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Abstract: Introduction: Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative disease
mediated by autoimmune reactions against myelin proteins and gangliosides in the grey and white
matter of the brain and spinal cord. It is considered one of the most common neurological diseases
of non-traumatic origin in young people, especially in women. Recent studies point to a possible
association between MS and gut microbiota. Intestinal dysbiosis has been observed, as well as an
alteration of short-chain fatty acid-producing bacteria, although clinical data remain scarce and
inconclusive. Objective: To conduct a systematic review on the relationship between gut microbiota
and multiple sclerosis. Method: The systematic review was conducted in the first quarter of 2022.
The articles included were selected and compiled from different electronic databases: PubMed,
Scopus, ScienceDirect, Proquest, Cochrane, and CINAHL. The keywords used in the search were:

v ou

“multiple sclerosis”, “gut microbiota”, and “microbiome”. Results: 12 articles were selected for the
systematic review. Among the studies that analysed alpha and beta diversity, only three found
significant differences with respect to the control. In terms of taxonomy, the data are contradictory,
but confirm an alteration of the microbiota marked by a decrease in Firmicutes, Lachnospiraceae,
Bifidobacterium, Roseburia, Coprococcus, Butyricicoccus, Lachnospira, Dorea, Faecalibacterium, and Prevotella
and an increase in Bacteroidetes, Akkermansia, Blautia, and Ruminocococcus. As for short-chain
fatty acids, in general, a decrease in short-chain fatty acids, in particular butyrate, was observed.
Conclusions: Gut microbiota dysbiosis was found in multiple sclerosis patients compared to controls.
Most of the altered bacteria are short-chain fatty acid (SCFA)-producing, which could explain the
chronic inflammation that characterises this disease. Therefore, future studies should consider the
characterisation and manipulation of the multiple sclerosis-associated microbiome as a focus of both
diagnostic and therapeutic strategies.

Keywords: multiple sclerosis; gut microbiota; microbiome: short-chain fatty acid

1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, neurodegenerative condition caused
by autoimmune reactions which progressively demyelinate the central nervous system
(CNS) and the spinal cord [1,2]. It seems to begin when autoreactive T cells cross the blood—
brain barrier (BBB) and provoke specific cascades in the CNS, leading to inflammation and
axonal degeneration [3,4], although it is not clear what causes T cells activation [5].

MS affects an estimated 2.3 million people worldwide and its incidence is increasing
from 50 to 300 per 100,000 inhabitants, affecting women 3-fold times [1,6,7]. It is the most
common non-traumatic neurological disabling disorder in young people. It causes disability,
including intestinal disfunction in more than 70% of cases [8], cognitive impairment, and
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a severe decrease in quality of life in young adults between 20 and 40 years old [7,9].
MS aetiology remains unclear; interactions between environmental and genetic factors
appear to promote the disease [2,6,9-11]. In addition to genetics, environmental factors
such as obesity, tobacco use, microbiota alterations, Epstein—-Barr virus (EBV) infection or
vitamin B deficiency play an important role in progression of the disease [10,12]. Regarding
the evolution of the disease, MS has been classified into subgroups such as relapsing—
remitting (RRMS), secondary progressive (SPMS), primary progressive (PPMS), progressive—
relapsing (PRMS), and benign (BMS) [13]. In RRMS (83-90% of cases), the flare-ups of
neurological symptoms are practically reversible, which recur unpredictably and may
disappear completely or leave some sequelae, and, between relapses there seems to be
no progression of MS. SPMS is described as a disease of continuous progression, with
or without flare-ups, irrelevant remissions, and phases of stability. Only 10% of patients
present with PPMS, which starts with disabling flare-ups with no response to treatment
and has a slow onset and progressive deterioration. RPMS is characterized by occasional
exacerbations in a progressive course of the disease. Finally, in BMS, after the diagnosis of
the disease, the patient retains functional capacity for 10-15 years [14].

Research is currently focusing on the influence of the gut microbiota (GM) on the onset
and development of MS [15-17]. GM is the combination of bacteria, fungi, archaea, eukary-
otes, and viruses that reside in the intestinal mucosa, and Actinobacterium, Bacteroidetes,
Firmicutes, Fusobacteria, Proteobacteria, and Verrucomicrobia are the main phyla that
compose it [18]. GM microorganisms contribute to food digestion and fermentation, nu-
trient absorption, vitamin synthesis, epithelial cell maturation, intestinal barrier integrity,
protection against inflammation and pathogens, and metabolic regulation [19,20].

GM may impact on the CNS and participate in its regulation through neurochemical
changes, while the CNS is a crucial element in the regulation of gut function and homeosta-
sis. This complex interaction is well-known as the gut-brain axis (GBA) [21]. Bidirectional
interactions between gut and brain have an important role in gastrointestinal function mod-
ulation such as motility, secretion, blood flux regulation, intestinal permeability, immunity
activity, and visceral sensations, including pain, where evidence suggests that GM has a
vital role. GM can interact with the brain through activation of immune, endocrine, and
neural pathways, including vagal afferents and through microbial metabolites which act
directly or indirectly in the brain [22-24].

Some molecules derived from microorganisms, such as short-chain fatty acids (SCFAs),
may have a relevant role in the gut-brain axis. SCFAs such as butyric acid (BA), acetic acid
(AA), and propionic acid (PA) are produced in the colon by non-digestible carbohydrates
undergoing bacterial fermentation [21,25]. SCFAs have important immunomodulatory
functions mediated by increasing the number of T regulatory cells and suppressing the
collaborative T cells (Th) 17 and 1, which lead to an anti-inflammatory response state [26].
Likewise, SCFAs can cross the BBB by using transporters located in the endothelial cells and
influence CNS neuroinflammation [27,28]. Specifically, BA, compared to PA and AA, has
strong immunomodulatory properties and regulates inflammatory processes by maintain-
ing the balance of Th 17 cells and the levels pro and anti-inflammatory cytokines [25,29].

A disruption in GM composition, so-called gut dysbiosis, plays a fundamental role in
several autoimmune conditions, including intestinal inflammatory disease, rheumatoid
arthritis, and type 1 diabetes [30]. MS has also been associated with dysbiosis, including
depletion and enrichment of certain bacteria in patients compared to healthy people [31-33].
However, a cause—effect relationship between MS and intestinal dysbiosis has not been
clearly established. Considering all of the above, there seems to be an association between
MS and GM. Thus, the objective of the present work is to perform a systemic review about
the relation between intestinal microbiota and MS.
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2. Materials and Methods

The systematic review was conducted in the first trimester of 2022 using studies
published between January 2018 and March 2022. The PRISMA (Preferred Reporting Items
for Systematic reviews and Meta-Analyses) recommendations were utilized [34].

2.1. Databases

The PICO (Patient, Intervention, Comparation, Outcome) method was used to design
a search strategy. Accordingly, the objective of review was reflected in the question: “does
it exist a relation between intestinal microbiota and MS?”

Articles were selected and collected from 6 electronic databases: PubMed, Cochrane
Library, ProQuest, The Cumulative Index of Nursing and Allied Literature Complete
(CINAHL), ScienceDirect, and Scopus. The terms used to access to the articles of interest in
the mentioned databases were a combination of natural language and structured language
using the Medical Subject Heading (MeSH) thesaurus: “multiple sclerosis”, “gut micro-
biota”, and “microbiome”, and using “AND” between terms and “OR” between synonyms.
Research strategies are shown in Table 1.

Table 1. Description of the research strategies performed in each database.

Database Search Strategy
PubMed ((((microbiome or gut microbiota [Title/ Abstract]) AND Clinical Trial[ptyp]))
AND ((((multiple sclerosis [Title/ Abstract])) AND Clinical Trial[ptyp]))
Cochrane “gut microbiota” or microbiome and “multiple sclerosis”
ProQuest “gut microbiota” or microbiome and “multiple sclerosis”
CINAHL “gut microbiota” or microbiome and “multiple sclerosis”
ScienceDirect “gut microbiota” or microbiome and “multiple sclerosis”
(TITLE-ABS-KEY (“gut microbiota”) OR TITLE-ABS-KEY (microbiome) AND
Scopus TITLE-ABS-KEY (“multiple sclerosis”)) AND PUBYEAR > 2017 AND

(LIMIT-TO (DOCTYPE, “ar”))

2.2. Study Eligibility Criteria

The inclusion criteria used for this review were (i) Cohort studies, transversal studies,
patient and control comparative studies, and comparative cohort studies (analytic obser-
vational studies) in MS patients, (ii) articles analysing GM in MS patients, (iii) articles
analysing SCFAs in intestinal metabolome, (iv) articles including a population of study
composed of MS diagnosed individuals between 18 and 70 years old (including all the MS
subtypes) and (v) studies published in both English and Spanish.

In addition, the exclusion criteria included (i) systematic reviews, metanalysis, book
chapters, doctoral dissertations, end-of-study projects, congress publications, clinical proto-
cols, and letters to the editor, (ii) other study designs, such as interventional studies and
studies without a control group, and (iii) articles analysing intestinal metabolome, but
no SCFAs.

Restrictions in relation to geographical location, setting (community or hospital), or
the course of the clinical study were not applied.

2.3. Selection of Studies and Methodological Quality

Study eligibility was performed in three phases. The first phase consisted of reading
the title of identified articles in the research database. Once selected, all abstracts were
reviewed in a second phase, and, finally, a full reading was used to clarify the suitability of
the article for analysis. The eligibility process was conducted by the first two authors (AOR,
PR) independently and in duplicate; if consensus could not be achieved, a third author (DC)
was consulted. In relation with the included studies, a bibliometric analysis was performed
on the following variables: (i) author and year, (ii) number of participants and controls,
(iii) intestinal microbiota changes compared to control group, and (iv) changes in SCFAs
compared to control groups.
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Regarding the quality of the studies, the Newcastle Ottawa scale (NOS) [35], which
evaluates bias in observational studies, was applied. The NOS records 8 items with
3 subscales and is scored up to 9 points. A study is considered to be of high quality when its
score is >7. It uses predefined criteria and assigns up to 9 stars, with a maximum of 4 stars
for the quality of patients selected, 2 for the comparability between cases and controls, and
3 starts for exposure or outcomes.

