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Abstract

Objective: An alteration in the composition of the intestinal microbiota has
been observed in patients with multiple sclerosis (pwMS) with respect to
healthy controls (HC). Microorganism-derived metabolites such as short-chain
fatty acids (SCFA) have been suggested to play a role in the disease. Thus, to
analyze the association of SCFA with clinical and radiological parameters of the
disease and with those related to the inflammatory response of the immune sys-
tem. Methods: Multicentric observational retrospective cross-sectional study. In
addition 161 pwMS and 130 HC were included. The following plasma SCFA
were analyzed using liquid chromatography coupled to mass spectrometry: ace-
tate (AA), propionate (PA) and butyrate (BA). Blood cell subpopulations and
cytokine expression were analyzed by flow cytometry. Results: Plasma PA and
PA/AA ratio was lower in pwMS than in HC (P = 0.0001, and P = 0.00005,
respectively). PA/AA and BA/AA ratios were lower in pwMS with higher dis-
ability (P = 0.001, and P = 0.001, respectively). T2 lesion load inversely corre-
lated with PA/AA (r = —0.353; P = 0.002) and BA/AA (r = —0.322; P = 0.005)
ratios. Plasma PA/AA and/or BA/AA ratios negatively correlated with the fol-
lowing pro-inflammatory cytokines producing cells: GM-CSF+CD4+T, GM-
CSF+CD8+T, TNF-alpha+CD4+T, TNF-alpha+CD8+T, IFN-gamma+CD4+T,
IFN-gamma+CD8+T, and TNF-alpha+B cells. Interpretation: In MS, plasma
PA/AA and BA/AA ratios are unbalanced, promoting an environment that
could be boosting the mechanisms underlying the pathogenesis of the disease.

478 © 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.


https://orcid.org/0000-0002-9067-3668
https://orcid.org/0000-0002-9067-3668
https://orcid.org/0000-0002-9067-3668
https://orcid.org/0000-0002-2114-8632
https://orcid.org/0000-0002-2114-8632
https://orcid.org/0000-0002-2114-8632
https://orcid.org/0000-0002-2373-6657
https://orcid.org/0000-0002-2373-6657
https://orcid.org/0000-0002-2373-6657
https://orcid.org/0000-0002-3132-1486
https://orcid.org/0000-0002-3132-1486
https://orcid.org/0000-0002-3132-1486
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Facn3.52259&domain=pdf&date_stamp=2025-03-03

M. I. Dominguez-Mozo et al.

Short-chain fatty acids and MS

Since we have found statistical significant associations with the EDSS and the
number of T2 lesions, but not with the number of relapses or gadolinium
enhancing lesions, PA/AA and BA/AA ratios could be more associated with
those mechanisms of the disease related to the neurodegenerative processes than
those related with the activity of the disease.

Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease
of the central nervous system causing inflammation,
demyelination, and neurodegeneration. Although its etiol-
ogy is uncertain, both environmental and genetic risk fac-
tors are involved in its development. Gut microbiota has
recently emerged as a likely contributor to MS." One of
the most relevant studies in this area so far analyzed the
gut microbiome of 576 MS patients, and 1,152 genetically
unrelated household healthy controls (HC), observing sig-
nificant differences in the proportion of the species
described.” Similarly, other studies have shown the deple-
tion or enrichment of certain bacteria in MS compared
with HC. Nevertheless, they are rarely concordant and it
is difficult to identify a common pattern.”’

On the other hand, microorganism-derived metabolites
such as short-chain fatty acids (SCFAs) have been sug-
gested to play a role in the microbiota—gut-brain axis."’
SCFAs are produced from the dietary fibers fermented by
gut microorganisms in the large intestine, with the most
abundant being butyrate, propionate, and acetate (95% of
SCFAs)."! Functions associated with SCFAs include bar-
rier function, immunoregulatory, and as an energy source
for colonocytes (epithelial cells) in the colon. They are
rapidly absorbed, and only about 5% of them are excreted
in the feces, making them play a key role as immune and
metabolic mediators."> SCFAs would enter the systemic
circulation and could directly impact the function and
metabolism of peripheral organs and tissues, such as the
liver, pancreas, adipocytes, immune system cells, and
musculoskeletal tissue.'> The pathways for acetate (AA)
production are common among different species of
bacteria,'* while the pathways for propionate (PA) and
butyrate (BA) are more conserved and substrate-
speciﬁc.15 Considering that different phylum, families,
genus, and species are altered in MS patients,'" it is logi-
cal to think that the levels of SCFAs could be also modi-
fied in MS patients compared with a healthy population.
Our previous results examining the plasma SCFAs in MS
patients seemed to point to this condition.'®'”

