridium group Xl1Va, Clostridium sensu stricto, Faecalicoccus, Strepto-
coccus and Turicibacter in MS cases relative to healthy controls
(P < 0.05, Kruskal-Wallis test and Dunn's post hoc tests for multiple
comparisons, with FDR correction) (Forbes et al., 2018).

The third study included stool samples from 34 RRMS cases (21
unexposed and 13 exposed to an immunosuppressant [e.g., aza-
thioprine, methotrexate, or mycophenolate]) and 34 healthy controls
from China (in addition to 34 individuals with neuromyelitis optica
spectrum disorder). DNA extracts were sequenced at the 16S rRNA V3-
V4 region using the Illumina MiSeq platform and clustered into de novo
OTUs (97% sequence similarity). Alpha-diversity (i.e., Chaol, Shannon
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index, and Simpson diversity index) did not differ between all MS cases
and healthy controls. Although beta-diversity did differ for both ex-
posed MS cases and unexposed MS cases compared to healthy controls,
(using a non-phylogenetic gain distance metric, P < 0.01 and P < 0.05,
respectively; Mann—Whitney U test), the authors used an unconven-
tional approach, by comparing distance values computed from the first
principal coordinate of a principal coordinate analysis. The relative
abundance of Prevotella was lower for the MS cases compared to con-
trols, consistent with findings from prior studies in MS (exposed MS
cases vs. controls, P < 0.05 and unexposed MS cases vs. controls,
P < 0.0001; Mann—Whitney U test). As in the prior Canadian study
(Forbes et al., 2018), the relative abundance of Streptococcus was higher
for the MS cases compared to controls, (exposed MS cases vs. controls,
P < 0.001 and unexposed MS cases vs. controls, P < 0.0001)
(Zeng et al., 2019).

5.2. Summary comments

The new articles support the conclusion that there is no major dif-
ferences in the overall composition of the gut microbiota in individuals
with MS relative to controls, as assessed using alpha- or beta-diversity
measures. Two studies consistently identified two taxa that differed in
their relative abundance between MS cases and controls: lower
Faecalibacterium and higher Streptococcus in MS cases relative to con-
trols (Forbes et al., 2018; Zeng et al., 2019). The former observation
concurs with a finding from a study in our systematic review, the latter
represents a ‘new’ observation.
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Appendix 1. Information retrieved and extracted from each included study

1. Publication information: name of author(s) and year of publication,

2. Study information: study design, geographic location of recruits (e.g., National Center of Neurology and Psychiatry Hospital, Tokyo, Japan), MS diagnosis criteria (e.g., McDonald

criteria), and eligibility criteria, and enrolment period.

3. Case-control demographics and characteristics close to the time of microbiota sample collection: age, sex, race/ethnicity, MS disease course (e.g., relapsing-remitting onset MS or primary
progressive), case or control status, MS disease duration, disability level (e.g., the Expanded Disability Status Scale (EDSS) score), lifestyle factors, as available (e.g., BMI, diet-
related metrics). Medication use, including drugs used to treat MS, e.g., the immunomodulatory drug (IMDs), captured as therapeutic class or generic name (e.g., interferon-beta,
glatiramer acetate) and IMD treatment status [treated/untreated/naive (as defined by the study authors)]. Systemic corticosteroid around the time of sample collection (yes, no).

Other medication use, including antibiotics.

4. Microbiota sampling and quantification information: body site sampled (e.g., stool, mucosa biopsy of small intestines, etc.), number of samples collected, number of samples excluded,
DNA isolation kit, microbiota quantification instrument, sequence molecule/ region, primer sequence, method of generating OTUs (‘Operational Taxonomic Units’; species-like

taxonomy), and OTU statistical normalization method.

5. Microbiota analysis results: Total OTUs, differential abundance statistical method, taxa-level [phylum, genus, species (or individual OTUs)] differences between cases and control,
number OTUs differentially abundant before and after multiple-testing adjustment, potential confounding factors considered in the study design and/or adjusted statistically in
the analyses, diversity metric(s) considered, diversity comparisons between groups, e.g., MS vs. controls, and when available, untreated MS vs controls and treated MS vs

untreated MS.
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Self reported use of vitamin D supplements is
associated with higher physical quality of life
scores in multiple sclerosis

Steve Simpson-Yap', Pia Jelinek?, Tracey Weiland?3, Nupur Nag?, Sandra Neate?, George
Jelinek3

Abstract

Background: Sun exposure and vitamin D, including intake and serum levels, have been
associated with reduced risk of MS onset and less progression and may affect quality of
life (QoL). We investigated the prospective relationship of these factors with QoL from
baseline to 2.5 years' follow-up, in an international cohort of people with MS.

Methods: Data derive from the HOLISM international cohort. Sun exposure and vitamin
D supplement use were queried at both timepoints. QoL was assessed by MSQOL-54,
estimating physical and mental health QoL composite scores. Characteristics of QoL
were assessed by linear regression, adjusted for age, sex, socioeconomic status, treated
comorbidity number, MS type, disability, clinically significant fatigue, prescription
antidepressant medication use, and ongoing relapse symptoms, and baseline QoL score,
as appropriate, estimating adjusted coefficients (ap).

Results: At 2.5-year review, QoL scores were higher among those reporting taking
vitamin D supplements (physical: af=3.58, 95%Cl=1.35-5.80; mental: af=3.08,
95%Cl=0.72-5.44), particularly average daily dose over 5,0001U/d. Baseline-reported
vitamin D supplementation was associated with greater increase in physical (af=1.02,
95%Cl=0.22-1.81), but not mental QoL (af=0.11, 95%ClI=-1.00-1.23). Sun exposure was
cross-sectionally associated with higher QoL scores at follow-up but was not associated
with change in QolL.

Conclusions: Self-reported vitamin D supplement use was cross-sectionally associated
with higher physical and mental QoL, but prospectively only with increased physical
QolL.
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Efficacy of Diet on Fatigue and
Quality of Life in Multiple Sclerosis: A
Systematic Review and Network
Meta-analysis of Randomized Trials

Linda Snetselaar !, Joshua J Cheek 2, Sara Shuger Fox 2, Heather S Healy 3, Marin L
Schweizer 4, Wei Bao >, John Kamholz®, Tyler J Titcomb ’8

Abstract

Background: Emerging evidence suggests a role for diet in multiple sclerosis (MS) care;
however, due to methodological issues and heterogeneity of dietary interventions in
preliminary trials, the current state of evidence does not support dietary
recommendations for MS.

Objective: To assess the efficacy of different dietary approaches on MS-related fatigue
and quality of life (QoL) through a systematic review of the literature and network meta-
analysis (NMA).

Methods: Electronic database searches were performed in May 2021. Inclusion criteria
were: 1) randomized trial with a dietary intervention; 2) adults with definitive MS based
on McDonald criteria; 3) patient-reported outcomes for fatigue and/or QoL; and 4)
minimum intervention period of 4 weeks. For each outcome, standardized mean
differences (SMDs) were calculated and included in random effects NMA to determine
the pooled effect of each dietary intervention relative to each of the other dietary
interventions. The protocol was registered at PROSPERO (CRD420212626438).

Results: Twelve trials comparing 8 dietary interventions (low-fat, Mediterranean,
ketogenic, anti-inflammatory, Paleolithic, fasting, calorie restriction, and control [usual
diet]), enrolling 608 participants, were included in the primary analysis. The Paleolithic
(SMD: -1.27; 95% Cl: -1.81, -0.74), low-fat (SMD: -0.90; 95% Cl: -1.39, -0.42), and
Mediterranean (SMD: -0.89; 95% ClI: -1.15, -0.64) diets showed greater reductions in
fatigue compared to control. The Paleolithic (SMD: 1.01; 95% Cl 0.40, 1.63) and
Mediterranean (SMD: 0.47; 95% Cl 0.08, 0.86) diets showed greater improvements in
physical QoL compared to control. For improving mental QolL, the Paleolithic (SMD: 0.81;
95% CI 0.26, 1.37) and Mediterranean (SMD: 0.36; 95% CI 0.06, 0.65) diets were more
effective compared to control. However, the NutriGRADE credibility of evidence for all
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direct comparisons is very low due to most of the included trials having high or
moderate risk of bias, small sample sizes, and the limited number of studies included in
this NMA.

