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Metabolites produced by the gut microbiota have been shown to play an important
role in numerous inflammatory, neuropsychiatric, and neurodegenerative diseases.
Specifically, microbial metabolites have been implicated in the modulation of innate
and adaptive immunity, especially in the generation of regulatory T cells (Tregs), which
are key regulators of multiple sclerosis (MS) pathogenesis. Furthermore, they affect
processes relevant to MS pathophysiology, such as inflammation and demyelination,
which makes them attractive molecules to be explored as therapeutics in MS. In
this review, we discuss the importance of these metabolites as factors contributing
to disease pathogenesis and as therapeutic targets in MS. Establishing an improved
understanding of these gut-microbiota derived metabolites may provide new avenues
for the treatment of MS.

Keywords: experimental autoimmune encephalomyelitis (EAE), multiple sclerosis (MS), short-chain fatty acids,
urolithins, polyamines, gut microbiota-derived metabolites

INTRODUCTION

Multiple Sclerosis (MS) is a chronic inflammatory disease that affects the central nervous
system (CNS), causing demyelination and degeneration of neurons and axons, consequently
causing neurological disability in affected patients (Baecher-Allan et al., 2018). Currently,
immunomodulatory drugs or antibodies are a critical part of the mainstay of treatment, but have
significant side effects, namely immune suppression (Baecher-Allan et al., 2018). Therefore, the
discovery of new therapeutics that are both effective and not immunosuppressive is a key challenge
in MS research. In this regard, the role of the metabolites produced by the gut microbiota is of
increasing interest. It is known that some metabolites, such as p-cresol sulfate, indoxyl sulfate,
and n-phenylacetylglutamine have neurotoxic effects (Ntranos et al., 2021), while others have a
clear role in normal host physiology, for example, immune modulation, tolerance (van der Hee
and Wells, 2021), and in the gut-brain axis (Dalile et al., 2019; O’Riordan et al., 2022). Therapies
based on the modulation of gut microbiota or even personalized nutrition are now being explored
and may be considered promising therapeutic approaches when used either as a monotherapy or
in combination with standard treatment. Although there are already some published reviews on
the current topic (Haase et al., 2020; Fettig and Osborne, 2021), here we discuss the more recent
findings and the role of other metabolites not covered by previous reviews. Therefore, the aim of this
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review is to describe the role of microbially derived molecules in
the pathogenesis and treatment of MS, focusing on short-chain
fatty acids (SCFAs), polyamines, and urolithins.

THE ROLE OF THE GUT MICROBIOTA IN
THE PATHOGENESIS OF MULTIPLE
SCLEROSIS

The gut microbiota refers to a community of microorganisms –
bacteria, viruses, eukaryotes, and archaea – that inhabit the
intestine of the host and have undergone co-evolution over
thousands of years. While co-evolving, these microorganisms
have utilized diverse mechanisms to ensure their own survival,
while providing benefits to the host, such as the digestion of
complex carbohydrates (Rinninella et al., 2019). Although the
bacteria species are highly diverse, they are often clustered into
the two following main phyla: Bacteroidetes and Firmicutes
(Rinninella et al., 2019).

In recent decades, there has been a rise in the number
of studies addressing the role of the gut microbiota and
their metabolites in inflammatory, neuropsychiatric and
neurodegenerative/neuroinflammatory diseases, such as
inflammatory bowel disease (IBD), major depressive disorder
(MDD), and MS. To date, a large quantity of data demonstrating
the involvement of the gut microbiota in these aforementioned
diseases has accumulated (Wekerle, 2017; Cruz-Pereira et al.,
2020; Kadowaki and Quintana, 2020). This has allowed for
the development of gut microbiota-targeted therapies, such as
probiotics, psychobiotics (Dinan et al., 2013), prebiotics (Paiva
et al., 2020), fecal microbiota transplant (FMT) (Kelly et al.,
2016), and personalized nutrition-based interventions (Duarte-
Silva et al., 2021), as well as for a deeper understanding of disease
pathophysiology. Further to this, changes in the composition
of the gut microbiota have been causally associated with the
development of experimental autoimmune encephalomyelitis
(EAE), a mouse model of MS (Berer et al., 2017) and MS
patients harbor a different gut microbiome composition when
compared to healthy individuals (Miyake et al., 2015; Chen
et al., 2016). Specifically, high numbers of Methanobrevibacter
(Euryarchaeota phylum) and Akkermansia (Verrucomicrobia
phylum) were reported in relapsing-remitting MS (RRMS)
patients, with reduced numbers of Butyricimonas and Prevotella
(both belonging to Bacteroidetes phylum). Of note, untreated
patients had reduced abundance of Collinsella and Slackia
(Coriobacteriaceae family) and Prevotella and patients on
disease-modifying therapy had higher abundance of Sutterella
and Prevotella, and lower numbers of Sarcina (Jangi et al.,
2016). Interestingly, the abundance of Methanobrevibacter and
Akkermansia was positively associated with the induction of
innate and adaptive immunity gene pathways in T cells and
monocytes, while Butyricimonas, known to produce butyrate,
negatively correlated with these pro-inflammatory genes
(Jangi et al., 2016). This suggests these microbes play either
a role in, or change consequential to, disease pathogenesis.
In addition to RRMS, gut microbiota changes were recently
characterized in progressive MS (Kozhieva et al., 2019;

Reynders et al., 2020; Cox et al., 2021). Among the most
significant findings was that progressive MS patients had higher
abundance of Ruthenibacterium lactatiformans, Akkermansia,
Enterobacteriaceae, Bifidobacterium animalis, Dorea massiliensis,
Clostridium g24 FCEY, and Ruminococcaceae FJ366134, and
reduced abundance of Lachnospiraceae PAC001046 and
Phascolarctobacterium faecium (Cox et al., 2021). More recently,
a key role of gut IL-17 was established as a underpinning
mechanism triggering the development of EAE (Regen et al.,
2021), which corroborates the key role of the gut microbiota in
CNS autoimmunity initiation.

BACTERIAL METABOLITES

The metabolites produced by the gut microbiota can be classified
overall into three categories (Yang and Cong, 2021): (1) diet-
derived, but processed by gut microbiota, (2) host-derived, but
processed by the gut microbiota, and (3) produced directly
by the gut microbiota (de novo synthesis). These metabolites,
comprising, for instance, SCFAs and tryptophan metabolites,
secondary bile acids (2BAs) and polyamines, exert a variety of
metabolic and immune effects (Kim, 2018; Yang and Cong, 2021),
thus contributing to host homeostasis. However, the dysfunction
in the production of these molecules is, as expected, implicated
in plethora of metabolic, autoimmune, neurodegenerative, and
neuropsychiatric disorders, such as MS and MDD (Caspani
et al., 2019; Merchak and Gaultier, 2020). This highlights the
need for a more in-depth understanding of the role of these
molecules in health and disease, as this may also aid in the
establishment of novel therapeutics, particularly given that some
of these metabolites are widely implicated in the modulation
of Th17 lymphocytes or in the induction of regulatory T cells
(Tregs) and tolerogenic dendritic cells (DCs) (Kim, 2018). In the
following sections, we describe the role of SCFAS, polyamines
and urolithins in the pathogenesis of MS and describe how
these metabolites may be utilized for novel treatments. For an
updated review on tryptophan metabolites and 2BAs in MS, the
reader is referred to another recently published review paper
(Fettig and Osborne, 2021).