In order to deep into the role of these metabolites, we
analyze their association with different parameters of the
disease, both clinical, radiological and those related to the

inflammatory response of the immune system, in the larg-
est cohort of untreated MS patients so far.

Materials and Methods

Study design

We conducted a multicentric observational retrospective
cross-sectional study, including samples from MS patients
and healthy controls (HC). MS patients were recruited
from the following Hospitals in Spain: Hospital General
Universitario Gregorio Maranén, Hospital Universitario de
Getafe, Hospital Universitario de Torrején, Hospital Alvaro
Cunqueiro, Hospital Universitari Vall d’Hebron, and Hos-
pital Universitario Ramén y Cajal. HC matched by sex and
age with the patients were recruited among the volunteered
blood donors of Hospital Clinico San Carlos.

MS patients met the following inclusion criteria: (1)
older than 18 years, (2) a diagnosis of relapsing-remitting
multiple sclerosis (RRMS) according to 2010 or 2017
revised McDonald diagnostic criteria as appropriate,'®'®
(3) availability of stored peripheral blood mononuclear
cells (PBMCs) and plasma samples, (4) free from any
disease-modifying treatment (DMTs) for the last
6 months or corticosteroids in the last 3 months previous
to the sample collection, and (5) based on previous
results of our group,'® we only recruited two subgroups
of MS patients: those without disability, EDSS < 2
(named MS2), and those with severe disability, EDSS > 4
(named MS4).

Exclusion criteria for both, MS patients and HC, were
(1) pregnant women and/or (2) MS patients with other
concomitant neurological or autoimmune pathologies and
HC having any relationship of consanguinity with MS
patients or patients with other autoimmune diseases.

Ethics statement

Informed consent was obtained from all subjects involved
in this study, which was conducted in accordance with
the Declaration of Helsinki. This study was approved by
the local Ethic Committee of the Hospital Clinico San
Carlos (Comité Etico de Investigacién Clinica del Hospi-
tal Clinico San Carlos).
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Data and sample collection

All subjects involved in this study were included from
June 2005 to May 2022. Data collection includes the fol-
lowing variables: (1) demographical variables: sex and
age; (2) clinical variables at the sample collection: age at
the disease onset, disease duration, EDSS score, MSSS
(MS severity score),”® number of relapses since the disease
onset; (3) radiological variables at the sample collection:
number of T2 and gadolinium-enhanced lesions at mag-
netic resonance imaging (MRI).

A whole blood sample obtained by venipuncture from
every patient was collected in a cell preparation tube
(CPT, BD vacutainer) for PBMCs and plasma isolation by
Ficoll density gradient centrifugation. Plasma and PBMCs
(aliquots of 5-10 x 10° cells) samples were cryopreserved
and eventually stored at —80°C and in liquid nitrogen
(—196°C), respectively, until use.

SCFAs levels determination

Plasma levels of the SCFAs: AA, PA, and BA were ana-
lyzed by liquid chromatography-mass spectrometry in an
8,030 Shimadzu triple-quadrupole mass spectrometer
equipped with an ESI ionization source and operating in
negative mode was used for determination of the selected
metabolites, using the same methodology described in a
previous study.'® Data were obtained and processed with
LabSolution software.

White blood cell population analysis
Labeling of surface antigens

Freshly thawed PBMC were resuspended in RPMI 1640
medium (Thermofisher Scientific, Waltham, MA), stained
with the appropriate amounts of monoclonal antibodies
(Table S1) for 30 min at 4°C in the dark, washed twice
with PBS, and analyzed in a FACSCanto II flow cytometer
(BD Biosciences).