Discussion: Several dietary interventions may reduce MS-related fatigue and improve
physical and mental QoL; however, due to the limitations of this NMA, which are driven
by the low quality of the included trials, these findings must be confirmed in high
quality, randomized, controlled trials.
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Impact of the Swank and Wahls elimination
dietary interventions on fatigue and quality of life
in relapsing-remitting multiple sclerosis: The
WAVES randomized parallel-arm clinical trial

Terry L Wahls*, Tyler J Titcomb* (®, Babita Bisht, Patrick Ten Eyck, Linda M Rubenstein,
Lucas J Carr, Warren G Darling, Karin F Hoth, John Kamholz and Linda G Snetselaar

Abstract

Objective: To compare the effect of the modified Paleolithic elimination (Wahls) and low-saturated fat
(Swank) diets in relapsing-remitting MS (RRMS).

Methods: Individuals (n =87) with RRMS were randomized to the Swank or Wahls diets in a parallel
group clinical trial consisting of four timepoints: 1) run-in, 2) baseline, 3) 12-weeks, and 4) 24-weeks.
Results: 77 participants completed 12 weeks and 72 completed 24 weeks. The 12-week change from
baseline in fatigue was -0.94 +0.18 (FSS) and -9.87 4+ 1.93 (MFIS; both p < 0.0001) for Swank, and
-0.71 +0.24 (FSS; p=0.004) and -14.41 4+ 2.22 (MFIS; p < 0.0001) for Wahls. Physical MSQoL scores
improved by 6.04 £2.18 (p=0.006) for Swank and by 14.5+£2.63 (p <0.0001) for Wahls. Mental
MSQoL scores improved by 11.3 £at 2.79 (p < 0.0001) for Wahls while the Swank did not change
(3.85+£2.63; p=0.14). Neither group showed significant changes in 6-minute walking distance at
12 weeks. All outcomes were maintained or further improved at 24 weeks.

Conclusions: Both diets were associated with clinically meaningful within-group reductions in fatigue
and improvements in QoL.

Trial Registration: Clinicaltrials.gov Identifier: NCT02914964

Keywords: Multiple sclerosis, fatigue, quality of life, 6-minute walk test, low-saturated fat diet, paleo-
lithic diet

Date received: 30 May 2021; accepted: 8 July 2021

Introduction

Multiple sclerosis (MS) is a chronic immune-
mediated neuroinflammatory condition that affects
nearly one million people in the United States.'
Fatigue is one of the most common and debilitating
symptoms,” and is associated with increased disabil-
ity and reduced quality of life (QoL).?
Pharmacological treatment options for MS-related
fatigue have limited efficacy®; thus, many individu-
als with MS seek non-pharmacologic therapies to
reduce their fatigue burden.

Despite a lack of consistent evidence for any specific
therapeutic diet for MS,” surveys observe that half of
individuals with MS report implementing dietary

modifications.®” Due to the lack of evidence dem-
onstrating diet intervention-related reduced disease
activity’ and the limited role of the neurologist in
providing dietary recommendations,® people newly
diagnosed with MS receive little dietary advice’
which forces this information to be sought from
internet sources that are often not evidence-
based.'” Two dietary approaches with supporting
preliminary evidence are the low-saturated fat diet
developed by Dr. Swank and the modified
Paleolithic diet developed by Dr. Wahls.’

Based on epidemiological evidence that regions with
higher saturated fat intake experience higher inci-
dences of MS,'" Swank began recommending his
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patients consume a low saturated fat diet,'* and fol-
lowed them for up to 50years.'> His studies
observed that patients who consumed the least
amount of saturated fat were less likely to have exac-
erbations, more likely to continue to ambulate, and
had reduced risk of mortality.'*'* In recent years,
randomized controlled trials using plant-based and
omega-3 supplemented low-fat diets have demon-
strated favorable outcomes on fatigue and QoL
among individuals with RRMS.'®!7

Wahls believed that a Paleolithic-based diet that
eliminated specific dietary antigens (gluten, casein,
and lectins) and maximized micronutrient density
could optimize health and prevent disease progres-
sion. In a single-arm study using this dietary
approach as part of a multimodal intervention,
improvements in fatigue, QoL, and gait, were
observed in half of a cohort with progressive
MS."#! Due to the multimodal intervention in that
study it was not possible to determine the effect
attributable to the diet; however, two small follow-
up randomized, controlled trials comparing the mod-
ified Paleolithic diet to usual diet demonstrated
favorable outcomes for fatigue and QoL among indi-
viduals with progressive or RRMS.?%%!

Both the low-saturated fat and modified Paleolithic
diets are popular among individuals with MS®; how-
ever, due to a lack of data from high-quality random-
ized controlled trials, it is not possible for either of
these diets to be recommended in clinical practice.
The objective of this study was to assess and com-
pare the effect of the Swank and Wahls diets on
perceived fatigue and QoL in individuals with
RRMS.

Participants and methods

Study design and participants

This 36-week, randomized, parallel-group, single-
blinded trial was conducted at the University of
Iowa Prevention Intervention Center, with partici-
pant recruitment taking place from August 2016 to
May 2019 and follow-up from February 2017 to
January 2020. The trial protocol®* was approved
by the University of lowa Institutional Review
Board. Written and informed consent was obtained
from all participants, and data safety and manage-
ment of the trial was monitored by a National
Multiple Sclerosis Society (NMSS) data safety mon-
itoring board. This trial followed the Consolidated
Standards of Reporting Trials (CONSORT) report-
ing guidelines.?

Participants were recruited from within a 500-mile
radius of lowa City, lowa. The research team worked
with local NMSS support groups, regional MS cen-
ters, the North American Research Committee on
Multiple  Sclerosis, the University of Iowa
Hospitals & Clinics Department of Neurology, the
Iowa City VA Health Care System neurology clinic,
the Swank Foundation, terrywahls.com, and other
organizations to recruit study participants.

Participants aged 18-70years were eligible for
enrollment if they had: 1) neurologist-confirmed
RRMS based on the 2010 McDonald criteria,** 2)
moderate to severe fatigue (FSS > 4.0), 3) an ability
to walk 25 feet with unilateral or no support, 4) were
not pregnant or planning on becoming pregnant, and
5) were willing to comply with all aspects of the
study intervention and assessments. Major exclusion
criteria included: 1) MS-relapse or change in disease
modifying drug use within the previous 12 weeks, 2)
change in medication to manage MS symptoms, 3)
low body weight (BMI< 19kg/m?), 4) severe
mental impairment, 5) self-reported adverse reac-
tions to gluten-containing foods, 6) diagnosed con-
ditions including eating disorders, severe psychiatric
disorders, celiac disease, kidney stones, heart failure,
angina, or liver cirrhosis, and 7) insulin, warfarin,
radiation, or chemotherapy use. An exhaustive list
of inclusion and exclusion criteria can be found in
Supplemental Table 1 or the published protocol.*?
The study consisted of four study visits for data col-
lection: 1) run-in, 2) baseline, 3) 12-weeks, and 4)
24-weeks. Eligible participants were enrolled in a
12-week run-in phase for observation prior to treat-
ment randomization at baseline. Participants who did
not complete all study procedures during the run-in
phase were excluded from the study.

Randomization and masking

Eligible participants were randomized 1:1 to follow
either the modified Paleolithic elimination (Wahls)
or low-saturated fat (Swank) diet at baseline. Two
randomization tables were used to achieve similar
mean FSS values at baseline—one for moderate per-
ceived fatigue (FSS > 4 and < 5.5) and the other for
high perceived fatigue (FSS > 5.5). Password-
protected randomization tables were accessible
only by the intervention registered dietitians (RDs).
Study participants, intervention RDs, and the statis-
tician overseeing randomization and data manage-
ment were not masked to treatment randomization.
The study principal investigator, co-investigators,
study coordinator, data analysis statistician, and out-
come assessors were masked to treatment
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randomization. All analyses were performed by the
masked statistician (PTE) with groups coded “X”
and “Y” and then decoded by the unmasked statis-
tician (LMR).

Procedures

Following a 12-week run-in period for observation
of usual diet and stability of pre-intervention out-
comes, participants were randomized to either the
Wahls or the Swank diets for 24 weeks. During the
first 12weeks post-randomization, participants
received two in-person and five telephone-based
nutrition counseling sessions from an intervention
RD. Participants also received personalized emails
with feedback on their diet checklists every 4 weeks.
At week 12 of the intervention period, in-person and
telephone counseling sessions were discontinued,
but participants were allowed to contact the inter-
vention RD at any time for additional support.

