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The identification of intestinal dysbiosis in patients with neurological and psychiatric disorders has highlighted the im-
portance of gut–brain communication, and yet the question regarding the identity of the components responsible for
this cross-talk remains open. We previously reported that relapsing remitting multiple sclerosis patients treated with
dimethyl fumarate have a prominent depletion of the gut microbiota, thereby suggesting that studying the composition
of plasma and CSF samples from these patients may help to identify microbially derived metabolites.
We used a functional xenogeneic assay consisting of cultured rat neurons exposed to CSF samples collected from mul-
tiple sclerosis patients before and after dimethyl fumarate treatment to assess neurotoxicity and then conducted a
metabolomic analysis of plasma and CSF samples to identify metabolites with differential abundance. A weighted cor-
relation network analysis allowed us to identify groups of metabolites, present in plasma and CSF samples, whose
abundance correlated with the neurotoxic potential of the CSF. This analysis identified the presence of phenol and in-
dole group metabolites of bacterial origin (e.g. p-cresol sulphate, indoxyl sulphate and N-phenylacetylglutamine) as po-
tentially neurotoxic and decreased by treatment. Chronic exposure of cultured neurons to these metabolites impaired
their firing rate and induced axonal damage, independent from mitochondrial dysfunction and oxidative stress, there-
by identifying a novel pathway of neurotoxicity. Clinical, radiological and cognitive test metrics were also collected in
treated patients at follow-up visits. Improved MRI metrics, disability and cognition were only detected in dimethyl fu-
marate-treated relapsing remitting multiple sclerosis patients. The levels of the identified metabolites of bacterial origin
(p-cresol sulphate, indoxyl sulphate and N-phenylacetylglutamine) were inversely correlated to MRI measurements of
cortical volume and directly correlated to the levels of neurofilament light chain, an established biomarker of neurode-
generation.
Our data suggest that phenol and indole derivatives from the catabolism of tryptophan and phenylalanine are micro-
bially derived metabolites, which may mediate gut–brain communication and induce neurotoxicity in multiple
sclerosis.
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Introduction
As one of the main portals of communication with the external en-
vironment, the gut is at the forefront of the environmental interac-
tions that shape health and disease. A plethora of recent studies
support the concept of microbial dysbiosis as central to the patho-
genesis of several neurological disorders.1–6 In multiple sclerosis, for
instance, it has been reported that the composition of the gut micro-
biota is distinct in patients and healthy controls.7–11 Most studies
have focused on the important characterization of the gut–immune
system interaction, a concept which is shared with several other
autoimmune disorders including type I diabetes and rheumatoid
arthritis.12–17 Besides this well-documented effect of microbes on
the gut-associated immune system, at least two potential additional
mechanisms of microbial regulation of brain health have been pro-
posed. One line of investigation has focused on the detection and
characterization of bacterial toxins with the ability to enter in the
bloodstream and reach the brain parenchyma. An example is the
production of the epsilon toxin (ETX) by Clostridium perfringens, a
member of the Clostridiales, found to be elevated in patients with
multiple sclerosis9,11,18–21 or neuromyelitis optica.22,23 The toxin was
identified in the stool of a subset of multiple sclerosis patients
and shown to bind to the brain vasculature and ultimately drive
oligodendrocytic death.24–26 However, ETX is found in only a small
percentage of multiple sclerosis patients,27 thereby suggesting that
other mechanisms may be in place.

Beneficial gut bacteria contribute to human health, for in-
stance, by promoting the utilization of dietary tryptophan, a meta-
bolic pathway found to be dysregulated in multiple sclerosis
patients.28,29 Tryptophan can be metabolized towards serotonin or
towards kynurenine. The production of serotonin has been shown
to be beneficial for the organism and certain tryptophan deriva-
tives in multiple sclerosis have been shown to directly bind to the
aryl hydrocarbon receptor on glial cells30 and be anti-inflamma-
tory.30,31 Beneficial gut bacteria, such as Prevotella, contribute to
the production of short-chain fatty acids, which have been shown
to be neuroprotective32 and are decreased in pathological condi-
tions such as multiple sclerosis.33 Based on these considerations,
we reasoned that the altered balance between bacteria with bene-
ficial and detrimental effects, as detected in multiple sclerosis
patients, may lead not only to depletion of neuroprotective
metabolites, but also to the potential accumulation of neurotoxic

compounds, and this is the overarching hypothesis of the
current study.

In an attempt to identify neurotoxic metabolites with the po-
tential to impact axonal damage, we deployed targeted metabolo-
mic analysis of plasma and CSF samples from healthy controls
and patients with multiple sclerosis, coupled with functional
neurotoxicity screening in cultured neurons and clinical and MRI
follow-up of patients with relapsing remitting multiple sclerosis
(RRMS). We leveraged the results of our previous studies reporting
the dramatic effect of disease-modifying therapies such as di-
methyl fumarate (DMF) on the gut microbiota.19 DMF is an effect-
ive medication for the treatment of multiple sclerosis34,35 with
several immunomodulatory, epigenetic and gut-microbiome
effects,19,36,37 which we previously showed to have a significant ef-
fect on the composition of the gut microbiome.19 We reasoned
that an in-depth analysis of the metabolite composition of sam-
ples from RRMS patients before and after treatment could serve as
a tool for the identification of potentially neurotoxic compounds of
bacterial origin.