In vitro stimulation and intracellular cytokine
staining

Freshly thawed PBMC were resuspended in RPMI 1640
medium (Thermofisher Scientific, Waltham, MA) and
stimulated with 50 ng/mL  Phorbol  12-myristate
13-acetate (PMA) and 750 ng/mL Ionomycin (Sigma-
Aldrich, St. Louis, MO), in the presence of 2 ng/mL Bre-
feldin A and 2.1 uM Monensin (BD Biosciences), during
4 h. After incubation, PBMC were washed with PBS and
stained for 30 min at 4°C in the dark with appropriate
amounts of monoclonal antibodies recognizing the
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surface antigens (Table S1). Then, cells were washed with
PBS, fixed, and permeabilized for 20 min at 4°C in the
dark with Cytofix/Cytoperm Kit (BD Biosciences), washed
twice with Perm/Wash solution (BD Biosciences), and
stained intracellularly 30 min at 4°C in the dark with
monoclonal antibodies recognizing the following cyto-
kines: IFN-gamma, TNF-alpha, IL-17, and IL-10
(Table S1). After two washes, PBMC was analyzed in a
FACSCanto II flow cytometer (BD Biosciences).

Flow cytometry

Cells were always analyzed within a maximum period of
1 h after staining. Mean autofluorescence values were set
using appropriate negative isotype controls. Data analysis
was performed using FACSDiva Software V.8.0 (BD Bio-
sciences). A gate including lymphocytes and monocytes
and excluding debris and apoptotic cells was established;
a minimum amount of 100.000 events were analyzed. The
gating strategy to identify the different leukocyte popula-
tions is shown in Figure S1. We followed the strategy
detailed below to identify the different subpopulations.
CD4" and CD8" T cells were classified as nave (CCR7"
CD45RO7), central memory (CM) (CCR7" CD45RO"),
effector memory (EM) (CCR7~ CD45RO"), and termi-
nally differentiated (TD) (CCR7~ CD45RO-). Regulatory
CD4 T cells (Treg) were defined as CD3" CD4" CD25hi
CD127 /low. CD56 NK cells were classified as NKT cells
(CD3" CD56dim), CD56dim NK cells (CD3~ CD56dim),
and CD56bright NK cells (CD3™ CD56br). B cells were
classified as naive (CD19" CD38dim CD27 ), memory
(CD19" CD27dim CD38dim), plasmablasts (CD19"
CD27hi CD38hi), or transitional B cells (CD19" CD27~
CD24hi CD38hi) cells. Monocytes were also studied, and
their subsets were classified according to the expression of
CD14 and CD16 (Mol/classical: CD14hi CD16; Mo2/
intermediate: CD14hi CD16"; Mo3/nonclassical: CD14low
CD16"). Dendritic cells (DCs) were defined as HLA-DR"
CD3™ CD19 CD56  and differentiated into myeloid
DCs (mDC: CD123" CDl11c¢") and plasmacytoid DCs
(pDC: CD123" CD11"). Finally, we explored in CD4 and
CD8 T cells the production of IFN-gamma and TNF-
alpha, products of the Thl response; IL-17, a product of
the Th17 response and GM-CSF, which induces innate
cell activation. Finally, we assessed B cells producing
TNF-alpha, an inflammatory cytokine and GM-CSF,
inducing innate cell activation. The percentage of every
subset was expressed over total mononuclear cells. For
every leukocyte subset, we recorded the total cell counts
per mL of blood. They were calculated by measuring the
total lymphocyte and monocyte numbers by a coulter
counter, and the percentages of every subset over total
mononuclear cells. We also recorded the values of every
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T, B, NK, and monocyte subset relative to total T, B, NK,
and monocyte cells, respectively, to avoid bias due to B
cell depletion.