Intervention diets

The Swank diet restricts saturated fat to < 15¢g per
day and provides 20-50 g (4-10 teaspoons) unsatu-
rated fat per day and four servings each of grains,
whole preferred, and fruits and vegetables (FV;
Supplemental Table 2). The Wahls diet recommends
6-9 servings of FV and provides 6-12 ounces meat
per day according to gender. It excludes all grain,
legumes, eggs, and dairy (except for clarified butter
or ghee). Nightshade vegetables were also excluded
in the Wahls group during the first 12-week period
from baseline and then the intervention RDs provid-
ed guidance to reintroduce nightshades during the
second 12-week period on the diet. A review of
the published research and potential mechanisms of
both diets can be found elsewhere.” Participants in
both groups were instructed to follow their assigned
diet ad libitum and were given the following daily
supplement regimen: 1 teaspoon cod liver oil,
1,000 pg methyl-B;,, 1,000 pg methylfolate, a mul-
tivitamin without iron, and 5,000 IU vitamin D5, the
latter of which was adjusted based on serum levels
with a target range of 40 to 80 ng/mL.*

Outcomes

The primary endpoint of the trial was the change in
perceived fatigue from baseline to 12 weeks as
assessed by the Fatigue Severity Scale (FSS).
Secondary endpoints included perceived fatigue
assessed by the Modified Fatigue Impact Scale
(MFIS), mental and physical QoL assessed by the
Multiple Sclerosis Quality of Life-54 (MSQoL-54),
and the 6-minute walk test (6MWT) and an addition-
al 12-week follow-up period. Clinically meaningful
changes were defined as 0.45 for FSS,*° 4.0 for

MFIS,*® 5.0 points for both mental and physical
MSQoL-54,7 and 6% change for 6MWT.*®
Adherence to diet specific food components (i.e.,
grams of gluten for the Wahls group and grams of
saturated fat for the Swank group) was monitored
using three-day weighed food records collected on
three consecutive days including one weekend day
in the week prior to each study visit and were ana-
lyzed at the University of Minnesota Nutrition
Coordinating Center using Nutrition Data System
for Research software.

Statistical analysis

The trial was powered to detect a group mean dif-
ference of 0.74+0.9 for FSS within and between
groups. With two-sided significance set at oo =10.05
and power of 85%, we determined the required
sample size to be 34 participants per group.
Assuming 25% attrition based on our previous expe-
rience, we aimed to recruit 43 participants per group.

Descriptive statistics were calculated for every var-
iable at enrollment using frequencies, means =+ stan-
dard error (SE), and medians (interquartile range).
Outliers were checked for accuracy and possible
data entry errors. Distributions of continuous varia-
bles were evaluated for normality by graphical
observation. Generalized linear mixed models®
were used to test the interacting effects of diet and
time on outcome measures while accounting for
repeated measures for each participant. Other poten-
tially important variables (age, sex, BMI, smoking
status, alcohol consumption, walking assistance,
years since MS diagnosis, disease modifying drug
use, baseline vitamin D, baseline six-minute walk
distance) were considered for inclusion in each
model to assess their relationship with the outcome
and whether they modified the estimates for the diet
and time interaction. For each outcome, the model
with the smallest Akaike information criterion
(AIC)*° was deemed to have the optimal predictor
set. Point estimates, 95% confidence intervals, and
p-values of the group mean changes in outcome
measures over visits were generated for each optimal
model. For primary data analysis, data from all par-
ticipants completing 12- and 24-week assessments
were included in an intention-to-treat analysis. A
secondary per-protocol analysis was used to examine
the participants who successfully met study compli-
ance requirements for their assigned diet interven-
tion. Participants were included in the per-protocol
analysis if weighed food records indicated that they
consumed within 20% of recommendations for key
diet components (< 0.2 grams of gluten or < 18
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grams of saturated fat for the Wahls or Swank diets,
respectively) on a minimum of two of three food
records at 12 weeks. All analyses were conducted
with two-sided tests (o=0.05) using SAS software
(version 9.4, SAS Institute, Inc.).

Results

A total of 95 participants enrolled in the 12-week
run-in period, of whom 8 were excluded for not pro-
viding complete study logs during the run-in period
(Figure 1). Of the remaining 87 randomized partic-
ipants, 43 were randomized to the Wahls diet and 44
to the Swank diet. There were no significant group
differences at baseline (Table 1) and baseline out-
come values were largely stable compared to run-in
values (Table 2). A total of 77 participants (39
Wahls and 38 Swank) completed the primary end-
point at 12 weeks and 72 (35 Wabhls and 37 Swank)

adverse events were reported. Diet adherence was
high for both groups. At 12 weeks, 86.8% (33 of
38) of the Swank group and 79.5% (31 of 39) of
the Wahls group participants were considered adher-
ent to the respective study diets and were included in
the secondary per-protocol analysis. At 24 weeks,
diet adherence was 81.1% (30 of 37) for the
Swank group and 74.3% (26 of 35) for the Wahls

group.

Significant mean reductions from baseline were
observed in the primary outcome of FSS at both
12 and 24 weeks for the Swank (-0.944+0.18 and
-1.01 £0.24, respectively; p < 0.0001 for both)
and Wahls (-0.71£0.24 and -1.3140.29, respec-
tively; p < 0.004 for both) groups, which exceeded
the clinically meaningful threshold, defined as 0.45
FSS points,*® at all time points (Figure 2(a)). There
were no differences in the magnitude of 12- and 24-

completed follow-up at 24 weeks. No serious week FSS changes between groups. In addition, both
Screend
N =2348
Ineligible (n = 1637)*
Out of recruitment area (n = 555)
Adverse reaction to gluten (n = 362)
. . No RRMS diagnosis (n = 259)
]slig;lille Unable to walk 25 feet (n = 182)
_ Conflicting other diagnosis (n = 181)
Excluded (n = 616)* Participating in other research (n = 109)
No response to follow-up (n = 388) Unwilling to foﬂllow study diets (n = 83)
Unable to follow study protocol (n = 154) BMI <19 kg/m” (n=71)
Declined participation, no reason (n = 89) Age <18 or >70 (n=23)
Unexpected life event (n = 16) Run-in
Personal physician refusal (n = 2) Usual diet
n=95
Excluded (n = 8)
Incomplete study logs (n = 8)
Baseline
Randomized
Wahls n=87 Swank
n=43 n=44
Dropped out (n = 4) Dropped out (n = 6)
Family issues (n = 2) Family issues (n=2)
| Non-MS illness (n=1) Lost to follow-up (n = 2)
Schedule (n=1) Gl issues (n=1)
Schedule (n = 1)
Wahls 12-weeks Swank
n=39 Primary endpoint n=38
Dropped out (n = 4) Dropped out (n = 1)
——  Lost to follow-up (n = 3) Family illness (n=1) —
Non-MS illness (n = 1)
Wahls 24-weeks Swank
n=35 Follow-up n=37

Figure 1. CONSORT diagram of study recruitment and participant flow. Reasons for ineligibility or exclusion may not
add up to value of ineligible or excluded because some participants were found ineligible or were excluded for multiple

reasons.
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Table 1. Baseline characteristics of participants who completed a 12-week intervention of the Swank or
Wahls diets.?

groups had significant reductions in MFIS, the 12-
and 24-week mean differences for the Swank group
were -9.87 £ 1.93 and -10.5 £ 2.46, respectively (p
< 0.0001 for both) and for the Wahls group were
-14.44+2.22 and -19.1 £2.66, respectively (p <
0.0001 for both), which exceeded the clinically
meaningful threshold, defined as 4.0 MFIS
points,®® at all time points (Figure 2(b)). The
Wahls group experienced a 24-week MFIS mean
reduction that was significantly greater than the
Swank group (p =0.02).