3. Results

After the database research, 1004 results were obtained (27 in PubMed, 229 in Scopus,
196 in ScienceDirect, 509 in Proquest, 12 in Cochrane, and 31 in CINAHL). Articles related
to the objective, which fulfilled the inclusion criteria, were selected, and duplicated articles
were discarded. Preliminary title selection facilitated the exclusion of duplicated articles
(21 articles excluded after reading title and abstract). After selection, 100 results were
obtained. Subsequently, articles that were not relevant to the topic (oral microbiota),
interventional articles, animal studies, or studies on other demyelinating pathologies were
excluded, resulting in 16 articles. The next step consisted of a second reading of the full
text based on the exhaustive analysis of the study, excluding all the articles which did not
fit because of inadequate participants. Finally, 12 articles were obtained for final revision,
as shown in the flowchart (Figure 1).

Register identification (N=1004):
PubMed (n=27)
Scopus (n=229)

Science direct (n=196)
Proquest (n=509)
Cochrane (n=12)
CINAHL (n=31)

Number of excluded registers
(N=84):
Oral microbiota
studies (n=4)
Reviews, systemic
reviews and metanalysis
(n=25)
Not randomized

clinical trial (n=39)

\ 4

Intervention studies

Elimination of duplicated registers > (n=5)
(n=21) Various
demyelinating
\ 4 pathologies studied
Number of screened registers (n=10) .
_ Non appropriated
(n=100) .
population of study (n=3)
'
Articles evaluated by their eligibility | Excluded articles (n=4):
(n=16) " Control group of

cohabitants (n=2)

! Short chain fatty

A

(

acids not evaluated (n=2)
Number of studies included in the

systemic review
(n=12)

Figure 1. Flowchart.
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3.1. Studies Characteristics

Twelve articles were included in this research [17,36—46]. The characteristics of the
studies reviewed, as well as the main variables analysed, are listed in Table 2. All studies
involved a total of 570 MS cases and 478 controls, i.e., healthy subjects without a diagnosis
of the disease. A total of 54% of the study population was diagnosed with MS. The majority
(301/570, 53%) of the cases presented a remittent-recurrent course, while 9.3% (53/570)
were diagnosed with PPMS, and 3.5% (20/570) were diagnosed with BMS. A total of 34.4%
(196/570) were diagnosed with MS without subtype specification. Seven studies used
McDonald 2010 criteria for MS diagnosis, one used Poser criteria [44], and four did not
specify the diagnosis method [37,39,41,45].

Table 2. Summary of the articles included in the study.

Participants . . ..
Reference Cases/Control Mlgrct;lzzll\];isal]a;;s;;aznd
F13/Q
No # diversity «
24 RRMS/25 1 Clostridium leptum and Bacteroides thetaiotaomicron
[17] 3/21 3/22 | Faecalibacterium, Prevotella, Lachnospiraceae anaerostipias, Bifidobacterium longum,
Faecalibacterium prausnitzii, Parabacteroides and Escherichia
J} +SCFAs
No # diversity o
[36] 38 /RZIngﬁ ;4 1 Firmicutes and Actinobacteria
J Proteobacteria and Lentisphaerae
1 Bacteroides fragilis
[43] fg /RlI;szle(ZJ 1 Bacteroide fragilis with 30 years old
1 Bacteroides relapse rate > 1.4
129 MS/58
[41] 36/93 29/29 | butyrate
No # diversity «
[44] 18 RRMS/18 1 Bacteroides and | Actinobacteria
2/16 2/16 1 Bacteroides, Flavobacterium and Parabacteroides
| Bifidobacteria and Streptococcus
[42] 22 MS/33 No # diversity o
8/14 12/21 J Faecalibacterium, Roseburia, Haemophilus, Bilophila, Dorea, Butyricicoccus, Gemella,
Clostridium XIVb and Granulicatella
[45] 95 RRMS/54 1 plasmatic acetate
30/65 21/33 No # propionate nor butyrate
No # diversity «
[37] 26 RRMS 12 SPMS/38 | Lachnospiraceae
18/20 18/20 1 Akkermansia, Collinsella, Eubacterium and Prevotella
| Parabacteroides, Roseburia, Coprococcus and Blautia
1 diversity o
[39] i? ZRZRNgﬁgg 1 Bacteroidetes
1 Coprococo, Clostridium, nc. Ruminococcaceae, Paraprevotella and Methanobrevibacter
1 diversity «
1 Verrucomicrobia
[40] 15 PPMS/15 T Actinomycetaceae, Verrucomicrobiaceae, Desulfovibrionaceae, nc. Firmicutes,
9/6 8/7 Acidaminococcaceae, nc. Clostridia, Eubacteriaceae, Verrucomicrobiaceae,

Oxalobacteraceae, Christensenellaceae and Corynebacteriaceae
1 Gemmiger and nc. Ruminococcaceae
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Table 2. Cont.

Participants . . ..
Reference Cases/Clz)ntrOI Microbial Dysbiosis and
FIFQ SCFAs Metabolome
MS vs. control: 1 Clostridia
45 MS/ 44 MS AC vs. control: 1T Verrucomicrobia and 1T Akkermansia
[38] 15AC 16AH 14AA MS AH and AA vs. cor}trol: 1 Adlercreutzia
11/3416/28 MS AH vs. control: 1 Blautia, Holdemania and Dorea
1| Prevotella, Slackia, Lachnospira and Dialister
MS AA vs. control: 1 Butyricococcus
No # diversity
" 98 (5(2) %Qg[l\/slsc; /ZTZI;PMS 1 Alistipes, Anaerotruncus, Clostridium cluster I V, Lactobacillus, Methanobrevibacter,
39/59 48 /72 Olsenella, Parabacteroides, Ruminococcus, Sporobacter

J Butyricicoccus, Faecalicoccus, Gemmiger, Intestinibacter y Roseburia

MS: Multiple Sclerosis; RRMS: Remittent Recurrent; PPMS: Primary Progressive; VS: versus; SCFAs: short chain
fatty acids; AC: American Caucasian; AH: American Hispanic; AA: Afroamerican; «: Alpha; 3: Beta; Diversity
o: measures the variety of species present in a sample; Diversity 3: measures differences in the composition of
microbial communities between samples; &: men; ¢: women; +: Marginal; nc: non classified; |: decrease in MS vs.
control; 1: increase in MS vs. control.

All the studies provided demographic data, with the women/men ratio being 388 /182
(68%/32%) for MS and 394/184 (61.5%/38.5%) for controls. Only in one study was the
percentage of men higher, 60% of MS cases and 53% of controls [40]. Furthermore, two
studies reported on the ethnicity of patient, one of them distinguishing between Caucasian,
Hispanics, and Afroamericans [38], and another only identified Caucasians, where 80% of
the controls were Caucasian compared 95% of the MS cases [17]. Three studies recruited the
participants in the USA [17,38,39], two in Spain [36,45], one in Italy [37], one in Belgium [46],
and one in China [42], Brasil [44], Israel [41], Egypt [43] and Russia [40]. As shown in
Table 3, all the revised articles were low risk regarding NOS scale [35].

Table 3. NOS risk of bias evaluation.

Reference Selection Comparability Exposition Conclusion
[17] Yk k * * %k Low risk
[36] ek kk * 2.8 0. ¢ Low risk
[43] 2888 * Yk k Low risk
[41] Yk k * %k Low risk
[44] ok kk * 2.8 0. ¢ Low risk
[42] 288,81 * Kk Low risk
[45] 2. 8.8.8.¢ * %k Low risk
(371 ok kk * 2.8 0. ¢ Low risk
[39] 2888 * Kk Low risk
[40] 2. 8.8.8.¢ * %k Low risk
(38] ok kk * 2.8 0. ¢ Low risk
[46] 2888 * Kk Low risk

% indicates the quality of the studies, when the sum of the ¥ is <4: low-quality study; 4-6 %: moderate-quality
study and >7 % high-quality study.

3.2. Microbial Dysbiosis

Ten of the twelve selected articles evaluated GM, and eighty percent analysed alpha
and beta diversity. Alpha diversity was evaluated in eight studies. On the one hand, a
decrease in alpha diversity was observed in RRMS cases [39], while an increase in alpha
diversity was shown in PPMS [40]. In the remaining studies, no statistically significant
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differences were found, affirming that there are no apparent discrepancies in the diversities
between MS cases and controls.

3.3. Taxonomy Diversity

Analysing the specific taxonomic differences in the assessed articles, we found no
uniform observations among the studies as shown in Table 4 [36,38], whereas it diminished
in 40% of the studies [17,37,42,46]. At the phylum level, Firmicutes was observed to increase
in 20% of the studies [36,38], while, conversely, it decreased in 40% of them [17,37,42,46].
Bacteroidetes increased in 30% [39,43,44] and diminished in 10% of the cases [17]. Acti-
nobacteria increased [36] and decreased in 10% of the studies [44]. Proteobacteria and
Lentispharaea decreased in 10% of the studies [36].

Table 4. Clue findings of relative abundances regarding taxon levels: MS vs. control group cases.

Taxon/Reference

[17] [36] [43] [44] [42] [37] [39] [40] [38] [46]

Phylum

Firmicutes

Actinobacteria

Proteobacteria

Lentisphaerae

Bacteroidetes

Verrumicrobia

Class

Clostridio

Family

Lachnospiraceae

Ruminococcaceae

Genre

Bifidobacteriu

m

Roseburia

Coprococcus

Butyricicoccus

Lachnospira

Akkermansia

Blautia

Parabacteroides

Dorea

Prevotella

Methanobrevibacter

Dialister

Ruminococcus
Faecalibacterium

- Decrease in relative abundance MS/vs/Control, - Increase in relative abundance MS/vs/Control.