SHORT-CHAIN FATTY ACIDS

Short-chain fatty acids are by-products of the fermentation
of complex and indigestible carbohydrates in the colon and
comprise, for instance, acetate (C2), propionate (C3), and
butyrate (C4), which are known to be potent immune modulators
(Corrêa-Oliveira et al., 2016). In general, the source of SCFAs is
dietary fiber, but they can also be generated in lower quantities
from proteins and peptides (Kim, 2021). SCFAs can act in
a receptor-dependent and receptor-independent fashion and
affect the host physiology both locally and systemically when
in the bloodstream. The most studied SCFAs receptors are
GPR41 (FFAR3), GPR43 (FFAR2), GPR109a/hydroxycarboxylic
acid receptor (HCA2R), and Olfr78, and binding to these
receptors usually triggers the activation of complex intracellular
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signaling pathways, such as the ERK1/2 pathway, which
modulate different cellular functions, such as activation and
differentiation. SCFAs can diffuse into the cells or enter
via transporters located in the apical and/or basolateral cell
membrane. After entering the cell, SCFAs can inhibit histone
deacetylases (HDACs) and favor protein acetylation, which
directly influences gene expression (Kim, 2021). Signaling by
SCFAs has been shown to modulate the activity of innate
and adaptive immune cells (Kim, 2021; Yang and Cong,
2021) and to be modulated by health status and diet (Kim,
2021), ultimately affecting host homeostasis. Of note, some
microbes that produce SCFAs have been characterized, such as
Faecalibacterium prausnitzii (Deleu et al., 2021), Akkermansia
muciniphila, and Roseburia inulinivorans (Kim, 2018) and
Butyricimonas (Jangi et al., 2016).

The relevant role of SCFAs in MS pathophysiology is suggested
by MS patients having reduced levels of these molecules
(Saresella et al., 2020; Olsson et al., 2021; Trend et al., 2021).
Notably, long-term secondary progressive (SPMS) patients were
shown to have reduced blood levels of acetate, propionate,
and butyrate in comparison to healthy individuals (Park et al.,
2019). Identical findings were also reported in the feces of
RRMS patients (Takewaki et al., 2020), suggesting that these
changes occur regardless of disease type, although timing seems
to be an important factor driving these changes. Specifically,
only decreased levels of propionate were detected in the serum
of clinically isolated syndrome (CIS) patients (Trend et al.,
2021) and only acetate (Olsson et al., 2021) and propionate
(Duscha et al., 2020) were found to be reduced in newly
diagnosed MS patients. Moreover, administration of SCFAs,
notably acetate, improved disease severity in EAE in a IL-10-
dependent fashion (Park et al., 2019). Similar findings were also
reported after propionate administration in EAE mice (Haghikia
et al., 2015). Furthermore, reduced CNS inflammation and
demyelination were observed after preventive treatment with
butyrate (Calvo-Barreiro et al., 2021) and propionate (Haghikia
et al., 2015) in EAE mice. Intriguingly, butyrate administered
after disease onset had little impact on disease course (Calvo-
Barreiro et al., 2021), while propionate administered in the same
fashion resulted in recovery of axonal density, even though in
the preventive approach butyrate reduced demyelination and
immune cell infiltration. These results suggest that restoring
SCFAs levels may be a promising therapeutic approach to treat
MS, especially via a diet rich in fiber (Mizuno et al., 2017);
however, the outcomes may depend on the adopted therapeutic
regimen. This raises the possibility that supplementation with
propionate may help in MS prevention or at least allow for a
milder course in comparison with a diet deficient in SCFAs. In
fact, this is corroborated by a subsequent study on propionate
supplementation in a cohort of MS patients (Duscha et al.,
2020). Propionic acid was shown to improve MS symptoms via
increasing the number of peripheral Tregs and their suppressive
capacity ex vivo and in vitro in a IL-10 dependent manner
(Duscha et al., 2020).

In addition to the generation and modulation of peripheral
Tregs, a role for intestinal Treg in the suppression of CNS
autoimmunity has also been demonstrated. Propionate increased

Treg numbers in the small intestine and increased gene
expression of intestinal IL-10, TGF-β, and Foxp3 (Haghikia
et al., 2015). Aside from direct effects on Tregs, propionate
also triggers Treg induction via gut microbiota-dependent
mechanisms. Gut microbiota of MS patients treated with
propionate triggered increased expression of genes involved with
Treg differentiation in an intestinal organ culture system (Duscha
et al., 2020). Moreover, transfer of propionate-treated Tregs to
EAE mice reduced disease severity (Haghikia et al., 2015). Finally,
propionate also increases Treg number in the spinal cord and
spleen (Haase et al., 2021). These data show that propionate
improves CNS autoimmunity by increasing the frequency of
Treg not only in the periphery, but also in the CNS, where
they likely counteract the ongoing inflammation. Of note, IL-
17A in the gut is sufficient to restore the susceptibility of mice
to develop EAE because of its modulatory effects on the gut
microbiota. In fact, IL-17A expression in intestinal epithelial
cells per se was shown to reduce 13 operational taxonomical
units (OTUs) that were more abundant in mice with lower
susceptibility to EAE, notably OTU 0754 (Clostridiales_uc)
(Regen et al., 2021). However, the precise bacterial species
driving increased susceptibility to EAE, their metabolites and
modus operandi are yet to be determined. However, it is
worth mentioning that, in general, some species of Clostridiales
are SCFAs producers (Deleu et al., 2021). It is therefore
reasonable to hypothesize that higher abundance of SCFAs-
producers may be a key factor influencing the susceptibility
to autoimmunity, which is markedly influenced by Tregs.
Furthermore, accumulation of Tregs in the gut caused by
SCFAs may favor a more tolerogenic microenvironment, thus
inhibiting autoimmunity.