Materials and methods
Patient enrolment and sample collection

The study protocol was approved by the Institutional Review
Board at the Icahn School of Medicine at Mount Sinai and
Biomedical Institutional Review Board. All participants provided
written informed consent prior to completion of study-related
activities. Twenty healthy controls, 16 RRMS patients and 17
patients with secondary progressive multiple sclerosis (SPMS)
were recruited at the Multiple Sclerosis Center of Northeastern
New York, P.C. Additional RRMS patients treated with either DMF
(n = 11) or ocrelizumab (anti-CD20; n = 8) were recruited at the
Corinne Goldsmith Dickinson Center for multiple sclerosis at
Mount Sinai Medical Center. Inclusion criteria were a diagnosis of
multiple sclerosis according to McDonald criteria. Exclusion crite-
ria were current smoking status and treatment with steroids in the
past 30 days from enrolment. The differentiation between RRMS
versus SPMS category was based on the published guidelines in
1996 from Lublin and Reingold38 and its subsequent revision in
2014.39 Regarding the first cohort, patients were assessed by an in-
dependent multiple sclerosis specialist who was not aware of the
metabolomic analysis results and an Expanded Disability Score
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Scale (EDSS) was obtained at baseline and after 6, 12 and
24 months of DMF treatment, but due to high drop-out rate at
24 months, only the 12-month time point was used. Improvement
or progression of EDSS was defined as having a reduction or in-
crease in EDSS scores by more or equal to 0.5 points at 12 months
compared to baseline, respectively. Patients also completed a 25-
foot timed walk test (25-FTW), Symbol Digit Modalities Test
(SDMT) and Paced Auditory Serial Addition Test (PASAT) at base-
line and 12 months of treatment. Of note, the 3.0” PASAT was per-
formed in this study. As per the Multiple Sclerosis Functional
Composite (MSFC) PASAT standard administration guidelines, all
subjects were administered at least one practice trial. One add-
itional practice trial was given to three subjects, who failed to give
two correct responses on the first practice trial, up to a maximum
of three practice trials. Subjects also underwent lumbar puncture
and venipuncture to obtain CSF and plasma, respectively, at base-
line and 6 months after treatment. Upon CSF collection, the sam-
ples were centrifuged at 5000 rpm to remove debris and the
supernatants were aliquoted, flash-frozen in dry ice/ethanol va-
pour and kept at –80�C until use. Mixtures of blood and Histopaque
in the ratio 1:1 were centrifuged for 20 min at 1500 rpm, at room
temperature. Collected supernatants were centrifuged again for
15 min at 1500 rpm to deplete platelets and supernatants were ali-
quoted and stored at –80�C until use. Patients who dropped out of
the study prior to 6 months of follow-up (two RRMS and six SPMS
patients) and subsequently did not have CSF or plasma for metab-
olomic analysis were excluded from the study. Regarding the se-
cond cohort, blood was collected and plasma separated at baseline
and after 6 months of treatment with their respective therapies
and was analysed similarly to our first cohort. To match the age
distribution of our first cohort, only patients older than 30 years
old were included in the second cohort.

MRI acquisition and analysis

MRI scans were performed at baseline and follow-up visits using
Siemens 3.0 T Verio scanner according to standard clinical proto-
cols. All the MRI measurements, including lesion detection and as-
sessment and brain volume change were performed by Icometrics.
MRI scans were uploaded using the European Commission and
510(k) FDA-approved icobrain software (formerly known as
MSMetrix; Icometrix, Leuven, Belgium) for automated quantitative
MRI assessment.40,41 Briefly, the Icobrain algorithm employs the
input T1-weighted and FLAIR scans to jointly segment healthy tis-
sue classes (white matter, grey matter and CSF), as well as FLAIR
and T1-hypointense lesions. For longitudinal assessment, segmen-
tations from individual time points were used as input in a longi-
tudinal algorithm to jointly analyse two follow-up scans from the
same patient while preserving temporal and spatial consistency.

Metabolomic analysis

Plasma and CSF samples for metabolomics analysis were prepared
as previously described.42–46 Metabolite extraction from CSF and
plasma samples was achieved using a mixture of isopropanol,
acetonitrile and water at a ratio of 3:3:2 v/v. Extracts were divided
into three parts: 75 ml for gas chromatography combined with
time-of-flight high-resolution mass spectrometry (GC-MS), 150 ml
for reversed-phase liquid chromatography coupled with high-reso-
lution mass spectrometry (RP-LC-MS) and 150 ml for hydrophilic
interaction chromatography with liquid chromatography and tan-
dem mass-spectrometry (HILIC-LC-MS/MS) and analysed as
described previously.42–46 We used the NEXERA XR UPLC system
(Shimadzu) coupled with the Triple Quad 5500 System (AB Sciex)
to perform HILIC-LC-MS/MS analysis, NEXERA XR UPLC system

(Shimadzu) coupled with the Triple TOF 6600 System (AB Sciex) to
perform RP-LC-MS analysis and Agilent 7890B gas chromatograph
(Agilent) interfaced to a Time-of-Flight Pegasus HT Mass
Spectrometer (Leco) for GC-MS. The GC system was fitted with a
Gerstel temperature-programmed injector, cooled injection sys-
tem (model CIS 4). An automated liner exchange (Gerstel) was
used to eliminate cross-contamination from the sample matrix
that was occurring between sample runs. Quality control was per-
formed using metabolite standards mixture and pooled samples
applying methodology previously described.47–50 A quality control
sample containing a standard mixture of amino and organic acids
purchased from Sigma-Aldrich as certified reference material was
injected daily to perform analytical system suitability test and
monitor recorded signals’ day-to-day reproducibility as
described.42–46 A pooled quality control sample was obtained by
taking an aliquot of the same volume of all samples from the study
and injected daily with a batch of analysed samples to determine
the optimal dilution of the batch samples and validate metabolite
identification and peak integration. Collected raw data were
manually inspected, merged, imputed and normalized by the sam-
ple median, as routine normalization. Metabolite identification
was performed using in-house authentic standards analysis.
Metabolite annotation was used utilizing recorded retention time
and retention indexes, recorded MSn and HRAMSn data with
METLIN, NIST MS, Wiley Registry of Mass Spectral Data, HMDB,
MassBank of North America, MassBank Europe, Golm Metabolome
Database, SCIEX Accurate Mass Metabolite Spectral Library,
MzCloud and IDEOM databases. Plasma samples from the second
cohort were processed with the same methods but at a different
time point and therefore the statistical analysis was separate.

Metabolomic data processing and network analysis

Metabolomic data from plasma or CSF were filtered and normal-
ized using Metaboanalyst 4.0. Briefly, metabolites from all samples
in the study were normalized by median, log-transformed and
autoscaled together. These data represented the relative abundan-
ces of metabolites among samples, rather than their actual con-
centration. Univariate statistical analysis methods were then used
to estimate relative changes in metabolite levels. Partial least
squares-discriminant analysis (PLS-DA) was utilized as a multi-
variate dimensionality-reduction tool, followed by supervised
hierarchical clustering to generate dendrograms and heat maps.