Statistical analysis

Categorical variables were expressed as percentages, nor-
mal numerical variables as mean & standard deviation,
and non-normal as median (25th, 75th percentile). The
association between/among categorical variables was ana-
lyzed using the chi-square test, or Fisher’s exact test when
the value of the expected count less than 5 is more than
20%. For the quantitative variables, the means was com-
pared using the test Student’s #-test or analysis of variance
(ANOVA, for comparisons of more than two groups) or
the Mann—Whitney U-test, or the Kruskal-Wallis test (to
compare the medians of several groups) in case the quan-
titative variables did not fit a normal distribution. The
parametric Pearson coefficient or the nonparametric
Spearman coefficient was applied to evaluate the correla-
tion between two continuous quantitative variables. Since
a correlation coefficient <0.3 or > —0.3 could be consid-
ered as negligible correlation,”' we only took into account
those above or below these values, respectively. Subjects
with missing data were omitted from the corresponding
analyses. P-values < 0.05 were referred to as statistically
significant in the text. When necessary, the Bonferroni
adjustment was carried out. Additionally, when it was
required, logistic or linear regressions were performed to
adjust P-values for the appropriate factors. All analyses
were conducted using SPSS for Windows (Ver. 21.0) soft-
ware (SPSS Inc.), and plots were elaborated with Prism
version 8.0 (GraphPad Prism, San Diego, CA, USA).

Results

Demographical, clinical, and radiological
characteristics

We recruited 161 MS patients and 130 HC with the
demographic, clinical, and radiological characteristics
summarized in Table 1. We did not find any sex or age
difference between MS patients and HC, whereas the MS4
age was statistically higher than the MS2 one.

SCFA levels in MS patients and HC

As depicted in Figure 1, plasma PA levels were lower in
MS patients compared to HC (P = 0.0001), whereas no
differences were found for AA or BA levels. To minimize
the possible influence of conversion between the SCFAs,
their uptake by peripheral organs and alterations during
sample processing we analyzed SCFAs ratios. The PA/AA

Short-chain fatty acids and MS

ratio was significantly lower (P = 0.00005) in MS patients
compared with HC (Fig. 1).

When we compared both groups of MS patients, we
found that those with higher EDSS score (MS4) showed
significantly lower PA (P = 0.007) and BA (P = 0.003)
levels than those with lower degrees of disability (MS2).
The same results were obtained for PA/AA (P = 0.001)
and BA/AA (P = 0.001) ratios (Fig. 1).

Moreover, correlation coefficients between BA-PA and
BA-AA were lower among HC compared with MS
patients (Fig. 2). Additionally, patients with higher EDSS
scores showed higher correlation coefficients for BA-PA,
BA-AA, and even for PA-AA compared to those with low
disability score. Correlation between BA and PA
(r=0.892, P =3 x 10 x 11) found among patients with
an EDSS > 4 (Fig. 2) was remarkably higher.

SCFA level association with demographical
variables in MS patients

We did not observe any significant difference in SCFA
levels or their ratios among genders in MS patients or in
HC (Table S2). Regarding age, only a significant correla-
tion was found for PA (r = 0.249; P = 0.005) and PA/AA
ratio (r = 0.264; P = 0.003) in HC, although both coeffi-
cients of correlation were under 0.3. We did not find any
correlation with the age for any of the SCFA in MS
patients.

SCFA level association with clinical variables
in MS patients

As shown in Table 2, we found the following significant
associations after Bonferroni correction: AA positively
correlated with the EDSS (P = 0.001), BA negatively cor-
related with MSSS (P = 0.008) and PA (P = 0.008) and
BA (P = 0.009) negatively correlated with the number of
relapses since the beginning of the disease (although with
a negligible correlation coefficient). The PA/AA and BA/
AA ratios confirmed a negative correlation with EDSS
(P=0.001 and P =0.0001, respectively) and MSSS
(P =0.001 and P = 0.0001, respectively). Only the associ-
ation of BA/AA ratio with EDSS (r = —0.303) and MSSS
(r = —0.311) had a coefficient of correlation below —0.3
or above 0.3.

SCFA level association with radiological
variables in MS patients

The number of T2 lesions on MRI was inversely corre-
lated with the PA/AA (r = —0.353; P = 0.002) and BA/
AA (r = —0.322; P =0.005) ratios (Fig. 3A). When we
analyzed the subgroups of MS patients, MS2 and MS4,
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Table 1. Demographic and clinical characteristics of the multiple sclerosis (MS) patients and healthy controls (HC) included in the study.