In addition to these changes of the most common SCFAs,
research has also shed light on the role of valerate/pentanoate
(C5) in CNS autoimmunity. Through epigenetic and metabolic
modulation, pentanoate was shown to inhibit immune cell
infiltration into the brain and intestine, particularly Th17
lymphocytes, and to inhibit IL-17A secretion and the expression
of RORγt and STAT3 (Luu et al., 2019). Furthermore, it
also ameliorated EAE by increasing the secretion of IL-10 by
regulatory B cells (Bregs), which also reduced the number
of effector T cells (Teffs) in the gut (Luu et al., 2019). In
contrast, SCFAs administration increased the numbers of IL-
17+ cells in the CNS and draining lymphatic system (Park
et al., 2019), as well as IL-17 production (Mizuno et al.,
2017). Notably, acetate-treated Th17 lymphocytes caused a
more severe EAE course (Park et al., 2019). These results
suggest that autoimmunity can occur not only due to an
overall reduction of SCFAs, but also due to imbalance in
their respective quantities, resulting in increased/decreased levels
of one type of SCFAs in comparison to the other types.
Consequently, this could skew the immune response toward
a Th17 response. Surprisingly, increased levels of acetate were
detected in the plasma of MS patients and were associated
with greater neurological disability and higher number of
CD8+ IL-17+ T cells (Pérez-Pérez et al., 2020). However,
the context and nature of the disease under investigation
must also be taken into consideration, as SCFAs per se can
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have detrimental effects and worsen antibody-mediated diseases
(Mizuno et al., 2017).

Apart from SCFAs, it is important to mention that MS
patients were shown to have increased levels of caproic acid
(C6) (Saresella et al., 2020), a medium-chain fatty acid (MCFA)
previously shown to induce the differentiation of Th17 and
Th1 cells and to decrease the differentiation of Tregs (Haghikia
et al., 2015). Since this compound is mainly obtained through
dietary intake, this highlights the key role of environmental
factors as triggers of autoimmunity. In line with this, a study
found that long-chain fatty acids (LCFAs) commonly present
in Western diet, such as lauric acid, and indeed a diet rich
in this compound alone given experimentally increased EAE
severity by augmenting the differentiation and migration of
Th17 cells to the spinal cord and lamina propria of the small
intestine, while SCFAs, notably propionate, exerted beneficial
effects by promoting Treg differentiation and proliferation in
the small intestine, which counteracted the effects of a lauric
acid-rich diet. Of note, this diet reduced the levels of all
SCFAs, while increasing the levels of MCFAs, notably caproic
acid (Haghikia et al., 2015). Similarly, reduced propionate
levels were detected in the feces of obese MS patients in
comparison to those that are non-obese (Haase et al., 2021).
Of note, increased BMI is associated with faster progression
to MS and more aggressive disease (Manuel Escobar et al.,
2022). As propionic acid shifts the Th cells toward a Treg
profile, these patients also had reduced numbers of Tregs
in the blood, while the frequency of Th17 cells was high
(Haase et al., 2021).

POLYAMINES

Polyamines comprise of spermidine, spermine, and putrescine,
which are natural molecules derived from the L-arginine
metabolism that can be produced by the host or the some
bacteria of the gut microbiota (Yang and Cong, 2021), such as
Bacteroides thetaiotaomicron and Fusobacterium varium (Noack
et al., 2000) and also bacteria from the genera Enterococcus and
Bifidobacterium (Pugin et al., 2017). They mediate a plethora
of cellular effects, such as cell growth and survival, particularly
in the context of cancer (Casero et al., 2018). Furthermore,
they have also been implicated in the differentiation of T helper
cells (Puleston et al., 2021), notably Th17 cells (Wagner et al.,
2021), which makes them attractive targets in MS and other
Th17-mediated diseases.

Research has shown that polyamines can dampen
neuroinflammation via modulation of microglia/macrophages
or modulation of T cells. For instance, LPS-stimulated microglia
treated with spermidine secreted less pro-inflammatory
mediators, such as nitric oxide (NO), PGE2, IL-6, and TNF-
α likely via inhibition of NFκB (Choi and Park, 2012). In
the same vein, macrophages treated with spermidine were
shown to have reduced activation of the NFκB pathway and
migrated less frequently to the spinal cord in EAE (Yang
et al., 2016). Interestingly, spermidine is also able to modulate
antigen presentation in macrophages, as lowered levels of

costimulatory molecules CD80 and CD86 were observed after
the treatment with this molecule, consequently resulting in
less proliferation of T cells (Yang et al., 2016). Furthermore,
spermidine caused a shift to the M2 profile, increasing the levels
of Arginase-1 (Arg-1), Ym1, and Rentla, consequently leading
to amelioration of EAE in a manner independent of IL-10 and
TGF-β. Interestingly, adoptive transfer of macrophages, and
not CD4+ T cells, from mice treated with spermidine to EAE
mice reduced disease severity, which was dependent of Arg-1
(Yang et al., 2016).

Regarding T cells, spermidine was shown to promote FoxP3+

Treg differentiation in vitro and in the small intestine and in
the colon of mice, while causing a reduction in the frequency of
IL-17 producing cells in vitro (Carriche et al., 2021). Strikingly,
polyamines were shown to be essential for the induction of
pathogenic Th17 (pTh17) cells, and manipulation of the enzymes
in the polyamine pathway was able to alter the frequency
of IL-17+ cells, likely via modulation of STAT3 and RORγt
(Wagner et al., 2021). In addition, polyamine administration
generated more Foxp3+ cells and ameliorated EAE severity
(Wagner et al., 2021). Furthermore, reduced immune cell
infiltration into the CNS has also been detected after spermidine
treatment (Yang et al., 2016), which could be also be a result of
decreased release of astrocyte-derived chemokines, such as MIP-
1α, MCP-1, and RANTES, observed in vitro after the treatment
with spermidine (Guo et al., 2011) or via direct inhibition
of LFA-1 on T lymphocytes by spermine and spermidine
(Soda et al., 2005). Finally, spermidine has also been shown
to decrease astrocyte and microglia number in EAE (Guo
et al., 2011). Altogether, these findings support the notion that
targeting the polyamine pathway may be a promising therapeutic
approach to tackle MS.

UROLITHINS

Ellagitannins (ETs) and ellagic acid (EA) are polyphenolic
compounds abundantly present in walnuts and fruits, such
as strawberries and pomegranate (D’Amico et al., 2021).
The metabolization of EA by the specific members of the
gut microbiota, such as Gordonibacter urolithinfaciens and
Gordonibacter pamelaeae (Eggerthellaceae family) (Selma et al.,
2014) generates another class of metabolites known as urolithins,
comprising urolithin A–D. Over the last few years, research has
demonstrated that urolithin A (UA) has anti-inflammatory, anti-
aging, and neuroprotective effects (D’Amico et al., 2021). Of
note, production of UA does not occur in all individuals as it
relies on the composition of the gut microbiota (D’Amico et al.,
2021). Therefore, direct supplementation with UA is one possible
strategy to overcome this limitation.