Because the number of measured metabolites was significantly
higher than the number of samples in our analysis, and therefore
would negatively impact our statistical power during multiple hy-
pothesis testing correction, we employed a hypothesis-reduction
method based on weighted correlation network analysis
(WGCNA).51,52 Although this was first developed for gene network
analysis, it has been successfully used to identify networks of
metabolites with relatively few samples.52 Briefly, we first identi-
fied clusters of highly correlated metabolites in the samples,
which are called ‘modules’, and then related them to sample traits
using eigengene network methodology.51 Because our study design
was paired, we utilized a linear mixed-effects model to relate the
module eigengenes with sample traits, as previously suggested.53

Multiple hypothesis testing false discovery rate correction was
applied at the level of WGCNA metabolite modules. Co-expression
network methods such as WGCNA can detect coordinated metab-
olite changes at a metabolite group (modular) level. Modular ana-
lysis also helps alleviate the multiple hypothesis testing issue that
applies to high-dimensional metabolomic datasets and thus may
be more robust than a single-metabolite level analysis. Clustering
metabolites into pathway-specific modules and aggregating these
metabolites onto single statistical units (i.e. modules) can
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significantly reduce the number of hypotheses to be tested, and
thus increase power in the analysis. After identifying the pathway
of interest (i.e. the ’module’) in our dataset, as the metabolites
belonging to the same WGCNA-module/statistical unit share a
similar biological function (e.g. they are all bacterially derived
metabolites with a similar effect on neuronal cultures), we do not
correct again for multiple hypotheses during the analysis of the
in vitro functional data (as all the identified metabolites belong to
the same module). The WGCNA and mixed-effects model analysis
was conducted in R Studio. For targeted confirmatory analyses of
individual metabolites and visualization we used the GraphPad
Prism 8 software and statistical analysis was performed using ei-
ther linear regression controlling for age, or paired t-test, when ap-
propriate. P-values 5 0.05 were considered statistically significant.

Neurofilament light chain measurement in CSF

The levels of neurofilament light chain in the CSF were measured
using the UmanDiagnostics NF-light enzyme-linked immunosorb-
ent assay (UmanDiagnostics) as previously described.54 Briefly, all
available samples were run on triplicates and the average concen-
tration was used for further analysis. For correlations of neurofila-
ment light chain (NFL) with metabolite modules one outlier
patient sample was removed.

Primary neuronal cultures

Primary cultures of hippocampal and cortical neurons were isolated
from Sprague–Dawley rat embryos on embryonic Day 18 (E18) as
described previously55 with slight modification. Briefly, embryonic
hippocampi and cortices were digested with 0.025% Trypsin–EDTA
for 15 min at 37�C, followed by incubation with NM10 medium
(Dulbecco’s modified Eagle medium with 10% foetal bovine serum)
for 5 min at room temperature. After centrifugation, cells were sus-
pended in neurobasal medium supplemented with B27, 10 mM
GlutaMAX and 1% penicillin/streptomycin and mechanically dissoci-
ated by gentle pipetting. Dissociated cells were then filtered through
a cell strainer and centrifuged again, and resuspended for plating. At
3 days post-plating, an anti-mitotic agent was added to cells in order
to avoid contamination of non-neuronal cells. Cells were cultured at
37�C in a 5% CO2 incubator and the medium was replaced every
other day until 17 days in vitro (DIV). Cells were challenged with H2O2

(15mM for 15 min at DIV 5, 7, 10 and 14) to mimic a neurotoxic pro-in-
flammatory environment in vitro, followed by 18 h incubation with
CSF samples from patients at DIV 17. For immunocytochemistry,
cells were plated onto CC2-chamber slides at a density of 3.0 � 104

cells/well. For cell viability assay, cells were plated onto poly-D-ly-
sine-coated 48-well plates at a density of 3.0 � 104 cells/well. For
testing endogenous spontaneous electrical neuronal activity, cells
were plated onto polyethylenimine (PEI)/laminin-coated Axion 48-
well multi-electrode array plates at a density of 6.0 � 104 cells/well.
For bioenergetic analysis, cells were plated onto PEI/laminin-coated
Seahorse XF 24-cell culture microplates at a density of 5.0 � 104

cells/well. For chronic treatment with ‘red module’ metabolites, cells
were cultured in the same medium supplemented with distinct con-
centrations of indoxyl sulphate (IS), p-cresol sulphate (pCS) and N-
phenylacetylglutamate (PAG) (5, 25 and 50mM), either individually or
in combination. To rule out the potential effect of these metabolites
on the pH of the medium, all media were tested for stability of the
pH prior to treating the neurons. No differences in pH were
observed. To test the potential direct effect of DMF on neurons, in
some experiments primary neurons were cultured in the presence
of the same concentrations of the three metabolites in the presence
of monomethyl fumarate (MMF; 50mM), an active metabolite of DMF.

Immunocytochemistry of treated cultured neurons

After completion of treatment, cells were washed with PBS and
fixed with 4% paraformaldehyde for 30 min at room temperature,
followed by permeabilization in phosphate-buffered saline (PBS)-
based blocking buffer with 10% normal goat serum and 0.5% Triton
X-100 for 30 min at room temperature. Cells were then incubated
with primary antibodies against SMI32 (SMI32-NE1023,
Calbiochem, 1:500), Nitrotyrosine (06–284, Millipore, 1:500),
Neurofilament-H (MAB5448, Millipore, 1:500) overnight at 4�C,
followed by incubation with fluorophore-conjugated secondary
antibodies. Following washes in PBS, cells were mounted with 40,6-
diamidino-2-phenylindole Fluoromount-G for image analysis.
Confocal images were acquired at 20� objective using LSM 800
microscope with Zen software (Zeiss), and all images were proc-
essed and analysed in ImageJ.

Multi-electrode array recordings from neuronal
cultures

Spontaneous neuronal activity was measured at DIV 21 using a
Maestro Pro multi-well multi-electrode array system (Axion
Biosystems). Briefly, cells were cultured in the absence or presence
of metabolites for 21 days. On the day of the experiment, cells were
allowed to equilibrate for 5 min prior to the 10 min recording of
spontaneous activity. Signals were simultaneously acquired across
768 channels (16 electrodes per well, 48-well plate) and data acqui-
sition was managed with Axion’s integrated software, AxiS
Navigator.

Bioenergetic analysis of cultured neurons

Mitochondrial bioenergetics in neurons were measured at DIV 18
using the Seahorse XFe24 Bioanalyser (Agilent). After equilibration
of the cultured neurons with artificial CSF for 1 h, mitochondrial
respiratory function was analysed by 4 mM carbonyl cyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP), 0.5 mM rotenone and
4 mM antimycin A, respectively. Briefly, basal oxygen consumption
rate (OCR) was measured before the injection of inhibitors, fol-
lowed by additional OCR measurement after each addition of given
inhibitors. Six parameters of mitochondrial respiration were deter-
mined based on observed OCR.

Data availability

Data supporting the findings of this study are available from the
corresponding author, upon reasonable request.