Significant improvements occurred in both the
mental and physical MSQoL-54 subscales for each
group. Among the Swank group, the 12-week mental

MSQoL-54 mean difference (3.85 +2.63; p=0.14)
did not achieve clinical significance defined as 5.0
MSQoL points,?” though the 24-week difference
(5.87£2.65; p=0.03) did achieve clinical signifi-
cance (Figure 2(c)). The Wahls group had a clinical-
ly meaningful mean difference in mental MSQoL-54
scores at both 12 and 24 weeks (11.3+2.79 and
14.0£3.15, respectively; p < 0.0001 for both),
which were significantly greater than the 12- and
24-week differences experienced by the Swank
group (both time periods p = 0.05). The 12- and
24-week mean differences in physical MSQoL-54
scores were clinically meaningful for both the
Swank (6.04£2.18 and 9.25+2.12, respectively;
p < 0.006 for both) and the Wahls (14.5+2.63
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Table 2. Fatigue and QoL values among participants with RRMS assigned to the Swank or Wahls dietary
interventions.”

and 17.24 +2.84, respectively; p < 0.0001 for both)
groups, which exceeded clinically meaningful
threshold at all time points (Figure 2(d)). The
Wahls group had 12- and 24-week physical
MSQoL-54 mean improvements that were signifi-
cantly greater than those experienced by the Swank
group (both time periods p < 0.05).

Neither group experienced significant improvements
in distance walked during the 6MWT at 12 weeks
(Table 2). The 12-week mean differences were
3.7+£5.5 meters for the Swank group (p=0.50)
and 93+7.8 meters for the Wahls group
(p=0.23). By 24 weeks, the mean difference from
baseline for the Swank group did not change (10.0 £
6.7 meters; p=0.13), whereas the Wahls group
walked 36.6 + 13.5 meters further compared to base-
line distance (p=0.007) and achieved clinical sig-
nificance defined as 6% change®® (Figure 2(e)).
After removal of non-adherent participants in the
secondary per-protocol analysis, the 24-week mean
difference within each group was significant at
18.6 £5.7 meters for the Swank group (p=10.001)

and 39.9+16.3 meters for the Wahls group
(p=0.02; Supplemental Figure 1).

Significant within-group 12- and 24-week mean
improvements were observed in all outcomes
assessed for the Wahls group and nearly all out-
comes for the Swank group (Table 2). In the primary
analysis, 47.4% (mental) and 50.0% (physical) of
participants in the Swank group experienced clini-
cally meaningful improvements in QoL while
68.4% (mental) and 60.5% (physical) of partici-
pants in the Wahls group experienced clinically
meaningful improvements in QoL (p>0.05 for
both; Table 3). However, after removal of non-
adherent participants in the secondary per-protocol
analysis, the percentage of participants at 12 weeks
who achieved clinically meaningful improvements
in the mental MSQoL-54 subscale was higher in
the Wahls group (74.2%) compared to the Swank
group (45.5%; p=0.02). In addition, in the primary
analysis the proportion of participants at 12 weeks in
the Swank group that experienced clinically mean-
ingful reductions in fatigue was 59.5% (FSS) and
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Figure 2. Change from baseline for (A) Fatigue Severity Scale (FSS), (B) total Modified Fatigue Impact Scale (MFIS),
(C) Multiple Sclerosis Quality of Life-54 (MSQoL-54) mental, (D) MSQoL-54 physical, and (E) 6-minute walk test
among study participants with RRMS randomized to either the Swank diet (grey bars) or the Wahls elimination diet
(black bars) for 24 weeks. The dashed lines represent thresholds of clinically meaningful changes. Statistical significance

determined by generalized linear mixed models, statistical significance is represented by *

¥k —=p < 0.001.

73.7% (MFIS) compared to 56.8% (FSS) and
76.3% (MFIS) of participants in the Wahls group
(p>0.05 for both). No individuals in the Swank
group and 5.4% of individuals in the Wahls group
achieved clinically meaningful improvements in the
6MWT at 12 weeks (p=0.49). For all outcomes, the
proportion of participants that experienced clinically
meaningful improvements was lower at 24 weeks
compared to respective values at 12 weeks.
Additional results of the secondary per-protocol
analysis can be found in Supplemental Table 3.

Discussion

The findings from this trial confirm those of prelim-
inary trials that the Wahls and Swank diets are asso-
ciated with significant reductions in fatigue and
improvements in QoL among RRMS participants.

=p < 0.05, **=p < 0.01,

In both diet groups, between 1/2 to 3/4 of partici-
pants reported clinically meaningful reductions in
fatigue, depending on the scale used, at 12 weeks
and were maintained by most individuals at
24 weeks despite receiving no active RD support in
the final 12 weeks. In the Wahls group, the 12-week
change in FSS scores (-0.71 + 0.24) is approximate-
ly half the magnitude compared to findings from the
12-week preliminary trial’’; however, the 24-week
change in FSS scores in this study (-1.31 £0.29) is
similar to the preliminary findings. Similarly, the 12-
and 24-week FSS differences among the Swank
group (-0.94+£0.18 and -1.01 4 0.24, respectively)
confirm the three- and six-month changes observed
in the plant-based low-fat diet preliminary trial.'”
Furthermore, FSS changes in both groups are similar
to those observed in pharmacological interventions
for MS-related fatigue,® suggesting significant
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Table 3. Percent (95% CI) of participants with clinically meaningful improvements in fatigue and MSQoL scores at 12 and 24
weeks compared to baseline.

benefit of these two dietary interventions for MS-
related fatigue.

Given fatigue is inversely associated with QoL
among individuals with MS,* it is not surprising
that significant improvements in QoL were also
observed in this study. The 12-week change in
mean values from baseline in both mental and phys-
ical MSQoL-54 scores among the Wahls group
(11.3+£2.79 and 14.5 +2.63, respectively) confirm
preliminary findings.?® The Swank group experi-
enced greater improvement in the physical compared
to the mental MSQoL-54 subscale, which corre-
sponds well to preliminary findings.'®'” These find-
ings demonstrate that adoption of the Swank or
Wahls diets is associated with reduced fatigue and
improved QoL for up to 24 weeks.

High diet adherence was observed in both groups at
12 and 24 weeks, demonstrating that these dietary
approaches can be adopted with RD support and
then maintained without support. The mechanism
by which diet affects MS-related fatigue and QoL
is not known; however, results from preliminary
trials suggest that modulation of inflammation or
oxidative stress is likely.'”° In addition, two trials
show that dietary modification improves the mass
and diversity of the gut microbiota in people with
MS.*!*? Evidence suggests that people with MS

have reduced mass and diversity of their gut micro-
biota compared to healthy controls,®>' which likely
promotes inflammation.*® There are currently no
studies investigating changes in inflammatory pro-
files or gut microbiota following adoption of the
Swank or Wahls diets; however, both diets are rich
in fiber and plant-derived phytochemicals that are
known to be beneficial to the gut microbiota®* and
modulate neuroinflammation.>”

Due to the significant and consistent improvements
observed in both groups in this study, it is important
to consider how these two diets are similar rather
than how they differ. Both diets include recommen-
dations for high intake of fruits, vegetables, and
unsaturated fats and for limited intake of highly
processed foods. These recommendations are consis-
tent with diet quality indexes that are associated with
reduced symptom burden in observational studies.*®

The consistency of run-in and baseline values, sim-
ilar conclusions from the primary and secondary
analyses, and the use of a blinded statistician are
strengths of this study. This study is limited by the
short duration of the intervention, the use of
participant-reported data for primary and secondary
outcomes, lack of racial/ethnic diversity in the study
participants, the lack of a usual diet comparison
group, and that dietary adherence was not evaluated
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with a biomarker. Due to these limitations and the
wide range of exclusion criteria for this study, the
generalizability of the observed findings is limited to
fatigued individuals with RRMS.

The observation that both dietary approaches in this
study are associated with significant reductions in
fatigue and improvements in QoL greatly benefits
the MS community in that it allows for patient pref-
erence for either diet and suggests that the benefits
of dietary approaches are due to underlying mecha-
nisms rather than unique characteristics of specific
diets. This study was unable to show significant
improvements in the 6-minute walk test at 12-
weeks; however, the Wahls group in the primary
analysis and both groups in the secondary analysis
showed significant increases in meters walked
during the 6MWT at 24-weeks. It is possible that
walking endurance takes longer to develop than
participant-reported outcomes such as fatigue and
QoL with dietary interventions. The results from
this study provide justification for future randomized
controlled trials with larger sample sizes and longer
duration to evaluate changes in brain MRI-evaluated
disease activity and exploration of underlying mech-
anisms by which diet may affect the MS
disease course.
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BACKGROUND: Vitamin D is an important regulator of calcium. Mendelian randomization (MR) studies exclusively focused on the
circulating total 25-hydroxyvitamin D (25(0OH)D) as a biomarker of vitamin D status, and have found the causal association between
25(0OH)D and the risk of multiple sclerosis (MS). However, it currently remains unclear about the causal association of the 25(0H)D
subtypes including 25(0OH)D3 and C3-epi-25(0OH)D3, as well as calcium with the risk of MS.