Although the understanding of the mechanism of action of
UA in the context of neuroinflammation, neurodegeneration
and autoimmunity is still in its infancy, a body of evidence
supports the notion of UA being a promising therapeutic
approach. Inhibition of inflammation has been observed after
UA administration in vitro (DaSilva et al., 2019; Singh et al.,
2019) and in different mice models, such as APP/PS1 mice
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FIGURE 1 | Schematic summarizing the role of microbial metabolites in the pathogenesis of MS. MS patients have reduced levels of SCFAs and SCFAs producers,
which is associated with a more severe pathology. However, levels of acetate are increased in MS patients, which is linked with more disability. Acetate can both
have detrimental and beneficial effects. For instance, acetate leads to more IL-10 secretion and thus alleviates EAE. On the other hand, acetate is also able to
increase the frequency of Th17 cells and thus aggravate EAE. Propionate increases axonal density recovery and inhibits demyelination, the latter also being mediated
by butyrate. Furthermore, propionate augments the frequency of Tregs (for instance, in the blood, spinal cord, and spleen) and their suppressive capacity while also
upregulating IL-10, TGF-β, and FOXP3 levels in the gut. Polyamines, specifically spermidine, inhibit pro-inflammatory cytokines, and nitric oxide (NO) secreted by
microglia likely via suppression of the NF-κB pathway. Moreover, spermidine inhibits macrophage and T cell migration to spinal cord and downregulates the levels of
CD80 and CD86 on macrophages. Furthermore, spermidine shifts macrophages to the alternative or M2 profile, increases FOXP3+ Tregs differentiation, decreases
chemokine secretion by astrocytes and the levels of LFA-1 on T cells and decreases the number of GFAP+ and Iba-1+ cells. Urolithins, specifically urolithin A (UA),
increase tight junction protein levels and gut barrier function, which decreases intestinal permeability. Furthermore, UA inhibits inflammation, reduces cognitive
deficits, diminishes Th17 differentiation, IL-17 secretion, MHC-II, CD80, and CD86 expression on DCs. Moreover, UA increases ceramide levels and blocks CD4+ T
cell activation and proliferation. Altogether, these molecules, alone or synergistically, act to promote host homeostasis, but disease states and changes in diet can
severely alter the gut microbiota composition and thus the gut microbial metabolites and favor disease initiation and progression.

(Gong et al., 2019) and in a model of TBNS- and DSS-induced
colitis (Singh et al., 2019). Interestingly, the UA precursor EA
failed to inhibit neuroinflammation in EAE, although it was
effective in the prevention of loss of MBP and sphingolipids
in the cortex and spinal cord, respectively (Busto et al., 2018).
Of note, UA and urolithin B (UB) were able to increase the
synthesis of ceramide in vitro, which is decreased during acute

EAE (Busto et al., 2018). Furthermore, attenuation of cognitive
deficits has also been achieved after the treatment with UA (Gong
et al., 2019) and urolithin B (UB) (Chen et al., 2021). Altogether,
these results suggest that the urolithin precursor is only able
to have an effect on the consequences of inflammation (for
instance, demyelination), not the cause of inflammation, as is the
case for urolithins.
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An important aspect of the mechanism of action of
urolithins, specifically UA, is the modulation of gut barrier
function, which has direct implications for MS, as studies have
shown compromised intestinal epithelial barrier may play an
important role in MS pathogenesis (Buscarinu et al., 2017;
Camara-Lemarroy et al., 2018, 2020; Saresella et al., 2020;
Pellizoni et al., 2021). However, mechanistic studies in the field
are still lacking. Through the modulation of tight junction
proteins, UA was shown to decrease the epithelial intestinal
permeability and attenuate colitis in a Ahr-Nrf2-dependent
fashion (Singh et al., 2019).

Apart from its effects on the regulation of gut barrier integrity,
UA can also modulate T cells, DCs and microglia (Zhang
et al., 2019; Shen et al., 2021). By interfering with the calcium
machinery of T cells in a miR-10a-5p-dependent manner, UA
was shown to inhibit CD4+ T cell activation and proliferation
in vitro (Zhang et al., 2019). In a similar fashion, reduced Th17
differentiation and lower levels of IL-17 were detected after the
treatment with UA in vitro. Furthermore, DCs pre-treated with
UA were less stimulatory of Th17 lymphocyte differentiation
(Shen et al., 2021). Interestingly, UA treatment reduced the levels
of CD80, CD86, and MHC-II on DCs stimulated with LPS (Shen
et al., 2021). In EAE, either preventive or therapeutic treatment
with UA lowered disease severity, likely due to inhibition of M1
microglia, infiltration of monocytes, Th1 and Th17 cells in the
CNS, and even MOG-specific Th17 cells (Shen et al., 2021). These
results suggest that UA supplementation may hold promise as a
therapeutic approach to tackle MS, but clinical trials and more
mechanistic pre-clinical studies are certainly still needed.

IMPLICATIONS FOR BEHAVIORAL
CHANGES IN MULTIPLE SCLEROSIS

Multiple sclerosis is frequently accompanied by neuropsychiatric
comorbidities, such as anxiety and depression and behavioral
dysfunction, which is also often observed in a similar form during
the pre-symptomatic phase of EAE (Duarte-Silva et al., 2019).
Microbial metabolites have been extensively implicated in the
pathogenesis of these disorders (Caspani et al., 2019; Merchak
and Gaultier, 2020). For instance, a recent study identified
the molecule autoinducer-2 (AI-2) produced by segmented
filamentous bacteria (SFB), a known inducer of gut Th17
cells (Ivanov et al., 2009), as one component of a cascade
triggering depressive-like behavior in mice (Medina-Rodriguez
et al., 2020). More specifically, AI-2 acts by increasing the
levels of serum amyloid A 1 (SAA1) and SAA2 in the gut,
which induce extensive Th17 differentiation. These cells then
migrate to the hippocampus, causing depressive-like behavior in
a CCL20/CCR6/IL-23-dependent fashion (Beurel et al., 2018).
Although depressed patients were shown to have increased
abundance of SFB (Medina-Rodriguez et al., 2020), this does
not suffice to increase susceptibility to EAE (Regen et al., 2021).
Furthermore, depressed patients had higher levels of fecal IL-
17A, known to shift the gut microbiota and increase susceptibility
to autoimmunity (Regen et al., 2021). These results highlight

the complex interplay between the host, the gut microbiota,
its metabolites and mood, although this still remain poorly
understood in MS patients suffering from depression.

CONCLUSION AND FUTURE
PERSPECTIVES

Gut-derived metabolites play a significant, yet not fully
understood, role in the development of MS. These molecules may
act as guardians, preventing disease development via generation
of Tregs and inhibition of a more pathogenic Th17 profile
(Figure 1). However, their status can be drastically changed
secondary to disease and diet, potentially causing a shift to a
more pro-inflammatory response that favors disease progression.
In this regard, direct supplementation with metabolites or a
consumption of a diet rich in compounds known to promote
Treg development and function may be of therapeutic benefit to
MS patients, but further research is required to establish optimal
therapeutic candidates and dosing regimen.

As many metabolites and the microorganisms that produce
them are still undefined, future studies should focus on their
identification and characterization, as this is likely to allow a
direct modulation of disease via the gut and gut-brain axis,
especially in terms of disease prevention. Furthermore, a more in-
depth understanding of the contribution of the gut microbiota-
derived metabolites in the relapse and remission as well as in the
development of progressive form MS may also ensue after the
establishment of this “metabolite library,” which may pave the
way for a new era of therapeutics in MS.