MS (n = 161) HC (n = 130) P MS2 (n = 113) MS4 (n = 48) P
Sex (male/female) 39/122 34/96 n.s. 25/88 14/34 n.s.
Age at sampling (years, mean + SD) 40.0 + 9.4 39.5 +9.3 n.s. 37.8 £9.0 449 + 8.3 55 x 107°
Age at MS onset (years, mean + SD) 34.4 + 145 - - 35.6 + 14.9 30.7 £ 125 n.s.
Disease duration (months, md (P25-P75)) 81 (0-120) - - 24 (0-84) 132 (96-213) 3.8 x 10712
EDSS score at sampling (md (P25-P75)) 1.0 (0.0-5.0) - - 1.0 (0.0-1.5) 6.0 (5.0-6.5) 2.5 x 10723
MSSS at sampling (md (P25-P75)) 2.2 (0.7-5.3) - - 0.8 (0.5-2.4) 6.5 (5.5-7.9) 2.7 x 1072
Relapses since MS onset (md (P25-P75)) 2 (1-4) - - 2 (1-3) 7 (2-10) 1.8 x 1071°
Last DMT before sampling (n (%))
None 102 (63.4%) - - 80 (70.8%) 21 (43.8%) 3.9 x 107°
MET 48 (29.8%) - - 32 (28.3%) 19 (44.2%)
HET 11 (6.8%) - - 1(0.9%) 8 (16.7%)
Gadolinium-enhancing lesions (md (P25-P75)) 0 (0-2) - - 0(0-2) 0(0-2) n.s
T2 lesions at baseline (md (P25-P75)) 23 (10-35) - - 22 (7, 36) 23 (10.5, 30) n.s.

MS2: MS patients with EDSS < 2. MS4: MS patients with EDSS > 4. Continuous nonparametric variables are expressed as median (25th, 75th per-
centile) [md (P25-P75)] whereas parametric ones as mean =+ standard deviation (m =4 SD). Bonferroni correction (P < 0.005).
HET, high efficacy treatments (natalizumab, mitoxantrone, azathioprine); MET, moderate efficacy treatments (beta-interferon, glatiramer acetate,

dimethyl fumarate and teriflunomide); n.s., not significant.

p =0.0001 p=510°

p =0.007 p =0.003

p* =0.001 p** =0.001

PA/AA Ratio
°
b
BA/AA Ratio
°
S

£

T T
Ms2 ms4 ms2 ms4

Figure 1. Significant comparisons of SCFA concentrations and their ratios in: (A) MS patients and HC. (B) Both groups of MS patients: MS2
(EDSS < 2) and MS4 (EDSS > 4). Significations with the two-tailed t-test are shown. *Adjusted P-value for age using logistic regression = 0.0021.

**Adjusted P-value for age using logistic regression = 0.0025.

both ratios were also significantly associated with the
number of T2 lesions in MS2 patients (r= —0.327;
P =10.01 for PA/AA and r = —0.320; P = 0.02 for BA/
AA), but only PA/AA was significantly correlated in
patients with higher EDSS (r= —0.501; P = 0.03)
(Fig. 3B,C). When we compared the SCFA levels above
and below the median value of the T2 lesion load (23),
we found again that the PA/AA (P = 0.007) and the BA/
AA (P = 0.01) ratios were significantly decreased in those
MS patients with a higher number of T2 lesions (Table 3).

Regarding the number or the presence of

gadolinium-enhancing lesions, we did not find any signif-
icant association.

SCFA levels and inflammatory profile in MS
patients and HC

Correlations for the SCFA and their ratios with the differ-
ent subpopulations of cells analyzed in all the groups can
be consulted in Table S3, while correlations for the SCFA
and their ratios with the expression of intracellular cyto-
kines in all the groups are shown in Table S4.
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Figure 2. Correlation between SCFA in MS patients and HC and in both groups of MS patients (MS2: EDSS < 2; MS4: EDSS > 4). Correlations
were assessed by using the Spearman’s rank correlation coefficient (r); 95% Cl, 95% confidence interval; n.s., not significant. *Adjusted P-value
for age using linear regression = 7.9 x10-6. **Adjusted P-value for age using linear regression = 0.02.

Opposite results were found in relation to the with GM-CSF producing cells. Thus, when we considered
cytokine-producing cells (Fig. 4): While PA and BA were the PA/AA and BA/AA ratios, we mainly found negative
negatively correlated with GM-CSF, IFN-gamma, and correlations with different pro-inflammatory

TNF-alpha producing cells, AA was positively correlated cytokine-producing cells (Table 4).
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Table 2. Correlation between SCFA and their ratios with the clinical variables of MS patients.