Results
Reduced neurotoxicity of the CSF from RRMS
patients after dimethyl formamide treatment

We have previously described and characterized a xenogeneic
functional screen for neurotoxicity consisting of cultured rodent
neurons exposed to the CSF of multiple sclerosis patients or healthy
controls.54,56 To address the question of whether neurotoxic metab-
olites produced by gut bacteria exist in our cohort, we adopted a
similar approach and screened the CSF samples from multiple scler-
osis patients before and after treatment with DMF (Fig. 1). We used
DMF as a treatment because we previously showed that it has a dra-
matic effect on the gut-microbiota composition.19 Our cohort
included 20 healthy controls, 14 RRMS patients and 11 SPMS
patients. All subjects underwent an lumbar puncture at baseline to
obtain CSF and venipuncture to obtain whole blood at the same
time. Patient demographics were similar across groups
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(Supplementary Table 1), except that SPMS patients were older and
had more severe disease activity, in terms of disability, walking
speed and cognition than RRMS patients, as expected
(Supplementary Table 2). Information regarding previous treatment
was also collected (Supplementary Table 3). MRI metrics showed
that SPMS patients had higher T2 and T1 lesion volume and smaller
grey matter volumes than RRMS patients (Supplementary Fig. 1), a
finding which was expected due to the higher disease severity in the
SPMS group (Supplementary Table 2). CSF and plasma samples from
healthy controls were collected only at baseline, while samples
from multiple sclerosis patients (RRMS and SPMS) were also col-
lected after 6 months of treatment with DMF. Functional screening
of CSF samples collected at baseline from healthy individuals did
not impact the physiology of cultured neurons (not shown), while
the CSF of RRMS and SPMS patients had a substantial effect and was
sufficient to induce signs of axonal damage, including a beaded ap-
pearance of the cytoplasmic processes and immunoreactivity to
SMI32 (Fig. 1), thereby confirming previous reports.54 Interestingly,
the CSF samples collected from RRMS patients after DMF treatment
revealed a statistically significant decrease of neurotoxicity
(P = 0.0029 paired t-test) as 93% of the samples (13 of 14) induced
milder axonal damage compared to baseline samples. However,
DMF treatment did not significantly change the toxicity of the SPMS
samples, with only 45% of the samples (n = 5 of 11) showing
decreased neurotoxicity compared to baseline (Fig. 1). From this, we
concluded that an in-depth analysis of the metabolites present in
the CSF of RRMS patients at baseline and with decreased abundance

after DMF treatment might potentially identify microbial metabo-
lites with neurotoxic properties.

Plasma and CSF metabolomics identifies microbial
phenol and indole derivatives

As we were interested in metabolites produced by gut commen-
sals, we reasoned that the same products identified in the CSF
may also be present in plasma samples and therefore conducted a
metabolomic analysis of both plasma and CSF samples from RRMS
patients at baseline (n = 14) and after 6 months of treatment
(n = 14). Samples from healthy controls (n = 20) and SPMS patients

at baseline (n = 11) and after DMF treatment (n = 11) were used for
comparative purposes (Fig. 2A). Samples were processed and ana-
lysed as described in the ‘Materials and methods’ section and 394
metabolites were detected. Statistical analysis was applied to com-
pare samples from healthy controls to those from RRMS patients
at baseline and a PLS-DA was conducted (Supplementary Fig. 2A).
We then conducted an agglomerative hierarchical cluster analysis
based on similarity measures and clustering algorithms. The data
represented as heat maps are shown in Fig. 2B. The increased lev-
els of several carnitines and decreased levels of kynurenic acid in
the CSF of RRMS patients compared to healthy controls was con-
sistent with previous reports.57 A similar longitudinal analysis was
conducted for RRMS patients before and after DMF treatment. The
results of the PLS-DA are shown in Supplementary Fig. 2B, while

Figure 1 DMF treatment reduces the neurotoxic potential of CSF from RRMS but not SPMS patients. (A and C) Confocal image of primary cultured neu-
rons exposed to CSF from RRMS (A) or SPMS (C) patients for 18 h and then fixed, stained with antibodies for SMI32 (green, to assess axonal damage)
and for neurofilament heavy chain (red, as control for axonal density). (B and D) Percentage axonal damage was calculated by dividing SMI32 positive
area by the total neurofilaments. The paired analysis of SMI32 immunoreactivity in neurons exposed to CSF samples collected at baseline and after
6 months of DMF treatment is shown for RRMS (B) and SPMS (D) patients. Note the significant reduction of the SMI32 marker of axonal damage only
in RRMS patients (A and B) and not SPMS (C and D) patients. **P5 0.01 (paired t-test). Scale bar = 50 mm.
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the dendrograms after supervised clustering analysis are shown in
Fig. 2C.

We then employed a WGCNA analysis of the metabolomic
datasets from plasma and CSF in order to identify groups of
metabolites—rather than individual ones—that were highly corre-
lated to specific traits (i.e. age, sex, body mass index, treatment) by
employing eigengene network methodology.51,52 The goal was to
identify potential groups of metabolites, called ‘modules’, with a
similar pattern relative to specific traits, without compromising
statistical power. As we had processed both plasma and CSF of
RRMS patients before and after DMF treatment, we were interested
in the identification of metabolite ‘modules’ that were character-
ized by the same up- or downregulation in the two biological com-
partments. The identified modules of metabolites (Fig. 3A) were
marked by distinct colours and associated to specific patient traits
using linear mixed-effect models, given our paired sample design
of the study.53 Linear mixed-effect model analysis revealed that
one specific group of metabolites (e.g. pCS, IS, PAG), defined as the
‘red module’, was significantly reduced by DMF treatment, in both
the plasma and CSF samples from RRMS patients (Fig. 3B). We
noted that this specific group of metabolites are only produced by
bacterial fermentation of amino acids and are characteristically
absent or significantly reduced in mice raised in germ-free
conditions.58