AUTHOR CONTRIBUTIONS

ED-S conceived the study, performed the literature search,
data collection, data analysis, and wrote the manuscript under
the supervision of CP. CP and SM critically reviewed and
edited the manuscript. All authors approved the final version of
this manuscript.

FUNDING

The authors express their gratitude to Oswaldo Cruz Foundation
of Pernambuco (FIOCRUZ-PE), Research Excellence Program –
Aggeu Magalhães Institute (IAM PROEP#400208/2019-
9), Knowledge Generation Program – Oswaldo Cruz
Foundation (FIOCRUZ; #VPPCB-007-FIO-18-2-17), the
Brazilian National Institute of Science and Technology on
Neuroimmunomodulation (INCT-NIM; #465489/2014-1), the
Brazilian National Council for Scientific and Technological
Development (CNPq; #301777/2012-8 and 306392/2017-8).
This study was funded in part by the Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior – Brazil
(CAPES) – Finance Code 001. The funders had no role in
study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Frontiers in Neuroscience | www.frontiersin.org 6 April 2022 | Volume 16 | Article 885031

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-885031 April 27, 2022 Time: 9:51 # 7

Duarte-Silva et al. Microbial Metabolites in MS

REFERENCES
Baecher-Allan, C., Kaskow, B. J., and Weiner, H. L. (2018). Multiple sclerosis:

mechanisms and immunotherapy. Neuron 97, 742–768. doi: 10.1016/j.neuron.
2018.01.021

Berer, K., Gerdes, L. A., Cekanaviciute, E., Jia, X., Xiao, L., Xia, Z., et al. (2017). Gut
microbiota from multiple sclerosis patients enables spontaneous autoimmune
encephalomyelitis in mice. Proc. Natl. Acad. Sci. U.S.A. 114, 10719–10724.
doi: 10.1073/pnas.1711233114

Beurel, E., Lowell, J. A., and Jope, R. S. (2018). Distinct characteristics of
hippocampal pathogenic TH17 cells in a mouse model of depression. Brain
Behav. Immun. 73, 180–191. doi: 10.1016/j.bbi.2018.04.012

Buscarinu, M. C., Cerasoli, B., Annibali, V., Policano, C., Lionetto, L., Capi,
M., et al. (2017). Altered intestinal permeability in patients with relapsing-
remitting multiple sclerosis: a pilot study. Mult. Scler 23, 442–446. doi: 10.1177/
1352458516652498

Busto, R., Serna, J., Perianes-Cachero, A., Quintana-Portillo, R., García-Seisdedos,
D., Canfrán-Duque, A., et al. (2018). Ellagic acid protects from myelin-
associated sphingolipid loss in experimental autoimmune encephalomyelitis.
Biochim. Biophys. Acta. Mol. Cell Biol. Lipids 1863, 958–967. doi: 10.1016/j.
bbalip.2018.05.009

Calvo-Barreiro, L., Eixarch, H., Cornejo, T., Costa, C., Castillo, M., Mestre,
L., et al. (2021). Selected clostridia strains from the human microbiota
and their metabolite, butyrate, improve experimental autoimmune
encephalomyelitis. Neurotherapeutics 18, 920–937. doi: 10.1007/s13311-021-01
016-7

Camara-Lemarroy, C. R., Metz, L., Meddings, J. B., Sharkey, K. A., and Wee
Yong, V. (2018). The intestinal barrier in multiple sclerosis: implications for
pathophysiology and therapeutics. Brain 141, 1900–1916. doi: 10.1093/brain/
awy131

Camara-Lemarroy, C. R., Silva, C., Greenfield, J., Liu, W. Q., Metz, L. M., and Yong,
V. W. (2020). Biomarkers of intestinal barrier function in multiple sclerosis
are associated with disease activity. Mult. Scler. J. 26, 1340–1350. doi: 10.1177/
1352458519863133

Carriche, G. M., Almeida, L., Stüve, P., Velasquez, L., Dhillon-LaBrooy, A.,
Roy, U., et al. (2021). Regulating T-cell differentiation through the polyamine
spermidine. J. Allergy Clin. Immunol. 147, 335–348. doi: 10.1016/j.jaci.2020.04.
037

Casero, R. A., Murray Stewart, T., and Pegg, A. E. (2018). Polyamine metabolism
and cancer: treatments, challenges and opportunities. Nat. Rev. Cancer 18,
681–695. doi: 10.1038/s41568-018-0050-3

Caspani, G., Kennedy, S., Foster, J. A., and Swann, J. (2019). Gut microbial
metabolites in depression: understanding the biochemical mechanisms. Microb.
Cell 6, 454–481. doi: 10.15698/mic2019.10.693

Chen, J., Chia, N., Kalari, K. R., Yao, J. Z., Novotna, M., Soldan, M. M. P., et al.
(2016). Multiple sclerosis patients have a distinct gut microbiota compared to
healthy controls. Sci. Rep. 6:28484. doi: 10.1038/srep28484

Chen, P., Chen, F., Lei, J., Wang, G., and Zhou, B. (2021). The gut microbiota
metabolite urolithin b improves cognitive deficits by inhibiting cyt c-mediated
apoptosis and promoting the survival of neurons through the PI3K pathway
in aging mice. Front. Pharmacol. 12:768097. doi: 10.3389/fphar.2021.76
8097

Choi, Y. H., and Park, H. Y. (2012). Anti-inflammatory effects of spermidine in
lipopolysaccharide-stimulated BV2 microglial cells. J. Biomed. Sci. 19:31. doi:
10.1186/1423-0127-19-31

Corrêa-Oliveira, R., Fachi, J. L., Vieira, A., Sato, F. T., and Vinolo, M. A. R. (2016).
Regulation of immune cell function by short-chain fatty acids. Clin. Transl.
Immunol. 5:e73. doi: 10.1038/cti.2016.17

Cox, L. M., Maghzi, A. H., Liu, S., Tankou, S. K., Dhang, F. H., Willocq, V., et al.
(2021). Gut microbiome in progressive multiple sclerosis. Ann. Neurol. 89,
1195–1211. doi: 10.1002/ana.26084

Cruz-Pereira, J. S., Rea, K., Nolan, Y. M., O’Leary, O. F., Dinan, T. G., and Cryan,
J. F. (2020). Depression’s unholy trinity: dysregulated stress, immunity, and
the microbiome. Annu. Rev. Psychol. 71, 49–78. doi: 10.1146/annurev-psych-
122216-011613

Dalile, B., Van Oudenhove, L., Vervliet, B., and Verbeke, K. (2019). The role
of short-chain fatty acids in microbiota–gut–brain communication. Nat. Rev.
Gastroenterol. Hepatol. 16, 461–478. doi: 10.1038/s41575-019-0157-3