Regarding the class, Clostridia increased in one study [38] and decreased in another
one [40]. With respect to families, the family Lachnospiraeae significantly decreased in con-
trols, and Ruminococcaceae increased [40] and decreased in controls [44]. Furthermore, two
articles found a decrease in bacteria of the genus Bifidobacterium [17,44]. Similarly, two other
articles found a decrease in Coprococcus [37,39], Butyricoccus [42,46], and Lachnospira [37,38].
In contrast, Akkermansia was significantly increased compared to controls [37,38,40]. Blautia
was also found increased in three articles [36,42,44] but decreased in two other works [37,38].
There was also controversy regarding Parabacteroides, which was increased in two stud-
ies [44,46], but decreased in two others [17,37]. This same divergence was observed in other
genera, such as Dorea, which was both augmented [38] and decreased in MS depending on
the research [37,42]. Likewise, Ruminococcus, Faecalibacterium, Prevotella, Methanobrevibacter,
and Dialister also increased and diminished depending on the article [17,36-38,42,46].
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Two studies evaluated GM at different phases of MS. Stratifying MS patients accord-
ing to disease severity showed significantly less diversity in SPMS compared to RRMS
and controls [37]. Other studies compared intestinal microbiota in different MS sub-
types, considering the use of interferon. Microbiota richness was lower in RRMS pa-
tients treated with interferon and patients with non-treated RRMS during the relapse com-
pared to BMS and PPMS. Controls and non-treated active RRMS showed an intermediate
microbial richness [46].

In this regard, the 10 revised articles agree that MS patients have a different in-
testinal microbiota than controls, with different abundancies depending on the micro-
biota [17,36-40,42-44,46].

3.4. Metabolome

Four of the twelve studies analysed SCFA levels in intestinal metabolome, and those
levels were compared between patients and controls [17,37,41,45]. These four selected
articles analysed serum SCFA levels, finding decreases in BA [37,41] and increases in
AA [45]. Consistent with this, there was a trend towards a decrease in the SCFAs in the
faeces of MS patients compared to controls [17].

4. Discussion

The causes of multiple sclerosis are unknown, but there is evidence to indicate that
GM may influence the immune system and, consequently, impact on the disease. Therefore,
our aim was to analyse recent literature with the objective of investigating the relation
between intestinal microbiota and MS. In the present systematic review, 12 case-control
studies with intestinal dysbiosis were included, as well as SCFA alterations in patients
with MS.

4.1. Microbial Dysbiosis

As for studies examining alpha diversity and beta diversity, only three studies found
significant differences in MS compared to the controls. A decrease in alpha diversity
was found in RRMS associated with cases of chronic low-grade inflammation [39,47].
This diversity was observed in other autoimmune diseases, such as inflammatory bowel
disease [48,49], preclinic type 1 diabetes [50,51], and psoriatic arthritis [52], as well as
inflammatory diseases such as obesity [53]. Previous studies also indicate that alpha
diversity tends to decrease in patients with normalized active RRMS during remission [54].
An increase in alpha diversity [40] related to PPMS was also found. This MS subtype is
quite strange [14], so the information about the structure and composition of intestinal
microbiota is scarce. These changes in alpha diversity can be explained depending on
whether the disease is active or not. In addition, it is necessary to elucidate whether these
changes are the product of an immune response or whether they promote autoimmunity.
In this regard, recent research proposes that EBV infection contributes to the production of
B cells that stimulate the activation of these CNS inflammatory responses [55].

On the other hand, changes in beta diversity were observed, with no changes in alpha
diversity between Hispanic American subjects with MS and controls [38]. Furthermore, a
difference in beta diversity was also found in other previous studies [32,54,56,57]. Accord-
ing to our results, other reviews found no significant differences between alpha and beta
diversity in MS [58,59].

4.2. Bacterial Taxonomy

Taxonomic differences reflected in the revised studies are quite diverse, making it
difficult to draw firm conclusions. For this reason, and to simplify our results, we will
focus on highlighting differences in gut microbial communities between MS cases and
matched controls in two or more studies. Thus, we observed a decrease in Firmicutes
phylum [17,42,46] and an increase in phylum Bacteroidetes [39,43]. These phyla are SCFA
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producers with immunoregulatory functions and, therefore, their alterations affect MS [60].
These alterations have also been detected in Chron’s disease [61].

Regarding intestinal bacteria families, Lachnospiraceae was found diminished [17].
Previous studies have shown a decrease in this family in MS patients [54], a decrease that
was also observed in Alzheimer patients [62].

Intestinal bacteria genres Bifidobacterium [17,44], Roseburia [37,42], Coprococcus [37,39],
Butyricicoccus [42,46], Lachnospira [17,37], Dorea [37,42], Faecalibacterium [17,42], and Pre-
votella [17,38] were also found to be decreased. Bifidobacterium has a fundamental role in
immune response regulation as well as SCFA production, specifically AA [63]. Previous
data corroborate the findings of this review, as low levels of this bacterium have been linked
to MS [64]. In fact, probiotic administration might produce an anti-inflammatory effects in
MS patients [65].

Prevotella, which is associated with a fibre-rich diet and has regulatory functions
through the generation of butyrate [54], also decreased. This decrement has been observed
in previous studies [32,57,66,67], which support a possible link between this bacteria and
MS, as is the case with other conditions such as diabetes mellitus type 2 [68] or non-alcoholic
fatty liver [69].

The Faecalibacterium low levels are consistent with the levels observed in other stud-
ies [57,70-72], as well as in other diseases such as inflammatory intestinal conditions and
irritable bowel syndrome [61,73,74]. Faecalibacterium can convert acetate and lactate into
butyrate [32], so these bacteria are considered butyrate producers. Butyrate is thus reduced
in inflammatory conditions such as MS [75]. Among its properties, its capacity to attenuate
inflammation has been shown in preclinical studies of colitis in mice by modulating mucosa
T cells [76].

Similarly, Coprococcus, Butyricicoccus, and Lachnospira, butyrate-producing bacteria,
have been observed diminished in previous studies and in other pathologies [56,67,72,77,78].
Roseburia, also decreased in MS patients, is a SCFA producer and essentially a butyrate
producer [79]. In addition, Roseburia reduction has been observed in other pathologies such
as juvenile idiopathic arthritis [80,81], Behcet syndrome [66,82], irritable bowel syndrome,
obesity, type 2 diabetes, nervous system affections, and allergies [79,83-85].

Although some of the revised studies in the present work have found a decrease in
Dorea, other research has shown an increase in MS patients [86] and also in other pathologies
such as Chron’s disease [87]. Therefore, Dorea appears to have either proinflammatory or
anti-inflammatory functions depending on the surrounding intestinal bacteria and/or the
available nutrients [86].

In contrast, an increase in Akkermansia [37,38,40], Blautia [36,42,44], and Ruminococ-
cus [36,46] has been demonstrated. Akkermansia has immunoregulatory effects by converting
mucin to SCFAs [26]. However, as it degrades intestinal mucosa, it can cause intestinal
inflammation [88]. Its increase has also been observed in previous studies [32,54,56,57,72]
supporting a possible link between its increase and MS, as occurs in other conditions
such as Parkinson’s [89,90] and in children with autism spectrum disorders (ASD) [91].
Regarding Blautia, it is an acetate producer [92], which can impulse insulin release and
promote metabolic syndromes such as hyperglyceridemia, fatty liver disease, and insulin
resistance [93]. Ruminococcus plays an important role in SCFA production and in decreasing
inflammation. Furthermore, it is part of the healthy GM, although some species degrade
mucosa and, consequently, increase inflammatory conditions such as in MS [94].

It is worth noting that GM composition is subjected to many complex interactions
and there are many confounding factors that might influence its healthy levels, mak-
ing a comprehensive comparison difficult. The disparity in GM among revised stud-
ies might be related to patient and control characteristics: MS types, age, disease du-
ration, sample ubication, ethnicity, and the intake of disease-modifying drugs [95-98].
How these factors contribute to variation in GM is complex, context-dependent, and not
completely understood [97].
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Accordingly, differences in study methodology could explain, at least in part, the
variability observed among studies. Thus, revised studies have used different proto-
cols regarding stool collection, as some were collected by the participants themselves at
home [37-39,43-46], while others were collected at the hospital [17,36,40,42]. Differences
were also observed in the amplification of the V region of the 165 rRNA target gene,
with some studies using the V3-V4 region [37,40,42,44], and others only amplifying the
V4 region [36,38,39,46].

4.3. SCFEA Alteration

Regarding SFCAs, revised articles indicated a decrease in BA serum levels in MS pa-
tients, in agreement with a decrease in SCFA-producing bacteria [37,41]. These results are
consistent with previous studies showing a decrease in many butyrate-producing bacteria
in MS patients [32,37,72], as well as in other autoimmune diseases [50,52]. Similarly, an
increase in AA was found in MS patients [45]. This is the most abundant SCFA produced
by intestinal bacteria, although it may also be converted to acetyl-CoA by glycolysis. Fur-
thermore, some colonic bacterial strains can convert butyrate through cross-feeding mech-
anisms [27]. Under conditions of intestinal dysbiosis, SCFA production is often reduced,
contributing to an inflammatory environment [99]. In animal models, some results suggest
that SCFAs influence the pathogenesis of experimental autoimmune encephalomyelitis
and, consequently, the same context is likely to be found in MS [100]. SCFAs produced by
GM may alter cellular activity, contribute to modulated immune cells [101], and may also
have inhibitory effects on EBV reactivation in MS [55]. Therefore, future research should
evaluate the role of GM and EBV reactivity in MS.