METHODS: We performed a two-sample MR study to evaluate the causal association of circulating total 25(0OH)D, 25(0H)D3, C3-epi-
25(0OH)D3, and calcium with the risk of MS using large-scale genome-wide association studies (GWAS) datasets from total 25(0OH)D
(n=417,580), 25(0OH)D3 (n = 40,562), C3-epi-25(0H)D3 (n = 40,562), calcium (n = 305,349), and MS (14,802 MS and 26,703 controls).
We selected five MR methods including inverse-variance weighted (IVW), simple median, weighted median, MR-Egger, MR-PRESSO
(Mendelian Randomization Pleiotropy Residual Sum and Outlier), and contamination mixture method.

RESULTS: IVW showed that the genetically increased circulating 25(0OH)D level (OR =0.81, 95% Cl: 0.70-0.94, P = 4.00E-03),
circulating 25(0OH)D3 level (OR = 0.85, 95% Cl: 0.76—0.95, P = 5.00E-03), and circulating C3-epi-25(0H)D3 level (OR = 0.85, 95% Cl:
0.74-0.98, P = 2.30E-02) were causally associated with reduced risk of MS. However, IVW showed no causal association between
circulating calcium level and the risk of MS with OR = 2.85, 95% Cl: 0.42-19.53, P = 2.85E-01.

CONCLUSIONS: Our current findings together with evidence from other MR studies support the use of vitamin D but not calcium

supplementation for the prevention of MS.

European Journal of Clinical Nutrition; https://doi.org/10.1038/s41430-023-01260-4

INTRODUCTION

Multiple sclerosis (MS) is a neuroinflammatory and neurode-
generative disease in the central nervous system [1]. Vitamin D
deficiency is a candidate risk factor for kinds of adverse health
outcomes. Observational studies have showed that vitamin D
deficiency is associated with increased MS risk [2, 3], and high
circulating levels of vitamin D could reduce the risk of MS [4, 5].
Until recently, Mendelian randomization (MR) studies and
genetic risk scores (GRS) further supported the causal associa-
tion between circulating vitamin D levels and the risk of MS
[6-14]. Mokry and colleagues selected four genetic variants
(rs2282679, rs12785878, rs10741657 and rs6013897) as the
instrumental variables [7]. Rhead and colleagues selected three
genetic variants (rs2282679, rs2060793, and rs3829251) as
the instrumental variables [8]. Gianfrancesco and colleagues

constructed the GRS using 3 genetic variants including
rs2282679, rs2060793, and rs3829251 [9]. Jacobs and colleagues
conducted the MR analysis using 6 genetic variants including
rs10741657,rs12785878,rs17216707, rs3755967, rs7979805 and
rs8018720 [10]. Harroud and colleagues selected 88 indepen-
dent genetic variants in their MR study [11]. Wang and
colleagues selected 20 most effective and independent genetic
variants [13]. Vandebergh and colleagues selected 5, 6, 70, and
104 genetic variants from four circulating vitamin D GWAS
datasets [14]. Importantly, all these MR studies and GRS show
that genetically lowered circulating vitamin D level is causally
associated with increased risk of MS [6-14].

However, these studies evaluating the causal association
between circulating vitamin D levels and the risk of MS
exclusively focused on the total 25-hydroxyvitamin D (25(0OH)
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Assumption 2

Genetic variants are not associated with
either known or unknown confounders

Assumption 1
Genetic variants are associated
with the exposure

A A 4

Instrumental variable Exposures Outcomes
Genetic variants € 25(0OH)D Multiple sclerosis
. 4 25(0OH)D3 A

@ Calcium

@ C3-¢pi-25(0OH)D3

Assumption 3

Genetic variants influence risk of the multiple sclerosis
through the exposure, not through other pathways

Genetic variants

4 25(0OH)D (n=417.580)

€ 25(0OH)D3 (n=40,562)

@ C3-epi-25(OH)D3 (n=40,562)
@ Calcium (n=305,349)

Fig. 1

D) as a biomarker of vitamin D status [6-13]. In fact, the total
25(0OH)D is the combination of 25(0OH)D3, C3-epi-25(0OH)D3
(epimeric form of 25(0H)D3), and 25(0OH)D2 [15]. 25(0OH)D3 is
the major component of total 25(OH)D [15]. The European
Prospective Investigation into Cancer and Nutrition (EPIC)-
InterAct case-cohort study identified the mean concentrations
(SD) of total 25(0OH)D, 25(0OH)D3, C3-epi-25(0OH)D3, and 25(0H)
D2 to be 41.1 (17.2), 40.7 (17.3), 2.13 (1.31), and 8.16 (6.52)
nmol/L, respectively [15]. Until now, it remains unclear about
the causal association of circulating 25(OH)D3 or C3-epi-25(0OH)
D3 with the risk of MS.

Meanwhile, vitamin D is an important regulator of serum
calcium, and work together with serum calcium in many
biological processes [16, 17]. It is recommended that the daily
calcium intake is 1000 to 1200 mg [18]. However, diet calcium
intake could not achieve this amount. Hence, vitamin and
mineral supplements have a large worldwide market, especially
in North America and Europe [19]. Evidence shows that calcium
supplements are very common in 43% of people (about 70%
of older women) in the United States [18, 19]. A population-
based cohort study in 475,255 UK Biobank participants (median
age 58 years, 55.8% women) indicated that 33,437 (7.04%)
participants reported taking calcium supplements; 19,089
(4.02%) vitamin D; and 10,007 (2.11%) both [20]. Importantly,
MR study indicated that high genetically determined lifelong
circulating 25(0OH)D levels were associated with higher calcium
levels [21]. However, it currently remains unclear about the
causal association between circulating calcium level and the
risk of MS.

Until now, large-scale genome-wide association studies (GWAS)
have been conducted to identify novel genetic variant associated
with circulating total 25(OH)D [22], 25(0OH)D3 [23], C3-epi-25(0OH)
D3 [23], calcium [24], and MS [25]. Therefore, the publicly available
GWAS datasets provide strong support to determine the causal
association of circulating vitamin D metabolites and calcium with
the risk of MS. Here, we performed a MR study to investigate the
causal association of circulating total 25(OH)D, 25(0OH)D3, C3-epi-
25(0OH)D3, and calcium with the risk of MS using multiple large-
scale GWAS datasets.
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GWAS datasets
Multiple sclerosis including 14,802 MS
cases and 26,703 controls

MR analysis

®IVW

@ Weighted median

& MR-Egger

4 MR-PRESSO

4 Contamination mixture

The flow chart about the MR study design. GWAS Genome-wide association studies, IVW Inverse-variance weighted.

METHODS

Study design

This study is based on large-scale GWAS summary datasets from
circulating total 25(0OH)D [22], 25(0OH)D3 [23], C3-epi-25(0OH)D3 [23],
calcium [24], and MS [25]. All participants have provided informed consent
in the original studies [22-25]. MR is based on three principal assumptions:
(1) genetic variants as the instrumental variables should be significantly
associated with the exposure (such as circulating calcium levels)
(assumption 1) [26]; (2) genetic variants should not be associated with
the confounders of an outcome (MS) (assumption 2) [26]; (3) genetic
variants should affect the risk of the outcome (MS) only through the
exposure (circulating calcium levels) (assumption 3) [26]. Both the
assumption 2 and 3 are defined as the independence from pleiotropy
[26]. We provide a flowchart about our MR study design, as described in
Fig. 1.

Circulating 25(0OH)D genetic variants

Revez and colleagues performed a large-scale GWAS in 417,580 European
UK Biobank participants, and identified 143 independent loci including 20
indels and 123 SNPs associated with total 25(0H)D at the genome-wide
significance threshold (P < 5.00E-08) [22]. Total 25(0H)D including 25(0OH)
D3 and 25(0OH)D2 was measured using chemiluminescence immunoassay
[22]. Revez and colleagues applied a rank-based inverse-normal transfor-
mation to the 25(0OH)D levels by adjusting for some key covariates
including age at time of assessment, sex, assessment month, assessment
centre, supplement-intake information, genotyping batch and the first 40
ancestry PCs [22]. The median, mean and interquartile range for 250HD
concentration are 47.9, 49.6, 33.5-63.2 nmol/L [22]. Here, we selected the
123 SNPs as the potential instrumental variables, and provided their
detailed information in Supplementary Table 1.