D’Amico, D., Andreux, P. A., Valdés, P., Singh, A., Rinsch, C., and Auwerx, J.
(2021). Impact of the natural compound urolithin a on health, disease, and
aging. Trends Mol. Med. 27, 687–699. doi: 10.1016/j.molmed.2021.04.009

DaSilva, N. A., Nahar, P. P., Ma, H., Eid, A., Wei, Z., Meschwitz, S., et al. (2019).
Pomegranate ellagitannin-gut microbial-derived metabolites, urolithins, inhibit
neuroinflammation in vitro. Nutr. Neurosci. 22, 185–195. doi: 10.1080/
1028415X.2017.1360558

Deleu, S., Machiels, K., Raes, J., Verbeke, K., and Vermeire, S. (2021). Short
chain fatty acids and its producing organisms: an overlooked therapy for IBD?
EBioMedicine 66:103293. doi: 10.1016/j.ebiom.2021.103293

Dinan, T. G., Stanton, C., and Cryan, J. F. (2013). Psychobiotics: a novel class of
psychotropic. Biol. Psychiatry 74, 720–726. doi: 10.1016/j.biopsych.2013.05.001

Duarte-Silva, E., Clarke, G., Dinan, T. G., and Peixoto, C. A. (2021).
Personalized nutrition for depression: impact on the unholy trinity.
Neuroimmunomodulation 28, 47–51. doi: 10.1159/000514094

Duarte-Silva, E., Macedo, D., Maes, M., and Peixoto, C. A. (2019). Novel
insights into the mechanisms underlying depression-associated experimental
autoimmune encephalomyelitis. Prog. Neuropsychopharmacol. Biol. Psychiatry
93, 1–10. doi: 10.1016/j.pnpbp.2019.03.001

Duscha, A., Gisevius, B., Hirschberg, S., Yissachar, N., Stangl, G. I., Eilers, E.,
et al. (2020). Propionic acid shapes the multiple sclerosis disease course by an
immunomodulatory mechanism. Cell 180, 1067–1080. doi: 10.1016/j.cell.2020.
02.035

Fettig, N. M., and Osborne, L. C. (2021). Direct and indirect effects of microbiota-
derived metabolites on neuroinflammation in multiple sclerosis. Microbes
Infect. 23, 104814. doi: 10.1016/j.micinf.2021.104814

Gong, Z., Huang, J., Xu, B., Ou, Z., Zhang, L., Lin, X., et al. (2019). Urolithin
a attenuates memory impairment and neuroinflammation in APP/PS1 mice.
J. Neuroinflammation 16:62. doi: 10.1186/s12974-019-1450-3

Guo, X., Harada, C., Namekata, K., Kimura, A., Mitamura, Y., Yoshida, H., et al.
(2011). Spermidine alleviates severity of murine experimental autoimmune
encephalomyelitis. Investig. Ophthalmol. Vis. Sci. 52, 2696–2703. doi: 10.1167/
iovs.10-6015

Haase, S., Mäurer, J., Duscha, A., Lee, D. H., Balogh, A., Gold, R., et al.
(2021). Propionic acid rescues high-fat diet enhanced immunopathology in
autoimmunity via effects on Th17 responses. Front. Immunol. 12:701626. doi:
10.3389/fimmu.2021.701626

Haase, S., Wilck, N., Haghikia, A., Gold, R., Mueller, D. N., and Linker, R. A. (2020).
The role of the gut microbiota and microbial metabolites in neuroinflammation.
Eur. J. Immunol. 50, 1863–1870. doi: 10.1002/eji.201847807

Haghikia, A., Jörg, S., Duscha, A., Berg, J., Manzel, A., Waschbisch, A., et al. (2015).
Dietary fatty acids directly impact central nervous system autoimmunity via the
small intestine. Immunity 43, 817–829. doi: 10.1016/j.immuni.2015.09.007

Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al.
(2009). Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria.
Cell 139, 485–498. doi: 10.1016/j.cell.2009.09.033

Jangi, S., Gandhi, R., Cox, L. M., Li, N., Von Glehn, F., Yan, R., et al. (2016).
Alterations of the human gut microbiome in multiple sclerosis. Nat. Commun.
7:12015. doi: 10.1038/ncomms12015

Kadowaki, A., and Quintana, F. J. (2020). The Gut–CNS axis in multiple sclerosis.
Trends Neurosci. 43, 622–634. doi: 10.1016/j.tins.2020.06.002

Kelly, J. R., Borre, Y., O’ Brien, C., Patterson, E., El Aidy, S., Deane, J., et al.
(2016). Transferring the blues: depression-associated gut microbiota induces
neurobehavioural changes in the rat. J. Psychiatr. Res. 82, 109–118. doi: 10.1016/
j.jpsychires.2016.07.019

Kim, C. H. (2018). Immune regulation by microbiome metabolites. Immunology
154, 220–229. doi: 10.1111/imm.12930

Kim, C. H. (2021). Control of lymphocyte functions by gut microbiota-derived
short-chain fatty acids. Cell. Mol. Immunol. 18, 1161–1171. doi: 10.1038/
s41423-020-00625-0

Kozhieva, M., Naumova, N., Alikina, T., Boyko, A., Vlassov, V., and Kabilov, M. R.
(2019). Primary progressive multiple sclerosis in a Russian cohort: Relationship
with gut bacterial diversity. BMC Microbiol. 19:309. doi: 10.1186/s12866-019-
1685-2

Luu, M., Pautz, S., Kohl, V., Singh, R., Romero, R., Lucas, S., et al. (2019). The
short-chain fatty acid pentanoate suppresses autoimmunity by modulating the
metabolic-epigenetic crosstalk in lymphocytes. Nat. Commun. 10:760. doi: 10.
1038/s41467-019-08711-2

Frontiers in Neuroscience | www.frontiersin.org 7 April 2022 | Volume 16 | Article 885031