After identifying these metabolites as the ones significantly
reduced by DMF in RRMS patients, we sought to compare their CSF
concentration across our different patient groups. Linear regres-
sion controlling for age revealed a trend of higher concentration
of the ‘red module’ metabolites in RRMS at baseline compared to
controls (linear regression controlling for age P = 0.091), but not
in SPMS patients (linear regression controlling for age P40.1).
This trend was true for the three metabolites in the red module
(i.e. pCS, IS and PAG) when tested independently, although—due
to the small sample size—it did not reach statistical significance
in the cross-sectional comparison (Supplementary Fig. 3), in con-
trast to the paired design of before and after treatment. The rela-
tive abundance of pCS, IS and PAG was higher in the CSF of RRMS

and SPMS patients compared to controls (Fig. 4A) and was signifi-
cantly decreased in both CSF and plasma of RRMS patients by
DMF treatment (Fig. 4B and D), while in the samples from the
SPMS patients the three metabolites were not concordantly
decreased by DMF treatment (Fig. 4C and E), a result which is like-
ly attributable to differences in the gut microbiota of RRMS19,59

and SPMS60,61 patients. Given the potential impact of our
findings, we recruited another cohort of age-related RRMS
patients undergoing either DMF treatment (n = 11) or another
disease-modifying therapy (anti-CD20, n = 8) not affecting the
microbiota (Supplementary Table 4). Of note, for this second
cohort of RRMS patients we were able to obtain consent only
for blood (but not CSF) collection and therefore conducted
metabolomic analysis of plasma samples. In agreement with the
results obtained in the plasma samples from the first cohort, the
relative abundance of three metabolites showed a decrease in
RRMS samples after 6 months of DMF treatment (pCS: 7 of 11;
IS: 6 of 11; PAG: 6 of 11), although the trend did not reach statis-
tical significance (Supplementary Fig. 4A). It is worth noting
that these effects were specific to DMF, as the abundance of
three metabolites was not changed by anti-CD20 therapy
(Supplementary Fig. 4B). Together these data further support
the concept that the abundance of the ‘red module’ metabolites
is impacted only by disease-modifying drugs that affect the
gut microbiota.

Phenol- and indole-derived metabolites directly
impair neuronal physiological function

To define the relationship between the concentrations of these
metabolites and neurotoxicity, we conducted a dose–response
curve in cultured neurons. Chronic exposure of cultured neurons
to increasing concentrations of these metabolites revealed a dose-
dependent neurotoxic effect, as measured by SMI32 staining
(Fig. 5A and B). To further assess the effect of these metabolites on
neuronal function, we then measured neuronal electrical activity
in cultures exposed to increasing concentration of the cocktail of
the three ‘red module’ metabolites, using multi-well electrode

Figure 2 Metabolomic profiling of CSF in RRMS patients. (A) Flow chart of the experimental approach and data analysis related to metabolomics
profiling of CSF and plasma samples. (B) Heat map of the hierarchical clustering representing the metabolic features differentially abundant in
healthy control (HC, yellow) and RRMS (orange) patients. (C) Heat map of the hierarchical clustering of the longitudinally collected samples in RRMS
patients at baseline (BL, light blue) and 6 months after DMF treatment (purple). The relative abundance of metabolites at baseline and after DMF treat-
ment is shown as colour variation from dark red (high abundance) to dark blue (low abundance) for each metabolite (rows) and for each individual
patient at the two time points (columns).

A. Ntranos et al.574 | BRAIN 2022: 569–583145;

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab320#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab320#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab320#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab320#supplementary-data


array recordings, which allow for the characterization of the elec-
trophysiological properties of the entire neuronal population
(Fig. 5C and D). Compared to neuronal cultures kept in control con-
ditions, we detected a dose-dependent decrease of the average
neuronal firing rate, reduced number of spikes per second and a
proportional decrease of neural network bursts per second
(Fig. 5D). To further ascertain the similar function of each one of
the three ‘red module’, we also examined the electrophysiological
changes occurring in cultured neurons exposed first to the individ-
ual metabolites and then in combination. As predicted by the
WGCNA analysis, each individual metabolite was sufficient to de-
crease neuronal function, although the combination of the three
acted synergistically and further impaired neuronal function
(Fig. 5E). Importantly, the concentration of the ‘red module’ metab-
olites (pCS, IS and PAG), used to test their effect in cultured neu-
rons, was within the limits previously reported in the blood of
uraemic patients.62,63 The neurotoxic effect was not dependent on
an effect of metabolites on mitochondrial respiration or oxidative

stress in cultured neurons (Fig. 6). Mitochondrial function, meas-
ured using the Seahorse bioanalyser, did not reveal any difference
in oxygen consumption rate or respiratory capacity in cultures
exposed to increasing concentrations of metabolites (Fig. 6A).
Similarly, oxidative stress, measured by nitrotyrosine staining of
neurofilament heavy-chain immunoreactive processes, did not
differ between neurons either untreated or treated with increasing
concentrations of ‘red module’ metabolites (Fig. 6B and C). Thus,
the effect of microbial metabolites on neuronal function is quite
distinct to the effect of host-generated toxic lipids, as we reported
previously.54,56 Finally, we wanted to ascertain if DMF treatment
reduced the neurotoxicity of the CSF samples in RRMS patients by
decreasing microbial metabolites as a result of its effect on the
reshaping of the gut microbiota,19 rather than a putative direct
neuroprotective effect of its conversion metabolite (MMF) on brain
parenchymal cells. For this reason, we co-treated cultured neurons
with the same concentration of pCS, IS and PAG in the presence or
absence of MMF at equimolar concentrations and recorded neural

Figure 3 Identification of bacterial metabolites significantly reduced by DMF treatment in plasma and CSF of RRMS patients. (A) Consensus analysis
of CSF and plasma metabolome from RRMS patients was performed using WGCNA to identify highly correlated metabolite modules. The cluster den-
drogram is depicted on the left, with each line representing a different metabolite and the height representing their similarity or correlation. The dis-
tinct clusters of highly correlated metabolites, called ‘modules’, are shown in various colours at the bottom, with the grey colour reserved for
metabolites that did not correlate with each other. The specific metabolites belonging to distinct modules are shown on the right. (B) The eigenvector
of the metabolite modules was associated with different patient traits using linear mixed-effect models, given our paired sample design. Each mod-
ule colour is shown on the y-axis and each trait on the x-axis. The coefficient and the P-value (in parentheses) of the model are shown in the table
(top and bottom numbers, respectively). The associations with P-values 5 0.1 are shown in green. The only module that is significantly associated
with DMF treatment in both plasma (left) and CSF (right) is the ‘red module’, which is composed of bacterial metabolites. Of note, this module does
not correlate with other patient traits, such as age, sex or body mass index.
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network activity using multi-electrode-array recordings from
neuronal populations (Fig. 6D). Exposure to MMF alone did not af-
fect the physiological properties of cultured neurons and co-treat-
ment was completely ineffective in rescuing the decline in mean
firing rate, number of spikes per second and the neuronal burst ac-
tivity (Fig. 6E). Importantly, the eigenvector of the red module as
well as the relative concentrations of pCS, IS and PAG highly corre-
lated between plasma and CSF, consistent with the ability for

these metabolites to cross the blood–brain barrier (Supplementary
Fig. 5A) and have a direct neurotoxic effect. Collectively, these data
support the identification of microbial phenol metabolites (e.g.
pCS, PAG) and indole derivatives (e.g. IS) as neurotoxic com-
pounds. We propose that after being produced by microbial spe-
cies in the gut, they may reach the CNS via the bloodstream and
then the CSF, thereby coming in contact with neurons in the
superficial cortical layers.