Circulating 25(0H)D3 and C3-epi-25(0H)D3 genetic variants

Zheng and colleagues conducted a meta-analysis of GWAS for 25(0H)D3
and C3-epi-25(0OH)D3 in 40,562 participants of European descent including
EPIC-InterAct study, EPIC-Norfolk study, EPIC-CVD study, Ely study, and the
SUNLIGHT consortium [23]. The 25(OH)D3 and C3-epi-25(0H)D3 metabo-
lites were measured using liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) [23]. Zheng and colleagues identified 7 genetic variants
associated with 25(OH)D3 and 3 genetic variants associated with C3-epi-
25(0OH)D3 at the genome-wide significance threshold (P < 5.00E-08) [23].
Zheng and colleagues calculated the standardised residuals of natural-log
transformed 25(0OH)D metabolites by adjusting for age, sex, BMI, season of
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Table 1. Sample information about the MS GWAS datasets in IMSGC discovery stage.

GWAS dataset Case # Control # % males
GeneMSA DU 219 221 39.09%
GeneMSA SW 239 190 29.84%
GeneMSA US 437 402 31.94%
IMSGC 790 1677 43.13%
BWH/MIGEN 821 2705 50.68%
ANZ 1582 1949 33.42%
Berkeley 544 513 18.53%
Rotterdam 459 1938 41.05%
UK 1851 5163 45.04%
CE 2226 2034 41.48%
Medi 940 1293 46.75%
Nordic 1960 2011 26.39%
uUs 1374 2373 42.19%
AUS 782 2084 46.23%
FINLAND 578 2150 44.46%
All 14802 26703

blood collection, and study centre [23]. Here, we selected these 7 and 3
genetic variants including 8 unique genetic variants as the potential
instrumental variables, and provided their detailed information in
Supplementary Table 2. Meanwhile, 7 of these 8 unique genetic variants
were also significantly associated with total 25(0OH)D as provided in
Supplementary Table 3, which indicated that these variants were not
specific for 25(0H)D metabolites.

Circulating calcium genetic variants

A large-scale GWAS using 305,349 individuals from the UK Biobank had
identified 208 independent variants including 32 insertion-deletion
mutations (indels), and 176 single nucleotide polymorphisms (SNPs)
associated with serum calcium levels at the genome-wide significance
threshold (P < 5.00E-08) [24]. These 208 variants could explain 5.8% of the
total variance of total serum calcium [24]. Here, we selected these 176
SNPs as the potential instrumental variables, and provided their detailed
information in Supplementary Table 4.

MS GWAS dataset

The MS GWAS dataset is from a large-scale meta-analysis of MS GWAS
datasets from the International Multiple Sclerosis Genetics Consortium
(IMSGQ) including 47,429 MS and 68,374 controls [25]. However, only the
MS GWAS dataset from the IMSGC discovery stage is publicly available [25].
In brief, IMSGC discovery stage consisted of 14,802 MS cases and 26,703
controls from 15 MS GWAS datasets including GeneMSA DU, GeneMSA SW,
GeneMSA US, IMSGC, BWH/MIGEN, ANZ, Berkeley, Rotterdam, UK, CE, Medi,
Nordic, US, AUS, and FINLAND [25]. More detailed information about the
MS GWAS dataset in IMSGC discovery stage is provided in Table 1.

Establishing the Wald estimator

For each genetic variant G; (j=1, ..., k), we assume that its beta coefficient
[3)(/- and standard error se(BXj) correspond to the associations of each
genetic variant with circulating total 25(OH)D, 25(0OH)D3, C3-epi-25(0H)D3,
and calcium. We then aligned the effect alleles of circulating total 25(OH)D,
25(0OH)D3, C3-epi-25(0H)D3, and calcium genetic variants in MS GWAS
dataset, and extracted the summary results including the odds ratios (ORs)
and the P values. We further translated the ORs and the P values to the beta
coefficients and their standard errors corresponding to the associations of
each genetic variant G; (j=1, ..., k) with MS (ﬁyj, and se(BYj)). For a given
genetic variant, the causal effect of circulating total 25(OH)D, 25(0H)D3, C3-
epi-25(0H)D3, and calcium on MS can be estimated by a Wald estimator

B Se(l}v/)z

éj& and its approximate variance v; —— [27].
ﬁx, ﬁX/
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Genotyping platform

HumanHap550

HumanHap550

HumanHap550

Affymetrix 500 K

Affy 6.0

lllumina Infinium Hap370CNVarray

Omni Express Exome

llumina 610 K

Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip
Cases: Human660-Quad chip; Controls: Human1.2M-Duo chip

MR analysis

We selected five methods to conduct the MR analysis including inverse-
variance weighted (IVW) [28], weighted median [28], MR-Egger [27], MR-
PRESSO (Mendelian Randomization Pleiotropy RESidual Sum and Outlier)
[29], and contamination mixture method [30]. IVW is a main and popular
MR approach, it assumes that there is no horizontal pleiotropy and all
genetic variants are valid instrumental variables, and then combines the
single Wald estimates into an overall estimate [28, 30]. MR-Egger could test
the directional pleiotropy using MR-Egger intercept test, and correct for
the presence of pleiotropy [27]. If the intercept is 0, MR-Egger is the same
as IVW [27]. Median-based methods consist of simple median and
weighted median [28]. The simple median assumes that at least 50% of
genetic variants are valid instrumental variables [28]. The weighted median
assumes that at least 50% of the weight is from the valid instrumental
variables [28, 31]. Importantly, both simple median and weighted median
provide a consistent estimate of causal effect [28]. MR-PRESSO consists of
three functions including (1) evaluating the horizontal pleiotropy (MR-
PRESSO global test); (2) correcting for the horizontal pleiotropy via outlier
removal (MR-PRESSO outlier test); (3) testing the significant distortion in
the causal estimates before and after outlier removal (MR-PRESSO
distortion test) [29]. Contamination mixture method is newly developed
method for MR analysis with hundreds of genetic variants [30]. It performs
MR robustly and efficiently even in the presence of invalid instrumental
variables [30].

The OR and 95% confidence interval (Cl) of MS corresponds to per unit
increase in rank-based inverse normal transformed 250HD levels, per unit
increase in natural-log transformed 25(0OH)D metabolites (25(0OH)D3 and
C3-epi-25(0H)D3), and per 1 standard deviation (SD) increase in calcium.
All the statistical tests were completed using three R Packages
‘MendelianRandomization’ and ‘MR-PRESSO’, respectively [29, 32]. The
threshold of statistically significant association is a Bonferroni corrected
significance P < 0.05/4 = 0.0125. The threshold of suggestive association is
P < 0.05.

Power analysis
The proportion of exposure variance (R?) explained by the instrumental
variables can be estimated as the following formula

) © B
R =2 Nl

Where B; is the effect size (beta coefficient) for SNP;, se (B;) is the standard
error for SNP;, K is the number of genetic variants, and N is the sample size
[33]. The strength of the instrumental variables was evaluated using the
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Table 2. MR results about the causal association of circulating vitamin D metabolites and calcium with the risk of MS.

Exposure Method OR 95% Cl P-value

Circulating 25(0OH)D Weighted median 0.84 0.71-1.00 5.10E-02
VW 0.81 0.70-0.94 4.00E-03
MR-Egger 0.82 0.67-0.99 4.30E-02
MR-PRESSO Raw 0.81 0.70-0.94 5.34E-03
MR-PRESSO Outlier-corrected 0.82 0.72-0.94 3.97E-03
Contamination mixture method 0.79 0.69-0.90 5.32E-04

Circulating 25(0OH)D3 Weighted median 0.86 0.76-0.97 1.80E-02
VW 0.85 0.76-0.95 5.00E-03
MR-Egger 0.93 0.77-1.14 4.85E-01
MR-PRESSO Raw 0.85 0.76-0.95 3.60E-02
Contamination mixture method 0.84 0.48-0.97 2.92E-02

Circulating C3-epi-25(0OH)D3 Weighted median 0.86 0.74-1.01 6.10E-02
VW 0.85 0.74-0.98 2.30E-02
MR-Egger 1.14 0.48-2.70 7.63E-01
Contamination mixture method 0.85 0.59-1.05 6.55E-02

Circulating calcium Weighted median 0.70 0.07-7.33 7.63E-01
\A% 2.85 0.42-19.53 2.85E-01
MR-Egger 1.31 0.04-45.42 8.81E-01
MR-PRESSO Raw 2.86 0.42-19.54 2.87E-01
MR-PRESSO Outlier-corrected 2.38 0.44-12.76 3.14E-01
Contamination mixture method 3.29 0.45-19.69 3.08E-01

OR Odds ratio, CI Confidence interval, VW Inverse-variance weighted meta-analysis, MR-PRESSO Mendelian Randomization Pleiotropy RESidual Sum and

Outlier.

first-stage F-statistic [34, 35].
_RA(N—-1-k)
T (1 -Rk

A common threshold is F > 10 to avoid bias in MR studies [36]. Using the
proportion of variance of the R? the total number of individuals in the
analysis, and the proportion of cases in the study, we calculated the
statistical power using the web-based tool mRnd, and a two-sided type-I
error rate 0.05 [37].