In fact, in recent years, accumulated evidence on the protective effect of SCFAs has been
updated in preclinical data and, recently, in MS patients. Studies support the possibility
that SCFAs are potential bidirectional regulators [102]. Several studies have confirmed
that SCFAs can promote T cell differentiation directly into proinflammatory cytokine-
producing T cells depending on the cytokine context. Thus, SCFAs and their receptors
may have the potential to regulate CNS autoimmune inflammation both positively and
negatively [103,104]. In particular, SCFAs can cross the BBB via endothelium-localised
transporters [27,28]. Therefore, in a dysbiotic situation, the production of SCFAs decreases,
which would contribute to an inflammatory state favouring neuroinflammation [99].

It is worth mentioning that if a high fibre diet is ingested, SCFA levels might be
drastically altered [105], and it has been suggested that such diets are related to increased
levels of butyrate production [106]. Of the four revised studies, only one indicates a dietary
control, finding a negative correlation between meat intake and levels of SCFA-producing
bacteria [17]. In addition to diet, other factors that alter SCFA levels, such as body mass
index, smoking, drug treatment, and probiotic intake [107-111], could be taken into account
in future research. There are only few studies evaluating the effect of disease-specific drugs
on GM, although some studies suggest that these therapies may restore the intestinal
ecosystem to a state of eubiosis [112]. Our results seem to point in this line, as interferon
beta-treated patients have similar bacterial abundancy to heathy subjects in different taxa,
which are altered in untreated MS patients [36].

In terms of GM modulation, probiotic intake has been found to improve mental health
in MS patients, possibly by reducing levels of inflammatory and oxidative biomarkers and
decreasing insulin resistance [113,114]. In fact, preclinical studies suggest that probiotic
intake may have beneficial effects in reducing the incidence and severity of MS, delaying its
progression, and ameliorating motor function impairment. These effects might be mediated
by the modulation of immune and inflammatory markers and the GM composition [115].

Ultimately, the studies reviewed in this article highlight the relationship between
GM and MS, although a cause—effect relationship between MS and dysbiosis has not yet
been established [94,116]. However, new research suggests that disturbed GM may lead
to deficient SCFA production by intestinal bacteria, which may deplete the beneficial
anti-inflammatory effects on the CNS [117]. Therefore, future work might consider the
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characterisation and modulation of the MS-associated microbiota as a strategic diagnostic
and therapeutic target.

4.4. Limitations

In the present review, several limitations have to be determined. The main restriction is
that methodological differences between the revised studies are not considered. In addition,
all the included studies used a relatively moderate sample size, with a total of 570 MS
cases and 478 controls from different regions of the world. Finally, we have reported the
results in the taxon observed similarly in two or three studies; some associations might be
overlooked, especially in the least abundant taxon.

5. Conclusions

Despite a modest cohort size, diversity in geographical location of participants, and
sample processing, the present systemic review brings to light a dysbiosis of the GM in MS
patients compared to healthy controls. More specifically, and despite variability among
different studies, consistent patterns have been found, as many taxa were identified as
over- or under-represented in MS compared to controls. Most of the altered bacteria are
SCFA producers, which might explain the chronic inflammation which characterises this
disease. Therefore, future research should consider the characterisation and modulation of
the MS-associated microbiota as a target for diagnosis and therapy.

Author Contributions: Conceptualization, A.O.-R., D.C., PR. and LR.-R; validation, D.C.; investigation,
A.O.-R,D.C, A.C-R. and PR;; resources, D.C. and PR; writing—original draft preparation, L.R.-R.,
A.O.-R. and D.C.; writing—review and editing, A.C.-R., PR. and L.R.-R.; supervision, D.C., PR. and
L.R.-R.; funding acquisition, D.C. and P.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. Dobson, R.; Giovannoni, G. Multiple sclerosis—A review. Eur. J. Neurol. 2018, 26, 27-40. [CrossRef] [PubMed]

2. Filippi, M,; Bar-Or, A.; Piehl, F,; Preziosa, P,; Solari, A.; Vukusic, S.; Rocca, A.M. Multiple sclerosis. Nat. Rev. Dis. Prim. 2019, 4,
1-27. [CrossRef]

3.  Lodygin, D.; Hermann, M.; Schweingruber, N.; Fliigel-Koch, C.; Watanabe, T.; Schlosser, C.; Merlini, A.; Kérner, H.; Chang, H.-F,;
Fischer, H.].; et al. 3-Synuclein-reactive T cells induce autoimmune CNS grey matter degeneration. Nature 2019, 566, 503-508.
[CrossRef]

4. Reich, D.S.; Lucchinetti, C.F; Calabresi, P.A. Multiple Sclerosis: A Review. N. Engl. ]. Med. 2018, 378, 169-180. [CrossRef]
[PubMed]

5. Nylander, A.; Hafler, D.A. Multiple sclerosis. J. Clin. Investig. 2012, 122, 1180-1188. [CrossRef] [PubMed]

6.  McGinley, M.P;; Goldschmidt, C.H.; Rae-Grant, A.D. Diagnosis and Treatment of Multiple Sclerosis. JAMA 2021, 325, 765-779.
[CrossRef]

7. Carmona, N.P; Jover, E.F; Sempere, P. Epidemiology of multiple sclerosis in Spain. Rev. Neurol. 2019, 69, 32-38. [CrossRef]

8. Wiesel, PH.; Norton, C.; Glickman, S.; Kamm, M.A. Pathophysiology and management of bowel dysfunction in multiple sclerosis.
Eur. ]. Gastroenterol. Hepatol. 2001, 13, 441-448. [CrossRef]

9. Thompson, A.J.; Baranzini, S.E.; Geurts, ].; Hemmer, B.; Ciccarelli, O. Multiple sclerosis. Lancet 2018, 391, 1622-1636. [CrossRef]

10.  Ascherio, A.; Munger, K.L. Environmental risk factors for multiple sclerosis. Part II: Noninfectious factors. Ann. Neurol. 2007, 61,
504-513. [CrossRef]

11.  Olsson, T.; Barcellos, L.E; Alfredsson, L. Interactions between genetic, lifestyle and environmental risk factors for multiple

sclerosis. Nat. Rev. Neurol. 2016, 13, 25-36. [CrossRef]


http://doi.org/10.1111/ene.13819
http://www.ncbi.nlm.nih.gov/pubmed/30300457
http://doi.org/10.1038/s41572-018-0041-4
http://doi.org/10.1038/s41586-019-0964-2
http://doi.org/10.1056/NEJMra1401483
http://www.ncbi.nlm.nih.gov/pubmed/29320652
http://doi.org/10.1172/JCI58649
http://www.ncbi.nlm.nih.gov/pubmed/22466660
http://doi.org/10.1001/jama.2020.26858
http://doi.org/10.33588/rn.6901.2018477
http://doi.org/10.1097/00042737-200104000-00025
http://doi.org/10.1016/S0140-6736(18)30481-1
http://doi.org/10.1002/ana.21141
http://doi.org/10.1038/nrneurol.2016.187

Int. |. Environ. Res. Public Health 2023, 20, 4624 12 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

International Multiple Sclerosis Genetics Consortium; Briggs, EB.S.; Shao, X.A.; Goldstein, B.; Oksenberg, ].R.; Barcellos, L.E,; De
Jager, PL. Genome-wide association study of severity in multiple sclerosis: International Multiple Sclerosis Genetics Consortium.
Genes Immun. 2011, 12, 615-625. [CrossRef]

Lassmann, H. Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple Sclerosis. Front. Immunol. 2018,
10, 3116. [CrossRef]

Carretero Ares, ].L.; Bowakim Dib, W.; Rey, ]. M. A. Actualizacién: Esclerosis multiple. Medifam 2001, 11, 30-43. [CrossRef]
Zhou, X.; Baumann, R.; Gao, X.; Mendoza, M.; Singh, S.; Sand, 1.K,; Xia, Z.; Cox, L.M.; Chitnis, T.; Yoon, H.; et al. Gut microbiome
of multiple sclerosis patients and paired household healthy controls reveal associations with disease risk and course. Cell 2022,
185, 3467-3486.e16. [CrossRef]

Cox, L.M.; Maghzi, A.H.; Liu, S.; Tankou, S.K.; Dhang, FH.; Willocq, V.; Song, A.; Wasén, C.; Tauhid, S.; Chu, R; et al. Gut
Microbiome in Progressive Multiple Sclerosis. Ann. Neurol. 2021, 89, 1195-1211. [CrossRef] [PubMed]

Cantoni, C.; Lin, Q.; Dorsett, Y.; Ghezzi, L.; Liu, Z.; Pan, Y.; Chen, K,; Han, Y,; Li, Z.; Xiao, H.; et al. Alterations of host-gut
microbiome interactions in multiple sclerosis. Ebiomedicine 2022, 76, 103798. [CrossRef] [PubMed]

Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What Is the Healthy Gut
Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, 14.
[CrossRef] [PubMed]

Hansen, N.; Sams, A. The Microbiotic Highway to Health—New Perspective on Food Structure, Gut Microbiota, and Host
Inflammation. Nutrients 2018, 10, 1590. [CrossRef]

Rutsch, A ; Kantsjo, ].B.; Ronchi, F. The Gut-Brain Axis: How Microbiota and Host Inflammasome Influence Brain Physiology and
Pathology. Front. Immunol. 2020, 10, 604179. [CrossRef]

Zhu, X.; Han, Y.; Du, J; Liu, R;; Jin, K.; Yi, W. Microbiota-gut-brain axis and the central nervous system. Oncotarget 2017, §,
53829-53838. [CrossRef] [PubMed]

Collins, S.M.; Surette, M.; Bercik, P. The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 2012, 10,
735-742. [CrossRef]