Figure 4 Neurotoxic metabolites are in higher abundance in the CSF of RRMS than SPMS patients. (A) Graphs show normalized levels of pCS, IS and
PAG in CSF of RRMS, SPMS, and healthy control (HC), with each metabolite trending towards higher abundance in multiple sclerosis patients com-
pared to controls. (B and C) Paired analysis of the relative abundance of metabolites in the longitudinally collected CSF samples from RRMS and SPMS
patients [each line representing of patient at baseline (before DMF) and after 6 months of DMF treatment (after DMF)]. Note the significant reduction
of pCS, IS and PAG relative abundance in RRMS, not in SPMS. (D and E) Similarly, abundance of putative neurotoxic metabolites was decreased in
plasma from RRMS patients, but not in SPMS patients, after DMF treatment. The lines in the box plot in A, D and E represent the quartiles (25th, 50th,
75th) and the whiskers mark the minimum and maximum values of the data. Statistical significance was calculated by either linear regression con-
trolling for age (A), or paired Student’s t-test (B–E).
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Neurotoxic CSF metabolite abundance correlates
with biomarkers of neurodegeneration and brain
volume

As neurotoxic metabolites were defined based on a functional
screening in cultured neurons, we searched for a correlation

between their relative abundance and the levels of NFL in the CSF, a
well-accepted biomarker of neurodegeneration (Supplementary
Table 5). Individual metabolites such as pCS, IS and PAG (Fig. 7A) as
well as the red module eigenvector (Fig. 7B) both significantly corre-
lated with NFL levels in the CSF, thereby further validating their
identification as neurotoxic compounds. Because the identification

Figure 5 Identified bacterial metabolites directly induce axonal damage and neuronal dysfunction. (A) Confocal image of cultured neurons chronical-
ly exposed to different concentrations of the three ‘red module’ metabolites after 18 days in culture and stained for neurofilament heavy chain (red)
and for the axonal marker SMI32 (green). (B) Dose-dependent axonal damage expressed as the percentage of NFH + neuronal processes that are co-
stained with SMI32. (C) Pseudo-colour image of the spontaneous electrical neuronal activity measured using MEA of neurons kept in regular medium
supplemented with either vehicle or with the red module metabolites at the indicated concentration. Red represents high electrical activity and blue
low activity in neurons. (D) The combination of the bacterial metabolites significantly decreased spontaneous neuronal activity as measured by cal-
culating the average firing rate, number of spikes per second and number of network bursts. (E) The effect of treatment with each individual metabol-
ite was significant and distinct. The overall effect of the combination of metabolites was synergistic on the mean firing rate and number of spikes per
seconds. The lines in the box plot in B, D and E represent the quartiles (25th, 50th, 75th) and the whiskers mark the minimum and maximum values
of the data. Statistical significance assessed by one-way ANOVA followed by Tukey’s post hoc test. *P5 0.05, **P5 0.01, ***P5 0.001, ****P5 0.0001. Scale
bar = 50 mm.
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of neurotoxic metabolites was driven by the functional neurotoxicity
analysis of CSF samples, we also investigated the correlation be-
tween the individual concentrations of pCS, IS and PAG (Fig. 7C), or
of the entire ‘red module’ metabolites (Fig. 7D), with the parameters
of neuronal damage (e.g. SMI32) as assessed in cultured neurons. A
direct correlation between the entity of axonal damage, measured
by the percentage of SMI32 + axons in CSF-exposed cultured neu-
rons and the relative abundance of metabolites in the CSF was
detected for pCS and IS (Fig. 7C) and for the entire red module
(Fig. 4D), while PAG did not show any correlation. To further define
the potential long-term consequences of the identified metabolites,
we also compared clinical and radiological measurements at base-
line and after DMF treatment. Clinical disability score (EDSS), the 25-
FTW, SDMT and a cognitive PASAT score were evaluated at baseline
and at a 12 month clinical follow-up visit, which revealed improved
EDSS and PASAT scores in DMF-treated RRMS patients at 12 months
after treatment, while 25-FTW and SDMT were unchanged
(Supplementary Table 2). Clinical MRIs were obtained at baseline,
12 and 24 months and used to obtain brain and lesion volume
metrics (Supplementary Table 6). Interestingly, the concentration
of ‘red module’ metabolites correlated well with clinical, cogni-
tive and MRI metrics after treatment, such as PASAT scores
12 months after treatment (spearman rho = –0.9, P = 0.00083;
Supplementary Fig. 5B), while no correlation was found with the
scores obtained at the start of treatment. Furthermore, among
DMF-treated patients, those with a reduction of the ‘red module
metabolites’ after 6 months of therapy with DMF had significant-
ly higher odds of an EDSS improvement at 12 months after treat-
ment (ordinal logistic regression controlling for age, sex, body
mass index and diagnosis; odds ratio = 9.21, P = 0.046). The

clinical amelioration in treated RRMS patients was also consist-
ent with the detection of lower levels of T1 black holes (Fig. 7E), a
metric of oedema and axonal loss.64 Patients with lower T1 values
were also the ones with lower levels of the putative neurotoxic
metabolites in the CSF and plasma (Fig. 4C and D). Finally, the
red module metabolites significantly correlated with cortical vol-
ume of multiple sclerosis patients measured after 12 months of
treatment (Fig. 7F), with patients with the lower levels of micro-
bial metabolites also being the ones showing higher cortical vol-
umes, a correlation that was not detected with deep grey matter
volumes (Fig. 7F). This is of interest, as it suggests that the more
superficial brain layers, in closer contact with CSF, showed a rela-
tionship to the levels of neurotoxic microbial metabolites, with
deep grey matter structures being more shielded from the effect
of CSF composition. Together, these findings further validate the
identification of phenol- and indole-derivatives as neurotoxic
metabolites responsible of the gut–brain cross-talk.