RESULTS

Causal association between circulating 25(OH)D and MS
Using 123 circulating 25(0OH)D genetic variants, we successfully
extracted their corresponding summary statistics in MS GWAS
dataset for 106 genetic variants. 17 genetic variants are not
available in MS GWAS dataset, most of which have the minor allele
frequency < 5%. Therefore, our MR analysis is based on these 106
genetic variants. For ambiguous palindromic variants (i.e., with
alleles either A/T or C/G), we selected their proxy variants using
HaploReg v4.1 based on linkage disequilibrium information from
1000 Genomes Project (CEU) with r* > = 0.8 [38]. IVW showed that
the genetically increased circulating 25(OH)D level was causally
associated with reduced risk of MS (OR = 0.81, 95% Cl: 0.70-0.94,
P=4.00E-03). Interestingly, weighted median, MR-Egger, MR-
PRESSO and contamination mixture method further supported
the causal association of circulating 25(0OH)D level with the risk of
MS, and had the consistent estimates with the IVW estimate in
terms of direction and magnitude, as provided in Table 2. MR-
Egger intercept test did not identify evidence of pleiotropy with
intercept =0, P=0.91. MR-PRESSO Global Test showed evidence
of pleiotropy with P = 1.00E-03, and MR-PRESSO Outlier-corrected
test still supported these above findings, as provided in Table 2.
The individual causal estimates about the causal association of

SPRINGER NATURE

circulating 25(0OH)D levels with the risk of MS using IVW method
are provided in Fig. 2.

Causal association between circulating 25(OH)D3 and MS

Of the selected 7 circulating 25(0OH)D3 genetic variants, 6 genetic
variants excluding rs116970203 are available in MS GWAS dataset.
rs116970203 is a rare genetic variant with minor allele frequency
2% [23]. For rs116970203, we identified its proxy variants
including rs117621176, rs117361591, rs117913124 using Hap-
loReg v4.1 linkage disequilibrium information from 1000 Genomes
Project (CEU) with r? > = 0.8 [38]. However, these proxies are not
available in MS GWAS dataset. Therefore, our MR analysis is based
on these 6 genetic variants. IVW showed that the genetically
increased circulating 25(0OH)D3 level was causally associated with
reduced risk of MS (OR =0.85, 95% Cl: 0.76-0.95, P = 5.00E-03).
Interestingly, weighted median, MR-PRESSO and contamination
mixture method further supported the causal association of
circulating 25(0OH)D3 level with the risk of MS, and had the
consistent estimates with the IVW estimate in terms of direction
and magnitude, as provided in Table 2. Meanwhile, we identified
no evidence of pleiotropy using MR-Egger intercept test (inter-
cept = —0.016, P = 0.247) and MR-PRESSO Global Test (P = 0.186).
The individual causal estimates about the causal association of
circulating 25(0OH)D3 levels with the risk of MS using IVW method
are provided in Fig. 3.

Causal association between circulating C3-epi-25(0OH)D3 and
Ms

Using 3 circulating C3-epi-25(0OH)D3 genetic variants, we extracted
their corresponding summary statistics in MS GWAS dataset. IVW
showed suggestive causal association between genetically
increased circulating C3-epi-25(0H)D3 level and reduced risk of
MS (OR=0.85, 95% Cl: 0.74-0.98, P = 2.30E-02). Meanwhile, the
estimates from weighted median and contamination mixture
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Fig.2 Individual estimates about the causal effect of circulating 25(OH)D on MS using IVW method. The x-axis shows the single nucleotide
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Individual estimates about the causal effect of circulating 25(0H)D3 on MS using IVW method. The x-axis shows the single

nucleotide polymorphism (SNP) effect, and standard error on circulating 25(0H)D3, and the y-axis shows the SNP effect, and standard error on

MS. IVW, Inverse-variance weighted.

method were consistent with the IVW estimate in terms of
direction and magnitude, although lack of significant association,
as provided in Table 2. MR-Egger intercept test indicated no
evidence of pleiotropy with intercept = —0.050, P = 0.501. Supple-
mentary Fig. 1 provides the individual estimates about the causal
effect of circulating C3-epi-25(0OH)D3 on MS using IVW method.
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Causal association between circulating calcium and MS

Of the 176 circulating calcium genetic variants, we extracted the
summary statistics for 149 common genetic variants in MS GWAS
dataset. IVW showed no causal association between circulating
calcium level and the risk of MS with OR=2.85, 95% ClI:
0.42-19.53, P = 2.85E-01. Meanwhile, weighted median, MR-Egger,
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Table 3. Power analysis for the causal association of circulating vitamin D metabolites and calcium with the risk of MS.

Exposure Sample Size Number of instrument R? F Detectable OR with 80% power
Circulating 25(0OH)D 417,580 106 4.85% 200.75 <=0.88

Circulating 25(0H)D3 40,562 6 3.75% 263.34 <=0.86

Circulating C3-epi-25(0H)D3 40,562 3 0.66% 89.82 <=0.69

Circulating calcium 305,349 149 4.42% 94.72 >=1.14

R? Proportion of exposure variance explained by the instrumental variables, F Strength of the instrumental variables was evaluated using the first-stage

F-statistic.

MR-PRESSO, and contamination mixture method suggested no
causal association of circulating calcium level with the risk of MS,
as provided in Table 2. MR-Egger intercept test indicated no
evidence of pleiotropy with intercept = 0.002, P=0.608. MR-
PRESSO Global Test showed evidence of pleiotropy with P < 5E-04.
However, MR-PRESSO Outlier-corrected test still reported negative
findings, as provided in Table 2. Supplementary Fig. 2 provides the
individual estimates about the causal effect of serum calcium on
MS using IVW method.

Power analysis

The selected genetic variants explain 4.85%, 3.75%, 0.66%, and
4.42% of the variance in circulating 25(0OH)D, 25(0OH)D3, C3-epi-
25(0OH)D3 and calcium, respectively. Meanwhile, these genetic
variants have strong strength as the instrumental variables with
F>=89.82. The sample size for the MS GWAS is 41505, and the
proportion of MS is 0.36. Using mRnd, our MR study had 80%
power to detect the risk of MS with OR<=0.88, <=0.86,
<=0.69, > =1.14 per SD increase in circulating 25(0H)D, 25(0OH)
D3, C3-epi-25(0OH)D3 and calcium, respectively. Table 3 provides
the detailed power analysis results.

DISCUSSION

Until now, the causal association between circulating vitamin D
level and the risk of MS has been well established [6-13].
However, these studies exclusively selected the circulating total
25(0OH)D as a biomarker of vitamin D status [6-13]. It currently
remains unclear about the causal association of the 25(OH)D
subtypes including 25(0OH)D3 and C3-epi-25(0OH)D3 with the risk
of MS. Here, we investigated the causal association of circulating
total 25(OH)D, 25(0OH)D3, and C3-epi-25(0OH)D3 with the risk of MS
using a MR design. We found significant or suggestive causal
association of the increased total 25(0OH)D, 25(0H)D3, and C3-epi-
25(0OH)D3 with the reduced risk of MS. Our results are consistent
with previous findings that genetically increased circulating total
25(0H)D level was causally associated with increased risk of MS
[6-13]. In addition to circulating total 25(OH)D level, we high-
lighted for the first time that genetically increased circulating
25(0OH)D3 and C3-epi-25(0H)D3 were also causally associated with
increased risk of MS, as provided in Table 2.