Jones, M.P; Dilley, J.B.; Drossman, D.; Crowell, M.D. Brain-gut connections in functional GI disorders: Anatomic and physiologic
relationships. Neurogastroenterol. Motil. 2006, 18, 91-103. [CrossRef] [PubMed]

Rhee, S.H.; Pothoulakis, C.; Mayer, E.A. Principles and clinical implications of the brain-gut—enteric microbiota axis. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 306-314. [CrossRef]

Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189-200. [CrossRef] [PubMed]

Haghikia, A.; Jorg, S.; Duscha, A.; Berg, J.; Manzel, A.; Waschbisch, A.; Hammer, A.; Lee, D.-H.; May, C.; Wilck, N.; et al.
Dietary Fatty Acids Directly Impact Central Nervous System Autoimmunity via the Small Intestine. Immunity 2015, 43, 817-829.
[CrossRef]

Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

Vijay, N. Role of Monocarboxylate Transporters in Drug Delivery to the Brain. Curr. Pharm. Des. 2014, 20, 1487-1498. [CrossRef]
Asarat, M.; Apostolopoulos, V.; Vasiljevic, T.; Donkor, O. Short-Chain Fatty Acids Regulate Cytokines and Th17/Treg Cells in
Human Peripheral Blood Mononuclear Cells in vitro. Immunol. Investig. 2016, 45, 205-222. [CrossRef]

Opazo, M.C.; Ortega-Rocha, E.M.; Coronado-Arrazola, I.; Bonifaz, L.C.; Boudin, H.; Neunlist, M.; Bueno, S.M.; Kalergis, A.M,;
Riedel, C.A. Intestinal Microbiota Influences Non-intestinal Related Autoimmune Diseases. Front. Microbiol. 2018, 12, 432.
[CrossRef]

Gandy, K.A.O.; Zhang, J.; Nagarkatti, P; Nagarkatti, M. The role of gut microbiota in shaping the relapse-remitting and
chronic-progressive forms of multiple sclerosis in mouse models. Sci. Rep. 2019, 6, 6923. [CrossRef]

Jangi, S.; Gandhi, R.; Cox, L.M.; Li, N.; von Glehn, E; Yan, R.; Patel, B.; Mazzola, M.A; Liu, S.; Glanz, B.L.; et al. Alterations of the
human gut microbiome in multiple sclerosis. Nat. Commun. 2016, 7, 12015. [CrossRef]

Ochoa-Reparaz, ].; Kirby, T.O.; Kasper, L.H. The Gut Microbiome and Multiple Sclerosis. Cold Spring Harb. Perspect. Med. 2018,
8,a029017. [CrossRef] [PubMed]

Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; PRISMA-P Group. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BM]J 2015,
349, g7647. [CrossRef] [PubMed]

Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur. |. Epidemiol. 2010, 25, 603-605. [CrossRef]

Castillo-Alvarez, F.; Pérez-Matute, P; Oteo, ].; Marzo-Sola, M. The influence of interferon B-1b on gut microbiota composition in
patients with multiple sclerosis. Neurologia 2021, 36, 495-503. [CrossRef] [PubMed]

Saresella, M.; Marventano, L.; Barone, M.; La Rosa, E; Piancone, F; Mendozzi, L.; D’Arma, A ; Rossi, V.; Pugnetti, L.; Roda, G.; et al.
Alterations in Circulating Fatty Acid Are Associated With Gut Microbiota Dysbiosis and Inflammation in Multiple Sclerosis.
Front. Immunol. 2020, 11, 1390. [CrossRef]

Ventura, R.E,; lizumi, T.; Battaglia, T.; Liu, M.; Perez-Perez, G.I.; Herbert, J.; Blaser, M.J. Gut microbiome of treatment-naive MS
patients of different ethnicities early in disease course. Sci. Rep. 2019, 9, 16396. [CrossRef]


http://doi.org/10.1038/gene.2011.34
http://doi.org/10.3389/fimmu.2018.03116
http://doi.org/10.4321/S1131-57682001000900002
http://doi.org/10.1016/j.cell.2022.08.021
http://doi.org/10.1002/ana.26084
http://www.ncbi.nlm.nih.gov/pubmed/33876477
http://doi.org/10.1016/j.ebiom.2021.103798
http://www.ncbi.nlm.nih.gov/pubmed/35094961
http://doi.org/10.3390/microorganisms7010014
http://www.ncbi.nlm.nih.gov/pubmed/30634578
http://doi.org/10.3390/nu10111590
http://doi.org/10.3389/fimmu.2020.604179
http://doi.org/10.18632/oncotarget.17754
http://www.ncbi.nlm.nih.gov/pubmed/28881854
http://doi.org/10.1038/nrmicro2876
http://doi.org/10.1111/j.1365-2982.2005.00730.x
http://www.ncbi.nlm.nih.gov/pubmed/16420287
http://doi.org/10.1038/nrgastro.2009.35
http://doi.org/10.1080/19490976.2015.1134082
http://www.ncbi.nlm.nih.gov/pubmed/26963409
http://doi.org/10.1016/j.immuni.2015.09.007
http://doi.org/10.3389/fendo.2020.00025
http://doi.org/10.2174/13816128113199990462
http://doi.org/10.3109/08820139.2015.1122613
http://doi.org/10.3389/fmicb.2018.00432
http://doi.org/10.1038/s41598-019-43356-7
http://doi.org/10.1038/ncomms12015
http://doi.org/10.1101/cshperspect.a029017
http://www.ncbi.nlm.nih.gov/pubmed/29311123
http://doi.org/10.1136/bmj.g7647
http://www.ncbi.nlm.nih.gov/pubmed/25555855
http://doi.org/10.1007/s10654-010-9491-z
http://doi.org/10.1016/j.nrl.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/34537163
http://doi.org/10.3389/fimmu.2020.01390
http://doi.org/10.1038/s41598-019-52894-z

Int. |. Environ. Res. Public Health 2023, 20, 4624 13 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Choiledin, S.N.; Kleinewietfeld, M.; Raddassi, K.; Hafler, D.A.; Ruff, W.E.; Longbrake, E.E. CXCR3+ T cells in multiple sclerosis
correlate with reduced diversity of the gut microbiome. J. Transl. Autoimmun. 2020, 3, 100032. [CrossRef] [PubMed]

Kozhieva, M.; Naumova, N.; Alikina, T.; Boyko, A.; Vlassov, V.; Kabilov, M.R. Primary progressive multiple sclerosis in a Russian
cohort: Relationship with gut bacterial diversity. BMC Microbiol. 2019, 19, 309. [CrossRef]

Levi, I; Gurevich, M.; Perlman, G.; Magalashvili, D.; Menascu, S.; Bar, N.; Godneva, A.; Zahavi, L.; Chermon, D.; Kosower, N;
et al. Potential role of indolelactate and butyrate in multiple sclerosis revealed by integrated microbiome-metabolome analysis.
Cell Rep. Med. 2021, 2, 100246. [CrossRef]

Ling, Z.; Cheng, Y.; Yan, X,; Shao, L.; Liu, X.; Zhou, D.; Zhang, L.; Yu, K.; Zhao, L. Alterations of the Fecal Microbiota in Chinese
Patients With Multiple Sclerosis. Front. Immunol. 2020, 11, 590783. [CrossRef]

Mekky, J.; Wani, R.; Said, S.M.; Ashry, M.; Ibrahim, A.E.; Ahmed, S.M. Molecular characterization of the gut microbiome in
egyptian patients with remitting relapsing multiple sclerosis. Mult. Scler. Relat. Disord. 2022, 57, 103354. [CrossRef] [PubMed]
Pellizoni, F; Leite, A.; Rodrigues, N.; Ubaiz, M.; Gonzaga, M.; Takaoka, N.; Mariano, V.; Omori, W.; Pinheiro, D.; Junior, EM.; et al.
Detection of Dysbiosis and Increased Intestinal Permeability in Brazilian Patients with Relapsing—Remitting Multiple Sclerosis.
Int. ]. Environ. Res. Public Health 2021, 18, 4621. [CrossRef] [PubMed]

Pérez-Pérez, S.; Dominguez-Mozo, M.I.; Alonso-Gémez, A.; Medina, S.; Villarrubia, N.; Fernandez-Velasco, J.I.; Garcia-Martinez,
M.; Garcia-Calvo, E.; Estévez, H.; Costa-Frossard, L.; et al. Acetate correlates with disability and immune response in multiple
sclerosis. Peer] 2020, 8, €10220. [CrossRef]

Reynders, T.; Devolder, L.; Valles-Colomer, M.; Van Remoortel, A.; Joossens, M.; De Keyser, J.; Nagels, G.; D'Hooghe, M.; Raes, J.
Gut microbiome variation is associated to Multiple Sclerosis phenotypic subtypes. Ann. Clin. Transl. Neurol. 2020, 7, 406—419.
[CrossRef]

Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.; Kennedy,
S.; et al. Richness of human gut microbiome correlates with metabolic markers. Nature 2013, 500, 541-546. [CrossRef]
Lozupone, C.A.; Stombaugh, J.; Gonzalez, A.; Ackermann, G.; Wendel, D.; Vazquez-Baeza, Y.; Jansson, ].K.; Gordon, J.I.; Knight,
R. Meta-analyses of studies of the human microbiota. Genome Res. 2013, 23, 1704-1714. [CrossRef] [PubMed]

Manichanh, C.; Rigottier-Gois, L.; Bonnaud, E.; Gloux, K,; Pelletier, E.; Frangeul, L.; Nalin, R.; Jarrin, C.; Chardon, P.; Marteau,
P; et al. Reduced diversity of faecal microbiota in Crohn’s disease revealed by a metagenomic approach. Gut 2006, 55, 205-211.
[CrossRef]

de Goffau, M.C.; Luopajérvi, K.; Knip, M.; Ilonen, J.; Ruohtula, T.; Harkonen, T.; Orivuori, L.; Hakala, S.; Welling, G.W.; Harmsen,
H.J.; et al. Fecal Microbiota Composition Differs Between Children With 3-Cell Autoimmunity and Those Without. Diabetes 2013,
62,1238-1244. [CrossRef]