https://doi.org/10.1016/j.neuron.2018.01.021
https://doi.org/10.1016/j.neuron.2018.01.021
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1016/j.bbi.2018.04.012
https://doi.org/10.1177/1352458516652498
https://doi.org/10.1177/1352458516652498
https://doi.org/10.1016/j.bbalip.2018.05.009
https://doi.org/10.1016/j.bbalip.2018.05.009
https://doi.org/10.1007/s13311-021-01016-7
https://doi.org/10.1007/s13311-021-01016-7
https://doi.org/10.1093/brain/awy131
https://doi.org/10.1093/brain/awy131
https://doi.org/10.1177/1352458519863133
https://doi.org/10.1177/1352458519863133
https://doi.org/10.1016/j.jaci.2020.04.037
https://doi.org/10.1016/j.jaci.2020.04.037
https://doi.org/10.1038/s41568-018-0050-3
https://doi.org/10.15698/mic2019.10.693
https://doi.org/10.1038/srep28484
https://doi.org/10.3389/fphar.2021.768097
https://doi.org/10.3389/fphar.2021.768097
https://doi.org/10.1186/1423-0127-19-31
https://doi.org/10.1186/1423-0127-19-31
https://doi.org/10.1038/cti.2016.17
https://doi.org/10.1002/ana.26084
https://doi.org/10.1146/annurev-psych-122216-011613
https://doi.org/10.1146/annurev-psych-122216-011613
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1016/j.molmed.2021.04.009
https://doi.org/10.1080/1028415X.2017.1360558
https://doi.org/10.1080/1028415X.2017.1360558
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1016/j.biopsych.2013.05.001
https://doi.org/10.1159/000514094
https://doi.org/10.1016/j.pnpbp.2019.03.001
https://doi.org/10.1016/j.cell.2020.02.035
https://doi.org/10.1016/j.cell.2020.02.035
https://doi.org/10.1016/j.micinf.2021.104814
https://doi.org/10.1186/s12974-019-1450-3
https://doi.org/10.1167/iovs.10-6015
https://doi.org/10.1167/iovs.10-6015
https://doi.org/10.3389/fimmu.2021.701626
https://doi.org/10.3389/fimmu.2021.701626
https://doi.org/10.1002/eji.201847807
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1038/ncomms12015
https://doi.org/10.1016/j.tins.2020.06.002
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1111/imm.12930
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1186/s12866-019-1685-2
https://doi.org/10.1186/s12866-019-1685-2
https://doi.org/10.1038/s41467-019-08711-2
https://doi.org/10.1038/s41467-019-08711-2
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-885031 April 27, 2022 Time: 9:51 # 8

Duarte-Silva et al. Microbial Metabolites in MS

Manuel Escobar, J., Cortese, M., Edan, G., Freedman, M. S., Hartung, H.-
P., Montalbán, X., et al. (2022). Body mass index as a predictor of MS
activity and progression among participants in BENEFIT. Mult. Scler. J.
13524585211061861. doi: 10.1177/13524585211061861

Medina-Rodriguez, E. M., Madorma, D., O’Connor, G., Mason, B. L., Han, D.,
Deo, S. K., et al. (2020). Identification of a signaling mechanism by which the
microbiome regulates Th17 cell-mediated depressive-like behaviors in mice.
Am. J. Psychiatry 177, 974–990. doi: 10.1176/appi.ajp.2020.19090960

Merchak, A., and Gaultier, A. (2020). Microbial metabolites and immune
regulation: new targets for major depressive disorder. Brain Behav. Immun.
Health 9:100169. doi: 10.1016/j.bbih.2020.100169

Miyake, S., Kim, S., Suda, W., Oshima, K., Nakamura, M., Matsuoka, T., et al.
(2015). Dysbiosis in the gut microbiota of patients with multiple sclerosis, with
a striking depletion of species belonging to clostridia XIVa and IV clusters. PLoS
One 10:e0137429. doi: 10.1371/journal.pone.0137429

Mizuno, M., Noto, D., Kaga, N., Chiba, A., and Miyake, S. (2017). The dual role of
short fatty acid chains in the pathogenesis of autoimmune disease models. PLoS
One 12:e0173032. doi: 10.1371/journal.pone.0173032

Noack, J., Dongowski, G., Hartmann, L., and Blaut, M. (2000). The human
gut bacteria Bacteroides thetaiotaomicron and Fusobacterium varium produce
putrescine and spermidine in cecum of pectin-fed gnotobiotic rats. J. Nutr. 130,
1225–1231. doi: 10.1093/jn/130.5.1225

Ntranos, A., Park, H.-J., Wentling, M., Tolstikov, V., Amatruda, M., Inbar, B., et al.
(2021). Bacterial neurotoxic metabolites in multiple sclerosis cerebrospinal fluid
and plasma. Brain awab320. doi: 10.1093/brain/awab320

Olsson, A., Gustavsen, S., Nguyen, T. D., Nyman, M., Langkilde, A. R., Hansen,
T. H., et al. (2021). Serum Short-Chain Fatty Acids and Associations
With Inflammation in Newly Diagnosed Patients With Multiple Sclerosis
and Healthy Controls. Front. Immunol. 12:661493. doi: 10.3389/fimmu.2021.
661493

O’Riordan, K. J., Collins, M. K., Moloney, G. M., Knox, E. G., Aburto, M. R.,
Fülling, C., et al. (2022). Short chain fatty acids: microbial metabolites for gut-
brain axis signalling. Mol. Cell Endocrinol. 546:111572. doi: 10.1016/j.mce.2022.
111572

Paiva, I. H. R., Duarte-Silva, E., and Peixoto, C. A. (2020). The role of prebiotics in
cognition, anxiety, and depression. Eur. Neuropsychopharmacol. 74, 720–726.
doi: 10.1016/j.euroneuro.2020.03.006

Park, J., Wang, Q., Wu, Q., Mao-Draayer, Y., and Kim, C. H. (2019). Bidirectional
regulatory potentials of short-chain fatty acids and their G-protein-coupled
receptors in autoimmune neuroinflammation. Sci. Rep. 9:8837. doi: 10.1038/
s41598-019-45311-y

Pellizoni, F. P., Leite, A. Z., Rodrigues, N. C., Ubaiz, M. J., Gonzaga, M. I.,
Takaoka, N. N. C., et al. (2021). Detection of dysbiosis and increased intestinal
permeability in brazilian patients with relapsing–remitting multiple sclerosis.
Int. J. Environ. Res. Public Health 18:4621. doi: 10.3390/ijerph18094621

Pérez-Pérez, S., Domínguez-Mozo, M. I., Alonso-Gómez, A., Medina, S.,
Villarrubia, N., Fernández-Velasco, J. I., et al. (2020). Acetate correlates with
disability and immune response in multiple sclerosis. PeerJ 8:e10220. doi: 10.
7717/peerj.10220

Pugin, B., Barcik, W., Westermann, P., Heider, A., Wawrzyniak, M., Hellings, P.,
et al. (2017). A wide diversity of bacteria from the human gut produces and
degrades biogenic amines. Microb. Ecol. Health Dis. 28:1353881. doi: 10.1080/
16512235.2017.1353881

Puleston, D. J., Baixauli, F., Sanin, D. E., Edwards-Hicks, J., Villa, M., Kabat, A. M.,
et al. (2021). Polyamine metabolism is a central determinant of helper T cell
lineage fidelity. Cell 184, 4186–4202. doi: 10.1016/j.cell.2021.06.007

Regen, T., Isaac, S., Amorim, A., Núñez, N. G., Hauptmann, J., Shanmugavadivu,
A., et al. (2021). IL-17 controls central nervous system autoimmunity
through the intestinal microbiome. Sci. Immunol. 6:eaaz6563. doi: 10.1126/
SCIIMMUNOL.AAZ6563

Reynders, T., Devolder, L., Valles-Colomer, M., Van Remoortel, A., Joossens, M.,
De Keyser, J., et al. (2020). Gut microbiome variation is associated to Multiple
Sclerosis phenotypic subtypes. Ann. Clin. Transl. Neurol. 7, 406–419. doi: 10.
1002/acn3.51004

Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D.,
Gasbarrini, A., et al. (2019). What is the healthy gut microbiota composition?

a changing ecosystem across age, environment, diet, and diseases.
Microorganisms 7:14. doi: 10.3390/microorganisms7010014

Saresella, M., Marventano, I., Barone, M., La Rosa, F., Piancone, F., Mendozzi,
L., et al. (2020). Alterations in circulating fatty acid are associated with gut
microbiota dysbiosis and inflammation in multiple sclerosis. Front. Immunol.
11:1390. doi: 10.3389/fimmu.2020.01390

Selma, M. V., Tomás-Barberán, F. A., Beltrán, D., García-Villalba, R., and Espín,
J. C. (2014). Gordonibacter urolithinfaciens sp. nov., a urolithin-producing
bacterium isolated from the human gut. Int. J. Syst. Evol. Microbiol. 64, 2346–
2352. doi: 10.1099/ijs.0.055095-0

Shen, P. X., Li, X., Deng, S. Y., Zhao, L., Zhang, Y. Y., Deng, X., et al.
(2021). Urolithin a ameliorates experimental autoimmune encephalomyelitis
by targeting aryl hydrocarbon receptor. EBioMedicine 64:103227. doi: 10.1016/
j.ebiom.2021.103227

Singh, R., Chandrashekharappa, S., Bodduluri, S. R., Baby, B. V., Hegde, B., Kotla,
N. G., et al. (2019). Enhancement of the gut barrier integrity by a microbial
metabolite through the Nrf2 pathway. Nat. Commun. 10:89. doi: 10.1038/
s41467-018-07859-7

Soda, K., Kano, Y., Nakamura, T., Kasono, K., Kawakami, M., and Konishi, F.
(2005). Spermine, a natural polyamine, suppresses LFA-1 expression on human
lymphocyte. J. Immunol. 175, 237–245. doi: 10.4049/jimmunol.175.1.237

Takewaki, D., Suda, W., Sato, W., Takayasu, L., Kumar, N., Kimura, K., et al. (2020).
Alterations of the gut ecological and functional microenvironment in different
stages of multiple sclerosis. Proc. Natl. Acad. Sci. U.S.A. 117, 22402–22412.
doi: 10.1073/pnas.2011703117

Trend, S., Leffler, J., Jones, A. P., Cha, L., Gorman, S., Brown, D. A., et al. (2021).
Associations of serum short-chain fatty acids with circulating immune cells
and serum biomarkers in patients with multiple sclerosis. Sci. Rep. 11:5244.
doi: 10.1038/s41598-021-84881-8

van der Hee, B., and Wells, J. M. (2021). Microbial regulation of host physiology by
short-chain fatty acids. Trends Microbiol. 29, 700–712. doi: 10.1016/j.tim.2021.
02.001

Wagner, A., Wang, C., Fessler, J., DeTomaso, D., Avila-Pacheco, J., Kaminski, J.,
et al. (2021). Metabolic modeling of single Th17 cells reveals regulators of
autoimmunity. Cell 184, 4168–4185. doi: 10.1016/j.cell.2021.05.045

Wekerle, H. (2017). Brain autoimmunity and intestinal microbiota: 100 trillion
game changers. Trends Immunol. 38, 483–497. doi: 10.1016/j.it.2017.03.008

Yang, Q., Zheng, C., Cao, J., Cao, G., Shou, P., Lin, L., et al. (2016). Spermidine
alleviates experimental autoimmune encephalomyelitis through inducing
inhibitory macrophages. Cell Death Differ. 23, 1850–1861. doi: 10.1038/cdd.
2016.71

Yang, W., and Cong, Y. (2021). Gut microbiota-derived metabolites in the
regulation of host immune responses and immune-related inflammatory
diseases. Cell Mol. Immunol. 18, 866–877. doi: 10.1038/s41423-021-00661-4

Zhang, S., Al-Maghout, T., Cao, H., Pelzl, L., Salker, M. S., Veldhoen, M., et al.
(2019). Gut Bacterial Metabolite Urolithin A (UA) Mitigates Ca2+ Entry in T
Cells by Regulating miR-10a-5p. Front. Immunol. 10:1737. doi: 10.3389/fimmu.
2019.01737

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Duarte-Silva, Meuth and Peixoto. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neuroscience | www.frontiersin.org 8 April 2022 | Volume 16 | Article 885031

https://doi.org/10.1177/13524585211061861
https://doi.org/10.1176/appi.ajp.2020.19090960
https://doi.org/10.1016/j.bbih.2020.100169
https://doi.org/10.1371/journal.pone.0137429
https://doi.org/10.1371/journal.pone.0173032
https://doi.org/10.1093/jn/130.5.1225
https://doi.org/10.1093/brain/awab320
https://doi.org/10.3389/fimmu.2021.661493
https://doi.org/10.3389/fimmu.2021.661493
https://doi.org/10.1016/j.mce.2022.111572
https://doi.org/10.1016/j.mce.2022.111572
https://doi.org/10.1016/j.euroneuro.2020.03.006
https://doi.org/10.1038/s41598-019-45311-y
https://doi.org/10.1038/s41598-019-45311-y
https://doi.org/10.3390/ijerph18094621
https://doi.org/10.7717/peerj.10220
https://doi.org/10.7717/peerj.10220
https://doi.org/10.1080/16512235.2017.1353881
https://doi.org/10.1080/16512235.2017.1353881
https://doi.org/10.1016/j.cell.2021.06.007
https://doi.org/10.1126/SCIIMMUNOL.AAZ6563
https://doi.org/10.1126/SCIIMMUNOL.AAZ6563
https://doi.org/10.1002/acn3.51004
https://doi.org/10.1002/acn3.51004
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.3389/fimmu.2020.01390
https://doi.org/10.1099/ijs.0.055095-0
https://doi.org/10.1016/j.ebiom.2021.103227
https://doi.org/10.1016/j.ebiom.2021.103227
https://doi.org/10.1038/s41467-018-07859-7
https://doi.org/10.1038/s41467-018-07859-7
https://doi.org/10.4049/jimmunol.175.1.237
https://doi.org/10.1073/pnas.2011703117
https://doi.org/10.1038/s41598-021-84881-8
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1016/j.it.2017.03.008
https://doi.org/10.1038/cdd.2016.71
https://doi.org/10.1038/cdd.2016.71
https://doi.org/10.1038/s41423-021-00661-4
https://doi.org/10.3389/fimmu.2019.01737
https://doi.org/10.3389/fimmu.2019.01737
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Microbial Metabolites in Multiple Sclerosis: Implications for Pathogenesis and Treatment
	Introduction
	The Role of the Gut Microbiota in the Pathogenesis of Multiple Sclerosis
	Bacterial Metabolites
	Short-Chain Fatty Acids
	Polyamines
	Urolithins
	Implications for Behavioral Changes in Multiple Sclerosis
	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