Discussion
The role of the gut microbiota in regulating health and disease
states is well recognized,6 with several studies addressing its com-
position in distinct neurological diseases including multiple scler-
osis.7–11 Besides regulating immune cells residing in the gut,65,66 the
microbial commensals play a major role in the metabolism of essen-
tial amino acids (such as tryptophan, phenylalanine and branched
amino acids) and vitamin absorption. In addition, while the micro-
biota composition displays a high degree of interindividual variabil-
ity, the metabolic effects are more stable, thereby suggesting that
distinct microbial communities may serve similar metabolic

Figure 6 MMF cannot counteract neurotoxicity of microbial metabolites. (A) A Mito Stress Test was performed on neurons cultured in the absence
(black curve) or presence of increasing concentrations of the three metabolites (red for 5 mM, blue for 25 mM, green for 50 mM), using the Seahorse XF
bioanalyser. No difference in mitochondrial bioenergetic measures was detected. Error bars represent SD. (B) Immunofluorescence of neurons stained
with a nitrotyrosine (NTS)-specific antibody, as a marker for cell damage and for neurofilament H (NFH). (C) Quantification of NTS staining was
referred to the total NFH + neuronal processes and did not reveal significant differences between metabolite-treated neurons compared to vehicle. (D
and E) Neuronal cultures were chronically exposed to a mixture of CS, IS and PAG (50 mM each) in the absence or presence of MMF (50 mM), and the en-
dogenous neuronal activity was measured. The lines in the box plots in C and E represent the quartiles (25th, 50th, 75th) and the whiskers mark the
minimum and maximum values of the data. Statistical significance was assessed by one-way ANOVA followed by Tukey’s post hoc test. ****P5 0.0001.
Scale bar = 50 mm
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functions in individual hosts. For this reason, rather than focusing
on the characterization of individual microbial species, efforts have
shifted towards the unbiased characterization of the metabolome in
health and disease states, including multiple sclerosis.67–69 Within
this context, we and others have proposed that some metabolites
produced in the gut could be transferred to the CSF, where they
might exert a toxic effect and impact the disease course. This study
was designed to test this hypothesis. We had previously character-
ized a functional screening of neurotoxicity, consisting of a xeno-
geneic reductionist model of rodent cultured neurons exposed to
human CSF samples from multiple sclerosis patients and analysing
the effect on axonal damage and mitochondrial function.54,56 We
and others also reported on the dramatic effect of an oral treatment
with the metabolite DMF on the depletion of microbiota in multiple
sclerosis patients.19,59 Based on these premises, we reasoned that a
functional screen of the CSF collected from RRMS patients before

and after treatment with DMF would provide us with an opportunity
to identify potential neurotoxic metabolites produced by the gut
microbiota. The detection of the same metabolites in plasma sam-
ples from the same subjects would support the idea of a gut–brain
communication with peripheral metabolites being transported via
the bloodstream.

Using metabolomic analysis of plasma and CSF longitudinal
samples from RRMS patients followed by weighted correlation net-
work analysis, we were able to identify groups of metabolites (or
‘modules’) that were highly correlated to specific patient traits by
employing eigengene network methodology. Such an approach
allowed us to identify a specific ‘module’ composed of an indole-
derivative from the tryptophan metabolism (e.g. IS) and two phe-
nol-derivatives from tyrosine and phenylalanine metabolism (e.g.
pCS and PAG). These three metabolites as a ‘group’ were found to
correlate with the ‘treatment’ variable, both in plasma and CSF

Figure 7 Correlation between neurotoxic CSF metabolites, biomarker of neurodegeneration and cortical volume in multiple sclerosis patients. (A) The
correlation plots of the eigenvector of each individual metabolite (CS, IS and PAG) in the red module and the NFL levels in the CSF are positively corre-
lated. (B) The abundance of the three metabolites as a ‘red module’, significantly correlated with the NFL concentration in the CSF. (C) The correlation
plots of the eigenvector of each metabolite in the red module indicated that correlation of the ‘red module’ metabolites to axonal damage was mainly
driven by CS and IS, not by PAG. (D) However, the relative abundance of the ‘red module’ metabolites significantly correlated with SMI32 + area in
neurons treated with the patient-derived CSF samples. (E) T1 black hole volume in RRMS patients showed a trend towards improvement after DMF
treatment. (F) The three ‘red module’ metabolites, as a group, were inversely correlated with the volume of superficial cortical layers (normalized cor-
tical volume) and not with that of deep grey matter (normalized deep grey volume) as measure at the 1-year follow-up. Pearson’s correlation coeffi-
cient (r) and associated P-value or P-values for paired t-test are indicated.
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samples of patients who received DMF for 6 months. The relative
abundance of these metabolites was higher in the CSF samples
from RRMS patients at baseline and decreased in samples col-
lected from the same patients after treatment, and this correlated
with the relative levels of NFL, a biomarker for neurodegeneration.
These putative neurotoxins result from the catabolism of trypto-
phan, tyrosine and phenylalanine and their relative abundance in
the CSF inversely correlated with MRI metrics of brain volume of
cortical structures that are in contact with the fluid, while no cor-
relation was found with volume of deep grey matter structure.
Lower abundance of these metabolites was also detected in CSF
samples after DMF treatment, which displayed lower neurotoxicity
at the functional CSF screening. Based on these findings, we iden-
tified these three metabolites as putative microbial neurotoxins
and validated this interpretation by characterizing the progressive
decline of neuronal firing activity with exposure to increasing con-
centrations of the three compounds. Intriguingly, the effect was
dissimilar from what shown in the past for neurotoxic lipids, like
ceramides,54,56 as the phenol- and indole-derivatives did not im-
pair mitochondrial function or neuronal bioenergetics. Overall,
this identifies three metabolites as potential candidates for a
‘toxic’ gut–brain communication, although future studies, involv-
ing selective sequestration of each of these metabolites, would be
needed to properly decipher their relative contribution to CSF tox-
icity and investigate their precise mechanism of action.