Although these interesting findings, current randomised con-
trolled trials (RCTs) have not provided clear beneficial effects of
vitamin D supplementation on MS risk [39-42]. In 2020, clinical
and radiographical findings from EVIDIMS study (Efficacy of
Vitamin D Supplementation in Multiple Sclerosis (NCT01440062)
did not support nor disprove a therapeutic benefit of high-dose
vitamin D supplementation (20,400 IU)/day low-dose (400 IU)/day
cholecalciferol supplementation on MS for 18 months [43].
Interestingly, MS patients with higher 25(0OH)D levels had lower
T2 weighted lesion count and lower Expanded Disability Status
Scale (EDSS) score [44]. Meanwhile, there are some promising
results young MS patients early after initial diagnosis [40]. A meta-
analysis of 12 clinical trials indicated that vitamin D supplementa-
tion might be beneficial in preventing MS relapse rates and new
radiological signs [42, 45].
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Until recently, Galoppin and colleagues have discussed several
mechanisms by which 25(0H)D may decrease the risk for MS [46].
First, 25(0H)D has biological effects on immune cells. vitamin D
involves immunomodulation by decreasing differentiation of
effector T and B cells, and modulates innate immune cells
including macrophages, monocytes and dendritic cells [46].
Second, 25(0OH)D has biological effects on blood-brain barrier
(BBB) function by reducing immune cell trafficking [46]. Third,
25(0OH)D reduces microglial and astrocytic activation in the central
nervous system [46].

Generally, C3-epi-25(0H)D3 accounts for a significant portion of
total 25(0OH)D detected in maternal and neonatal umbilical sera
[47], and has very low concentration in general population [15].
Interestingly, 25(0OH)D3 supplementation increases maternal-fetal
C3-epi-25(0H)D3. Importantly, C3-epi-25(0H)D3 increases with
increasing 25(0OH)D levels and shows a high degree of tracking
over time [48]. We consider that the positive association between
C3-epi-25(0H)D3 and 25(0H)D may explain why a higher
circulating level of C3-epi-25(0H)D3 also reduces the risk of MS
in the general population.

It is reported that 25(OH)D regulates the calcium, and work
together with calcium in many biological processes [16, 17, 49].
Importantly, MR study supported the causal association between
circulating 25(0OH)D level and calcium level [21]. Therefore, we
further conducted a MR analysis to evaluate the causal association
between circulating calcium level and the risk of MS. However we
did not find any evidence supporting the causal association. On
the one hand, our current findings indicate no beneficial effect of
genetically predicted serum calcium on MS risk. On the other
hand, our findings show no evidence for harmful effects of
genetically predicted serum calcium effects on MS risk. these
findings may further suggest that high calcium intake from diet or
supplements may not contribute to reduce or increase the risk of
MS. It should be pointed out that the circulating calcium level is
measured in the general population including 305,349 individuals
from the UK Biobank [24]. Therefore, our findings may only reflect
the effects of lifelong genetically increased circulating calcium
level on MS in the general population, but not in MS persons with
osteoporosis.

It has been widely reported that bone mineral density (BMD) is
reduced in MS patient, and MS patients have increased
osteoporosis risk compared with general population [50-52].
Bazelier and colleagues conducted a population-based cohort
study in UK General Practice Research Database to estimate the
relative and absolute risk of fracture in patients with MS using
5565 MS patients and 33,360 population-based controls [51].
Bazelier and colleagues found 2.79-fold increased risk of hip
fracture and 1.35-fold increased risk of osteoporotic fracture in MS
compared with controls [51]. Bisson and colleagues analyzed the
population-based administrative data from 783 MS cases and
3915 controls to compare measures of BMD in MS and controls
[52]. Bisson and colleagues found that the average femoral BMD
was lower in MS cases compared with matched controls [52]. The
prevalence of osteoporosis across BMD sites was higher in MS
(16-26%) compared with matched controls (6-15%) [52]. MS
patients had 2.41-fold increased risk of osteoporosis [52].
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Until recently, several studies have determined whether
increased circulating calcium level could improve BMD and reduce
the osteoporotic fractures in the general populations including
individuals with normal calcium levels using MR design [53-56].
Cerani and colleagues performed a MR analysis using large-scale
serum calcium GWAS dataset (n = 61,079), heel BMD GWAS dataset
(n = 426,824), and fracture GWAS dataset (76,549 cases and 470,164
controls) [53]. They found that genetically increased circulating
calcium levels in individuals with normal calcium levels could not
increase heel BMD, and could not protect these individuals against
fracture [53]. In 2020, Li and colleagues conducted a MR study using
large-scale circulating calcium (n=39,400) and whole-body BMD
(n=66,628) GWAS datasets [54]. They found that genetically
increased circulating calcium level was associated with reduced
whole-body BMD by adjusting the serum parathyroid hormone,
25(0OH)D, and phosphate [54]. Qu and colleagues found that serum
calcium levels were inversely associated with lumbar spine BMD
(n = 28,498) [55]. Therefore, our finding is comparable to recent MR
studies evaluating the effect of circulating calcium level on BMD,
which highlighted that genetically increased circulating calcium
level was not always better.

Our MR analysis may have several strengths. First, we selected
large-scale circulating total 25(0OH)D (417,580 individuals) [22],
25(0OH)D3 (40,562 participants) [23], C3-epi-25(0H)D3 (40,562
participants) [23], calcium (305,349 individuals) [24], and MS
(14,802 MS cases and 26,703 controls) [25] GWAS datasets, which
may contribute to provide ample power. Second, all the
individuals from these above GWAS datasets are of the European
descent, which may contribute to reduce the influence population
stratification [57, 58]. Third, more additional genetic variants are
selected as the potential instrumental variables compared with
previous studies [6-13]. Fourth, we selected two statistical
methods including MR-Egger intercept test and MR-PRESSO test
to conduct the pleiotropy analysis, which ensure the selected
genetic variants to meet the MR assumptions. Fifth, we selected
five different MR methods including IVW, weighted median, MR-
Egger, MR-PRESSO, and contamination mixture method to ensure
the precision of the causal estimate.

Meanwhile, our MR study may have some limitations. First, we
only selected one large scale GWAS dataset for MS. Until now, an
independent replication dataset with a similar sample size was not
publicly available. Second, we could not completely exclude
additional confounders. Until now, it is impossible to fully rule out
pleiotropy [59, 60]. Some selected genetic variants as the
instrumental variables may still have pleiotropic effects, as stated
in an editorial regarding vitamin D and CVD risk [61]. Therefore, our
current MR study may not provide absolute causality. Third, we
limit our MR analysis in individuals of European ancestry. However,
the causal association may vary in different ancestries. Fourth, only
3 genetic variants associated with C3-epi-25(0OH)D3 at the genome-
wide significance threshold (P < 5.00E-08) only explain 0.66% of the
variance in circulating C3-epi-25(0H)D3 level. Our MR study only
had 80% power to detect the risk of MS with OR < =0.69 per SD
increase in circulating C3-epi-25(0H)D3 level.

Fifth, Yuan and colleagues conducted a MR analysis to evaluate
the causal associations of 65 possible risk factors including calcium
with the risk of MS [62]. They selected 7 calcium genetic variants
as the instrumental variables, and found no significant association
between calcium and MS with precise confidence intervals using
IVW (OR=0.78, 95% ClI: 0.33-1.83, P =0.564), weighted median
(OR=10.88, 95% Cl: 0.50-1.54, P =0.644), MR-PRESSO (OR = 0.98,
95% Cl: 0.54-1.77, P=0.940) [62]. Our current findings are
consistent with Yuan and colleagues, but with broad confidence
intervals, as provided in Table 2. Importantly, Young and
colleagues also found broad confidence intervals when they
investigated the causal association of serum calcium with ECG
markers of ventricular depolarization and repolarization [24]. We
consider that these may be caused by the validity of the
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instrumental variables for calcium from the UK Biobank. Therefore,
future studies are required to replicate our findings.

CONCLUSIONS

We comprehensively evaluated the causal association of geneti-
cally determined circulating vitamin D metabolites and calcium
with the risk of MS in individuals of European descent. We
demonstrate the causal association between genetically increased
circulating vitamin D metabolites and the reduced risk of MS. Our
current findings together with evidence from other MR studies
support the use of vitamin D supplementation for the prevention
of MS. However, we demonstrate no causal association between
circulating calcium level and the risk of MS. Therefore, high
calcium intake from both diet and supplements may not
contribute to reduce the risk of MS.
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