Kostic, A.D.; Gevers, D,; Siljander, H.; Vatanen, T.; Hy6tyldinen, T.; Himaéldinen, A.-M.; Peet, A.; Tillmann, V.; P6ho, P.; Mattila,
I; et al. The Dynamics of the Human Infant Gut Microbiome in Development and in Progression toward Type 1 Diabetes. Cell
Host Microbe 2015, 17, 260-273. [CrossRef] [PubMed]

Scher, ].U.; Ubeda, C.; Artacho, A.; Mukundan, A.; Isaac, S.; Reddy, S.M.; Marmon, S.; Neimann, A.; Brusca, S.; Patel, T.; et al.
Decreased Bacterial Diversity Characterizes the Altered Gut Microbiota in Patients With Psoriatic Arthritis, Resembling Dysbiosis
in Inflammatory Bowel Disease. Arthritis Rheumatol. 2015, 67, 128-139. [CrossRef]

Turnbaugh, PJ.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480-484. [CrossRef] [PubMed]

Chen, J.; Chia, N.; Kalari, K.R;; Yao, ].Z.; Novotna, M.; Paz Soldan, M.M.; Luckey, D.H.; Marietta, E.V.; Jeraldo, PR.; Chen, X.; et al.
Multiple sclerosis patients have a distinct gut microbiota compared to healthy controls. Sci. Rep. 2016, 6, 28484. [CrossRef]
[PubMed]

Leffler, J.; Trend, S.; Hart, PH.; A French, M. Epstein—Barr virus infection, B-cell dysfunction and other risk factors converge in
gut-associated lymphoid tissue to drive the immunopathogenesis of multiple sclerosis: A hypothesis. Clin. Transl. Immunol. 2022,
11, €1418. [CrossRef]

Berer, K.; Gerdes, L.A.; Cekanaviciute, E.; Jia, X.; Xiao, L.; Xia, Z.; Liu, C.; Klotz, L.; Stauffer, U.; Baranzini, S.E.; et al. Gut
microbiota from multiple sclerosis patients enables spontaneous autoimmune encephalomyelitis in mice. Proc. Natl. Acad. Sci.
USA 2017, 114, 10719-10724. [CrossRef]

Cekanaviciute, E.; Yoo, B.B.; Runia, T.F,; Debelius, ].W.; Singh, S.; Nelson, C.A.; Kanner, R.; Bencosme, Y.; Lee, Y.K.; Hauser,
S.L,; et al. Gut bacteria from multiple sclerosis patients modulate human T cells and exacerbate symptoms in mouse models. Proc.
Natl. Acad. Sci. USA 2017, 114, 10713-10718. [CrossRef]

Faber, W.; Stolwijk-Swuste, J.; van Ginkel, F.; Nachtegaal, J.; Zoetendal, E.; Winkels, R.; Witteman, B. Faecal Microbiota in Patients
with Neurogenic Bowel Dysfunction and Spinal Cord Injury or Multiple Sclerosis—A Systematic Review. J. Clin. Med. 2021,
10, 1598. [CrossRef]

Mirza, A.; Forbes, ].D.; Zhu, E,; Bernstein, C.N.; Van Domselaar, G.; Graham, M.; Waubant, E.; Tremlett, H. The multiple sclerosis
gut microbiota: A systematic review. Mult. Scler. Relat. Disord. 2020, 37, 101427. [CrossRef]

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67-72. [CrossRef]
Wright, E.K.; Kamm, M.A.; Teo, S.M.; Inouye, M.; Wagner, J.; Kirkwood, C.D. Recent Advances in Characterizing the Gastroin-
testinal Microbiome in Crohn’s Disease: A Systematic Review. Inflamm. Bowel Dis. 2015, 21, 1219-1228. [CrossRef]


http://doi.org/10.1016/j.jtauto.2019.100032
http://www.ncbi.nlm.nih.gov/pubmed/32743517
http://doi.org/10.1186/s12866-019-1685-2
http://doi.org/10.1016/j.xcrm.2021.100246
http://doi.org/10.3389/fimmu.2020.590783
http://doi.org/10.1016/j.msard.2021.103354
http://www.ncbi.nlm.nih.gov/pubmed/35158462
http://doi.org/10.3390/ijerph18094621
http://www.ncbi.nlm.nih.gov/pubmed/33925359
http://doi.org/10.7717/peerj.10220
http://doi.org/10.1002/acn3.51004
http://doi.org/10.1038/nature12506
http://doi.org/10.1101/gr.151803.112
http://www.ncbi.nlm.nih.gov/pubmed/23861384
http://doi.org/10.1136/gut.2005.073817
http://doi.org/10.2337/db12-0526
http://doi.org/10.1016/j.chom.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25662751
http://doi.org/10.1002/art.38892
http://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://doi.org/10.1038/srep28484
http://www.ncbi.nlm.nih.gov/pubmed/27346372
http://doi.org/10.1002/cti2.1418
http://doi.org/10.1073/pnas.1711233114
http://doi.org/10.1073/pnas.1711235114
http://doi.org/10.3390/jcm10081598
http://doi.org/10.1016/j.msard.2019.101427
http://doi.org/10.1079/PNS2002207
http://doi.org/10.1097/MIB.0000000000000382

Int. |. Environ. Res. Public Health 2023, 20, 4624 14 of 16

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Verhaar, B.].H.; Hendriksen, HM.A.; de Leeuw, FA.; Doorduijn, A.S.; van Leeuwenstijn, M.; Teunissen, C.E.; Barkhof, E,; Scheltens,
P; Kraaij, R.; van Duijn, C.M.; et al. Gut Microbiota Composition Is Related to AD Pathology. Front. Immunol. 2022, 12, 794519.
[CrossRef]

Westfall, S.; Lomis, N.; Kahouli, I.; Dia, S.Y.; Singh, S.P.; Prakash, S. Microbiome, probiotics and neurodegenerative diseases:
Deciphering the gut brain axis. Cell. Mol. Life Sci. 2017, 74, 3769-3787. [CrossRef]

Toghi, M.; Bitarafan, S.; Kasmaei, H.D.; Ghafouri-Fard, S. Bifidobacteria: A probable missing puzzle piece in the pathogenesis of
multiple sclerosis. Mult. Scler. Relat. Disord. 2019, 36, 101378. [CrossRef]

Tankou, SK.; Regev, K.; Healy, B.C.; Cox, LM.; Tjon, E.; Kivisakk, P.; Vanande, I.P.; Cook, S.; Gandhi, R.; Glanz, B.; et al.
Investigation of probiotics in multiple sclerosis. Mult. Scler. ]. 2018, 24, 58-63. [CrossRef] [PubMed]

Oezguen, N.; Yalcinkaya, N.; I Kiictikali, C.; Dahdouli, M.; Hollister, E.B.; A Luna, R.; Ttirkoglu, R.; Kiirttincti, M.; Eraksoy, M.;
Savidge, T.C.; et al. Microbiota stratification identifies disease-specific alterations in neuro-Behget’s disease and multiple sclerosis.
Ann. Rheum. Dis. 2019, 37, 58—-66.

Sterlin, D.; Larsen, M.; Fadlallah, J.; Parizot, C.; Vignes, M.; Autaa, G.; Dorgham, K; Juste, C.; Lepage, P.; Aboab, J.; et al. Perturbed
Microbiota/Immune Homeostasis in Multiple Sclerosis. Neurol. Neuroimmunol. Neuroinflammation 2021, 8, €997. [CrossRef]
Sato, J.; Kanazawa, A.; Ikeda, F,; Yoshihara, T.; Goto, H.; Abe, H.; Komiya, K.; Kawaguchi, M.; Shimizu, T.; Ogihara, T.; et al.
Gut Dysbiosis and Detection of “Live Gut Bacteria” in Blood of Japanese Patients With Type 2 Diabetes. Diabetes Care 2014, 37,
2343-2350. [CrossRef]

Jiang, W.; Wu, N.; Wang, X.; Chi, Y.; Zhang, Y.; Qiu, X.; Hu, Y.; Li, J; Liu, Y. Dysbiosis gut microbiota associated with inflammation
and impaired mucosal immune function in intestine of humans with non-alcoholic fatty liver disease. Sci. Rep. 2015, 5, 8096.
[CrossRef] [PubMed]

Storm-Larsen, C.; Myhr, K.-M.; Farbu, E.; Midgard, R.; Nyquist, K.; Broch, L.; Berg-Hansen, P.; Buness, A.; Holm, K.; Ueland,
T.; et al. Gut microbiota composition during a 12-week intervention with delayed-release dimethyl fumarate in multiple
sclerosis—A pilot trial. Mult. Scler. |. Exp. Transl. Clin. 2019, 5, 2055217319888767. [CrossRef]

Swidsinski, A.; Dorffel, Y.; Loening-Baucke, V.; Gille, C.; Goktas, O.; Reifhauer, A.; Neuhaus, J.; Weylandt, K.-H.; Guschin, A.;
Bock, M. Reduced Mass and Diversity of the Colonic Microbiome in Patients with Multiple Sclerosis and Their Improvement
with Ketogenic Diet. Front. Microbiol. 2017, 8, 1141. [CrossRef]

Tremlett, H.; Fadrosh, D.W.; Faruqi, A.A.; Hart, J.; Roalstad, S.; Graves, J.; Lynch, S.; Waubant, E.; Aaen, G.; Belman, A.; et al. Gut
microbiota composition and relapse risk in pediatric MS: A pilot study. J. Neurol. Sci. 2016, 363, 153-157. [CrossRef]