The identified metabolites were derived from the catabolism of
tryptophan and phenylalanine, two essential amino acids, whose
anabolic and catabolic pathways are activated by the gut bac-
teria.70 In physiological conditions, the healthy gut-microbiota
processes tryptophan, via the synthetic pathway to generate sero-
tonin or via the catabolic pathway to generate ‘healthy metabo-
lites’ such as kynurenate (which can be further converted into
nicotinamide).71,72 In pathological conditions, however, the levels
of serotonin and kynurenic acid are often lowered as tryptophan is
converted into an excess of indole-derivatives, including indole
acetate and IS.73,74 Our data support a pathological ‘metabolic
shunt’ from healthy to toxic catabolites in RRMS patients, as we
detected lower levels of kynurenic acid and higher levels of IS than
in controls. In addition, the decreased abundance of these metabo-
lites in CSF and plasma samples collected after DMF-treatment—
which we previously showed to deplete the gut flora19—further
supports the identification of these metabotoxins as putative sig-
nals of communication between the periphery and the CNS. Our
results are also consistent with previous reports of decreased tryp-
tophan75 and serotonin76 levels in adult multiple sclerosis patients
and altered levels of tryptophan metabolism in a paediatric mul-
tiple sclerosis population,77 whose gut microbiome differed from
that of age-matched healthy controls.78–80 Among the products of
tryptophan metabolism, kynurenate has been identified by us and
other studies57; however, the generation of this compound by host
metabolism in glial cells and its ability to generate either the neu-
roprotective kynurenic acid or the excitotoxic quinolic acid render
the discussion on the balance of quinolic/kynurenic levels more
complex, even though associated with multiple sclerosis disease
progression.81 The increased levels of indole-catabolites, such as
IS, in the CSF of RRMS patients in contrast can be entirely attrib-
uted to microbial synthesis and is in agreement with previous
studies57,82 identifying this metabolite as an important uraemic
toxin detected in patients with renal insufficiency who display sig-
nificant cognitive decline and even dementia.83 It will be import-
ant to further investigate the direct effect of this metabolite on
neurons, as murine studies had previously suggested that indole-
derivatives may act as neuroprotective agents, by serving as
ligands for the aryl hydrocarbon receptor on microglial cells and
promoting anti-inflammatory reactions.32,58

The other two microbial neurotoxins, identified as part of the
‘module’ of three metabolites correlating with the neurotoxic effect
of the CSF on neurons, were pCS and PAG, both containing phenol
groups and derivatives of the phenylalanine metabolism. In physio-
logical conditions healthy bacteria in the gut are responsible for
catalytic anabolic pathways leading to the generation of tyrosine,
which acts as precursor for both hormones and neurotransmitters.84

In patients with multiple sclerosis, however, unhealthy bacteria
lead to the production of catabolites, such as cresol sulphate and
phenylacetylglutamine, which have also been detected in other
pathologies, including cardiovascular disorders85,86 and other neuro-
degenerative diseases such as Parkinson’s disease.87 Intriguingly,
pCS is a metabolite which had been detected in the urine of multiple
sclerosis patients88 and mistakenly identified as urinary ‘myelin
basic like material’, whose levels correlated with the degree of clinic-
al progression.89 This metabolite was also identified in a previous
study conducted in mice to correlate with reduced content of cor-
tical myelin and with the presence of bacteria Clostridiales in the
gut.43 Of note, the concentrations used to test the effect of metabo-
lites in cultured neurons were within limits of the values listed in
the Human Metabolome Databases and those previously reported in
the blood of uraemic patients.62,63

In conclusion, based on published studies and experimental
evidence, it is conceivable that the changes of bacterial metabo-
lites detected in RRMS patients treated with DMF, may be related
to its previously reported effect on the gut microbiota.19,59 This
conclusion is substantiated by the fact that the levels of the same
metabolites remained unchanged in a cohort of age-related RRMS
patients treated with anti-CD20 therapy, whose disease-modifying
properties are independent of gut alterations.90 Because the com-
position of the gut microbiota in RRMS patients has been recently
shown to be distinct from that of PPMS and SPMS patients,60,61,91,92

it is also tempting to speculate that the lack of effectiveness of
DMF treatment in SPMS patient might be related to the presence of
microbial species which are more resistant to the effect of DMF in
the gut. This would be an interesting area of future investigation.
Nevertheless, the importance of disease severity and older age
cannot be discounted as important additional factors.

Therefore, this study identifies microbial metabolites in the
CSF of RRMS patients as putative neurotoxins responsible for the
cross-talk between the periphery and brain parenchyma. While
much awaits to be discovered, including the mechanism of action
of these metabolites in neurons or the identification of multiple
combinations of microbial commensals responsible for enhancing
the catabolic pathways in patients, we believe that a focus on
metabotoxins may be crucial for the design of putative approaches
geared to the generation of novel treatments for the neurodege-
nerative component of the disease.
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Toivanen P. Fecal microbiota in early rheumatoid arthritis. J

Rheumatol. 2008;35(8):1500–1505.
16. Maeda Y, Kurakawa T, Umemoto E, et al. Dysbiosis contributes

to arthritis development via activation of autoreactive T cells in
the intestine. Arthritis Rheumatol. 2016;68(11):2646–2661.

17. Alkanani AK, Hara N, Gottlieb PA, et al. Alterations in intestinal
microbiota correlate with susceptibility to type 1 diabetes.
Diabetes. 2015;64(10):3510–3520.

18. He B, Hoang TK, Tian X, et al. Lactobacillus reuteri reduces the se-
verity of experimental autoimmune encephalomyelitis in mice
by modulating gut microbiota. Front Immunol. 2019;10:385.

19. Katz Sand I, Zhu Y, Ntranos A, et al. Disease-modifying thera-
pies alter gut microbial composition in MS. Neurol Neuroimmunol
Neuroinflamm. 2019;6(1):e517.

20. Shahi SK, Freedman SN, Murra AC, et al. Prevotella histicola, a
human gut commensal, is as potent as COPAXONEVR in an ani-
mal model of multiple sclerosis. Front Immunol. 2019;10:462.

21. Zeng Q, Junli G, Liu X, et al. Gut dysbiosis and lack of short chain
fatty acids in a Chinese cohort of patients with multiple scler-
osis. Neurochem Int. 2019;129:104468.

22. Cree BA, Spencer CM, Varrin-Doyer M, et al. Gut microbiome
analysis in neuromyelitis optica reveals overabundance of
Clostridium perfringens. Ann Neurol. 2016;80(3):443–447.

23. Zamvil SS, Spencer CM, Baranzini SE, Cree BAC. The Gut
Microbiome in Neuromyelitis Optica. Neurotherapeutics. 2018;
15(1):92–101.

24. Berer K, Gerdes LA, Cekanaviciute E, et al. Gut microbiota from
multiple sclerosis patients enables spontaneous autoimmune
encephalomyelitis in mice. Proc Natl Acad Sci U S A. 2017;114(40):
10719–10724.
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