Liu, H.-N.C.; Wu, H.A.; DE Srjhfb Chen, Y.-Z.; Chen, Y.-J.; Shen, X.-Z.; Liu, T.-T. Altered molecular signature of intestinal
microbiota in irritable bowel syndrome patients compared with healthy controls: A systematic review and meta-analysis. Dig.
Liver Dis. 2017, 49, 331-337. [CrossRef]

Prosberg, M.; Bendtsen, F,; Vind, I.; Petersen, A.M.; Gluud, L.L. The association between the gut microbiota and the inflammatory
bowel disease activity: A systematic review and meta-analysis. Scand. ]. Gastroenterol. 2016, 51, 1407-1415. [CrossRef] [PubMed]
Ferreira-Halder, C.V.; de Sousa Faria, A.V.; Andrade, S.S. Action and function of Faecalibacterium prausnitzii in health and
disease. Best Pract. Res. Clin. Gastroenterol. 2017, 31, 643—-648. [CrossRef]

Rossi, O.; van Berkel, L.A.; Chain, F.; Khan, M.T.; Taverne, N.; Sokol, H.; Duncan, S.H.; Flint, H.].; Harmsen, H.].M.; Langella,
P; et al. Faecalibacterium prausnitzii A2-165 has a high capacity to induce IL-10 in human and murine dendritic cells and
modulates T cell responses. Sci. Rep. 2016, 6, 18507. [CrossRef] [PubMed]

Forbes, ].D.; Chen, C.Y,; Knox, N.C.; Marrie, R.A.; El-Gabalawy, H.; De Kievit, T.; Alfa, M.; Bernstein, C.N.; Van Domselaar, G. A
comparative study of the gut microbiota in immune-mediated inflammatory diseases-Does a common dysbiosis exist? Microbiome
2018, 6, 1-15. [CrossRef] [PubMed]

Shi, T.-T.; Xin, Z.; Hua, L.; Zhao, R.-X,; Yang, Y.-L.; Wang, H.; Zhang, S.; Liu, W.; Xie, R.-R. Alterations in the intestinal microbiota of
patients with severe and active Graves’ orbitopathy: A cross-sectional study. J. Endocrinol. Investig. 2019, 42, 967-978. [CrossRef]
Tamanai-Shacoori, Z.; Smida, I.; Bousarghin, L.; Loreal, O.; Meuric, V.; Fong, S.B.; Bonnaure-Mallet, M.; Jolivet-Gougeon, A.
Roseburia spp.: A marker of health? Futur. Microbiol. 2017, 12, 157-170. [CrossRef]

Qian, X,; Liu, Y.-X,; Ye, X.; Zheng, W.; Lv, S.; Mo, M,; Lin, J.; Wang, W.; Wang, W.; Zhang, X.; et al. Gut microbiota in children with
juvenile idiopathic arthritis: Characteristics, biomarker identification, and usefulness in clinical prediction. BMC Genom. 2020,
21, 286. [CrossRef]

Tejesvi, M.V.; Arvonen, M.; Kangas, S.M.; Keskitalo, P.L.; Pirttild, A.M.; Karttunen, T.J.; Vdhésalo, P. Faecal microbiome in
new-onset juvenile idiopathic arthritis. Eur. J. Clin. Microbiol. Infect. Dis. 2016, 35, 363-370. [CrossRef] [PubMed]

Consolandi, C.; Turroni, S.; Emmi, G.; Severgnini, M.; Fiori, J.; Peano, C.; Biagi, E.; Grassi, A.; Rampelli, S.; Silvestri, E.; et al.
Behget’s syndrome patients exhibit specific microbiome signature. Autoimmun. Rev. 2015, 14, 269-276. [CrossRef] [PubMed]
Berni Canani, R.; Sangwan, N.; Stefka, A.; Nocerino, R.; Paparo, L.; Aitoro, R.; Calignano, A.; A Khan, A.; A Gilbert, J.; Nagler,
C.R. Lactobacillus rhamnosus GG-supplemented formula expands butyrate-producing bacterial strains in food allergic infants.
ISME ]. 2016, 10, 742-750. [CrossRef]

Haro, C.; Montes-Borrego, M.; Rangel-Zuiiiga, O.A.; Alcala-Diaz, ].E; Gémez-Delgado, F; Pérez-Martinez, P.; Delgado-Lista, J.;
Quintana-Navarro, G.M.; Tinahones, F].; Landa, B.B.; et al. Two Healthy Diets Modulate Gut Microbial Community Improving
Insulin Sensitivity in a Human Obese Population. J. Clin. Endocrinol. Metab. 2016, 101, 233-242. [CrossRef]


http://doi.org/10.3389/fimmu.2021.794519
http://doi.org/10.1007/s00018-017-2550-9
http://doi.org/10.1016/j.msard.2019.101378
http://doi.org/10.1177/1352458517737390
http://www.ncbi.nlm.nih.gov/pubmed/29307299
http://doi.org/10.1212/NXI.0000000000000997
http://doi.org/10.2337/dc13-2817
http://doi.org/10.1038/srep08096
http://www.ncbi.nlm.nih.gov/pubmed/25644696
http://doi.org/10.1177/2055217319888767
http://doi.org/10.3389/fmicb.2017.01141
http://doi.org/10.1016/j.jns.2016.02.042
http://doi.org/10.1016/j.dld.2017.01.142
http://doi.org/10.1080/00365521.2016.1216587
http://www.ncbi.nlm.nih.gov/pubmed/27687331
http://doi.org/10.1016/j.bpg.2017.09.011
http://doi.org/10.1038/srep18507
http://www.ncbi.nlm.nih.gov/pubmed/26725514
http://doi.org/10.1186/s40168-018-0603-4
http://www.ncbi.nlm.nih.gov/pubmed/30545401
http://doi.org/10.1007/s40618-019-1010-9
http://doi.org/10.2217/fmb-2016-0130
http://doi.org/10.1186/s12864-020-6703-0
http://doi.org/10.1007/s10096-015-2548-x
http://www.ncbi.nlm.nih.gov/pubmed/26718942
http://doi.org/10.1016/j.autrev.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25435420
http://doi.org/10.1038/ismej.2015.151
http://doi.org/10.1210/jc.2015-3351

Int. |. Environ. Res. Public Health 2023, 20, 4624 15 of 16

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Larsen, N.; Vogensen, FK.; Gobel, R.J.; Michaelsen, K.E; Forssten, S.D.; Lahtinen, S.J.; Jakobsen, M. Effect of Lactobacillus
salivarius Ls-33 on fecal microbiota in obese adolescents. Clin. Nutr. 2013, 32, 935-940. [CrossRef] [PubMed]

Shahi, S.K.; Freedman, S.N.; Mangalam, A K. Gut microbiome in multiple sclerosis: The players involved and the roles they play.
Gut Microbes 2017, 8, 607-615. [CrossRef]

Rajili¢-Stojanovi¢, M.; Biagi, E.; Heilig, H.G.; Kajander, K.; Kekkonen, R.A.; Tims, S.; de Vos, WM. Global and Deep Molecular
Analysis of Microbiota Signatures in Fecal Samples From Patients With Irritable Bowel Syndrome. Gastroenterology 2011, 141,
1792-1801. [CrossRef] [PubMed]

Esposito, S.; Bonavita, S.; Sparaco, M.; Gallo, A.; Tedeschi, G. The role of diet in multiple sclerosis: A review. Nutr. Neurosci. 2017,
21, 377-390. [CrossRef] [PubMed]

Bedarf, ].R.; Hildebrand, E; Coelho, L.P.; Sunagawa, S.; Bahram, M.; Goeser, E; Bork, P.; Wiillner, U. Functional implications of
microbial and viral gut metagenome changes in early stage L-DOPA-naive Parkinson’s disease patients. Genome Med. 2017, 9, 39.
[CrossRef]

Heintz-Buschart, A.; Pandey, U.; Wicke, T.; Sixel-Doring, F; Janzen, A.; Sittig-Wiegand, E.; Trenkwalder, C.; Oertel, W.H.;
Mollenhauer, B.; Wilmes, P. The nasal and gut microbiome in Parkinson’s disease and idiopathic rapid eye movement sleep
behavior disorder. Mov. Disord. 2017, 33, 88-98. [CrossRef]

Carlson, A.L.; Xia, K.; Azcarate-Peril, M.A.; Goldman, B.D.; Ahn, M.; Styner, M.A.; Thompson, A.L.; Geng, X.; Gilmore, ].H.;
Knickmeyer, R.C. Infant Gut Microbiome Associated With Cognitive Development. Biol. Psychiatry 2018, 83, 148-159. [CrossRef]
Zhang, X.; Zhao, Y.; Xu, J.; Xue, Z.; Zhang, M.; Pang, X.; Zhang, X.; Zhao, L. Modulation of gut microbiota by berberine and
metformin during the treatment of high-fat diet-induced obesity in rats. Sci. Rep. 2015, 5, 14405. [CrossRef]

Perry, RJ.; Peng, L.; Barry, N.A,; Cline, G.W.; Zhang, D.; Cardone, R.L.; Petersen, K.E; Kibbey, R.G.; Goodman, A.L.; Shulman, G.L
Acetate mediates a microbiome-brain—{3-cell axis to promote metabolic syndrome. Nature 2016, 534, 213-217. [CrossRef]

Bell, A,; Brunt, J.; Crost, E.; Vaux, L.; Nepravishta, R.; Owen, C.D.; Latousakis, D.; Xiao, A.; Li, W.; Chen, X,; et al. Elucidation of a
sialic acid metabolism pathway in mucus-foraging Ruminococcus gnavus unravels mechanisms of bacterial adaptation to the gut.
Nat. Microbiol. 2019, 4, 2393-2404. [CrossRef]

Deschasaux, M.; Bouter, K.E.; Prodan, A.; Levin, E.; Groen, A.K.; Herrema, H.; Tremaroli, V.; Bakker, G.J.; Attaye, L; Pinto-Sietsma,
S.-].; et al. Depicting the composition of gut microbiota in a population with varied ethnic origins but shared geography. Nat.
Med. 2018, 24, 1526-1531. [CrossRef] [PubMed]

Gaulke, C.A; Sharpton, T.J. The influence of ethnicity and geography on human gut microbiome composition. Nat. Med. 2018, 24,
1495-1496. [CrossRef] [PubMed]

He, Y,; Wu, W.; Zheng, H.-M.; Li, P.; McDonald, D.; Sheng, H.-F.,; Chen, M.-X,; Chen, Z.-H.; Ji, G.-Y.; Zheng, Z.-D.; et al. Regional
variation limits applications of healthy gut microbiome reference ranges and disease models. Nat. Med. 2018, 24, 1532-1535.
[CrossRef] [PubMed]

McDonald, D.; Hyde, E.; Debelius, ].W.; Morton, ].T.; Gonzalez, A.; Ackermann, G.; Aksenov, A.A.; Behsaz, B.; Brennan, C.; Chen,
Y.; et al. American Gut: An Open Platform for Citizen Science Microbiome Research. Msystems 2018, 3, e00031-18. [CrossRef]
[PubMed]

Rios-Covian, D.; Ruas-Madiedo, P.; Margolles, A.; Gueimonde, M.; De Los Reyes-Gavilan, C.G.; Salazar, N. Intestinal Short Chain
Fatty Acids and their Link with Diet and Human Health. Front. Microbiol. 2016, 7, 185. [CrossRef]

Melbye, P,; Olsson, A.; Hansen, T.H.; Sondergaard, H.B.; Oturai, A.B. Short-chain fatty acids and gut microbiota in multiple
sclerosis. Acta Neurol. Scand. 2019, 139, 208-219. [CrossRef]

Smith, PM.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The Microbial
Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569-573. [CrossRef]
Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.; et al.
Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446-450.
[CrossRef] [PubMed]

Kespohl, M.; Vachharajani, N.; Luu, M.; Harb, H.; Pautz, S.; Wolff, S.; Sillner, N.; Walker, A.; Schmitt-Kopplin, P.; Boettger, T.; et al.
The Microbial Metabolite Butyrate Induces Expression of Th1-Associated Factors in CD4+ T Cells. Front. Immunol. 2017, 8, 1036.
[CrossRef]

Mizuno, M.; Noto, D.; Kaga, N.; Chiba, A.; Miyake, S. The dual role of short fatty acid chains in the pathogenesis of autoimmune
disease models. PLoS ONE 2017, 12, e0173032. [CrossRef]

Jakobsdottir, G.; Bjerregaard, ].H.; Skovbjerg, H.; Nyman, M. Fasting serum concentration of short-chain fatty acids in subjects
with microscopic colitis and celiac disease: No difference compared with controls, but between genders. Scand. J. Gastroenterol.
2013, 48, 696-701. [CrossRef]

Bourassa, M.W.,; Alim, I.; Bultman, S.J.; Ratan, R.R. Butyrate, neuroepigenetics and the gut microbiome: Can a high fiber diet
improve brain health? Neurosci. Lett. 2016, 625, 56-63. [CrossRef]

Tomova, A.; Bukovsky, I.; Rembert, E.; Yonas, W.; Alwarith, J.; Barnard, N.D.; Kahleova, H. The Effects of Vegetarian and Vegan
Diets on Gut Microbiota. Front. Nutr. 2019, 6, 47. [CrossRef] [PubMed]

Kieseier, B.C. The Mechanism of Action of Interferon-f3 in Relapsing Multiple Sclerosis. CNS Drugs 2011, 25, 491-502. [CrossRef]


http://doi.org/10.1016/j.clnu.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23510724
http://doi.org/10.1080/19490976.2017.1349041
http://doi.org/10.1053/j.gastro.2011.07.043
http://www.ncbi.nlm.nih.gov/pubmed/21820992
http://doi.org/10.1080/1028415X.2017.1303016
http://www.ncbi.nlm.nih.gov/pubmed/28338444
http://doi.org/10.1186/s13073-017-0428-y
http://doi.org/10.1002/mds.27105
http://doi.org/10.1016/j.biopsych.2017.06.021
http://doi.org/10.1038/srep14405
http://doi.org/10.1038/nature18309
http://doi.org/10.1038/s41564-019-0590-7
http://doi.org/10.1038/s41591-018-0160-1
http://www.ncbi.nlm.nih.gov/pubmed/30150717
http://doi.org/10.1038/s41591-018-0210-8
http://www.ncbi.nlm.nih.gov/pubmed/30275567
http://doi.org/10.1038/s41591-018-0164-x
http://www.ncbi.nlm.nih.gov/pubmed/30150716
http://doi.org/10.1128/mSystems.00031-18
http://www.ncbi.nlm.nih.gov/pubmed/29795809
http://doi.org/10.3389/fmicb.2016.00185
http://doi.org/10.1111/ane.13045
http://doi.org/10.1126/science.1241165
http://doi.org/10.1038/nature12721
http://www.ncbi.nlm.nih.gov/pubmed/24226770
http://doi.org/10.3389/fimmu.2017.01036
http://doi.org/10.1371/journal.pone.0173032
http://doi.org/10.3109/00365521.2013.786128
http://doi.org/10.1016/j.neulet.2016.02.009
http://doi.org/10.3389/fnut.2019.00047
http://www.ncbi.nlm.nih.gov/pubmed/31058160
http://doi.org/10.2165/11591110-000000000-00000

Int. |. Environ. Res. Public Health 2023, 20, 4624 16 of 16

109.

110.

111.

112.

113.

114.

115.

116.

117.

Tschurtschenthaler, M.; Wang, J.; Fricke, C.; Fritz, TM.J.; Niederreiter, L.; E Adolph, T.; Sarcevic, E.; Kiinzel, S.; A Offner, E;
Kalinke, U.; et al. Type I interferon signalling in the intestinal epithelium affects Paneth cells, microbial ecology and epithelial
regeneration. Gut 2014, 63, 1921-1931. [CrossRef] [PubMed]

Lin, R.;; Zhang, Y; Chen, L.; Qi, Y;; He, J.; Hu, M.; Zhang, Y; Fan, L.; Yang, T.; Wang, L.; et al. The effects of cigarettes and alcohol
on intestinal microbiota in healthy men. J. Microbiol. 2020, 58, 926-937. [CrossRef]

Sanchez, B.; Delgado, S.; Blanco-Miguez, A.; Lourenco, A.; Gueimonde, M.; Margolles, A. Probiotics, gut microbiota, and their
influence on host health and disease. Mol. Nutr. Food Res. 2017, 61, 1600240. [CrossRef] [PubMed]

Brown, J.; Quattrochi, B.; Everett, C.; Hong, B.-Y.; Cervantes, J]. Gut commensals, dysbiosis, and immune response imbalance in
the pathogenesis of multiple sclerosis. Mult. Scler. ]. 2020, 27, 807-811. [CrossRef]

Kouchaki, E.; Tamtaji, O.R.; Salami, M.; Bahmani, F.; Kakhaki, R.D.; Akbari, E.; Tajabadi-Ebrahimi, M.; Jafari, P.; Asemi, Z.
Clinical and metabolic response to probiotic supplementation in patients with multiple sclerosis: A randomized, double-blind,
placebo-controlled trial. Clin. Nutr. 2017, 36, 1245-1249. [CrossRef] [PubMed]

Rahimlou, M.; Hosseini, S.A.; Majdinasab, N.; Haghighizadeh, M.H.; Husain, D. Effects of long-term administration of Multi-
Strain Probiotic on circulating levels of BDNF, NGF, IL-6 and mental health in patients with multiple sclerosis: A randomized,
double-blind, placebo-controlled trial. Nutr. Neurosci. 2020, 25, 411-422. [CrossRef] [PubMed]

Li, Y,; Zhang, B.; Zhou, Y.; Wang, D.; Liu, X,; Li, L.; Wang, T.; Zhang, Y.; Jiang, M.; Tang, H.; et al. Gut Microbiota Changes
and Their Relationship with Inflammation in Patients with Acute and Chronic Insomnia. Nat. Sci. Sleep 2020, ume 12, 895-905.
[CrossRef]

Vieira, S.M.; Hiltensperger, M.; Kumar, V.; Zegarra-Ruiz, D.; Dehner, C.; Khan, N.; Costa, ER.C.; Tiniakou, E.; Greiling, T.; Rulff,
W.; et al. Translocation of a gut pathobiont drives autoimmunity in mice and humans. Science 2018, 359, 1156-1161. [CrossRef]
Tran, S.M.-S.; Mohajeri, M.H. The Role of Gut Bacterial Metabolites in Brain Development, Aging and Disease. Nutrients 2021,
13,732. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1136/gutjnl-2013-305863
http://www.ncbi.nlm.nih.gov/pubmed/24555997
http://doi.org/10.1007/s12275-020-0006-7
http://doi.org/10.1002/mnfr.201600240
http://www.ncbi.nlm.nih.gov/pubmed/27500859
http://doi.org/10.1177/1352458520928301
http://doi.org/10.1016/j.clnu.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27669638
http://doi.org/10.1080/1028415X.2020.1758887
http://www.ncbi.nlm.nih.gov/pubmed/32500827
http://doi.org/10.2147/NSS.S271927
http://doi.org/10.1126/science.aar7201
http://doi.org/10.3390/nu13030732

	Introduction 
	Materials and Methods 
	Databases 
	Study Eligibility Criteria 
	Selection of Studies and Methodological Quality 

	Results 
	Studies Characteristics 
	Microbial Dysbiosis 
	Taxonomy Diversity 
	Metabolome 

	Discussion 
	Microbial Dysbiosis 
	Bacterial Taxonomy 
	SCFA Alteration 
	Limitations 

	Conclusions 
	References