M. I. Dominguez-Mozo et al.

EDSS MSSS Relapses from MS onset
AA (uM) r=0.267 n.s. n.s.
P =0.001
n=151
PA (uM) n.s. n.s. r=-0.295
P =0.008
n=116
BA (uM) n.s. r=-0.211 r=-0.243
P =0.008 P=0.009
n=157 n=115
PA/AA r=—0.262 r=-0.266 r=-0.235
P =10.001 P =0.001 P=0.011
n =151 n =150 n=116
BA/AA r=-0.303 r=-0.311
95% Cl = —0.439 to — 0.155 95% Cl = —0.463 to —0.166 = -0.227
P =0.0001 P = 0.0001 P=0.015
n =150 n =149 n=115

Correlations were assessed by using the Spearman’s rank correlation coefficient (r). Bold values indicate both the statistically significant values
after Bonferroni correction (P < 0.017) and correlation coefficients >0.3 or < —0.3.
95% Cl, 95% confidence interval; n.s., not significant.
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Figure 3. Correlations between SCFA concentrations and their ratios with T2 lesion loads: (A) MS patients. (B) MS2 patients (EDSS<2). (C) MS4
patients (EDSS>4). Correlations were assessed by using the Spearman’s rank correlation coefficient (r); 95% Cl, 95% confidence interval; n.s., not
significant. *Adjusted P-value for age using linear regression = 0.0017.

Discussion

MS is a complex disease, with different clinical manifesta-
tions depending on each patient. However, all of them
suffer a process of increase in their disability whose causes
are not well understood. In this study, we found lower
levels of PA and the PA/AA ratio in MS patients
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compared with HC. In addition, BA and PA concentra-
tions together with the BA/AA and PA/AA ratios were

remarkably lower in patients with higher disability. Fur-
thermore, PA/AA and BA/AA ratios were significantly
lower among patients with a higher number of T2 lesions.
Eventually, leukocyte subpopulation study results point
out that whereas PA and BA seem to have an anti-
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Table 3. SCFA levels and their ratios in MS patients with T2 lesions above and below the median value.

T2 lesions < 23 T2 lesions > 23 P
AA (uM): md (P25-P75) 23.6 (19.9-31.1) 28.1 (23.2-35.5) n.s.
PA (uM): md (P25-P75) 5.1 (3.5-6.2) 3.8 (3.3-5.7) n.s.
BA (uM): md (P25-P75) 5.1 (4.1-6.3) 4.5 (3.7-5.6) n.s.
PA/AA: md (P25-P75) 0.21 (0.13-0.27) 0.14 (0.12-0.18) 0.007
BA/AA: md (P25-P75) 0.21 (0.15-0.26) 0.15(0.12-0.21) 0.01*

Continuous nonparametric variables are expressed as median (25th, 75th percentile) [md (P25-P75)]. Significations with the Mann-Whitney U-test
are shown.

n.s., not significant.

*Adjusted P-value for age using logistic regression = 0.009.
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Figure 4. Graphic with the main correlations (only those with a Spearman’s rank correlation coefficient >0.3 or < —0.3) between the SCFA,
percentages of cell subpopulations and the expression of cytokines in HC, MS patients and both subgroups of MS patients (MS2 and MS4). AA,
acetate; B, B lymphocytes; BA, butyrate; CD4™ T, CD4" T lymphocytes; CD8* T, CD8" T lymphocytes; CM, central memory; DC, dendritic cells;
GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-g, interferon gamma; mDC, myeloid dendritic cells; Mo, monocytes; N, naive;
NK, natural killer cells; PA, propionate; PB, plasmablasts; reg: regulators; TD, terminally diferentiated; TNF-a, tumor necrosis factor alpha.

inflammatory profile, AA would have a pro-inflammatory compared with those of HC. Our results are in accor-
role, showing that the PA/AA and BA/AA ratios have a  dance to some previous studies,”” >* but not with
good correlation with the inflammatory environment.'” others.”>” These discrepancies could be due to the low

Only a few articles have been published measuring AA, number of samples analyzed and the heterogeneous
BA, and/or PA in the serum or plasma of MS patients cohorts of MS patients recruited in these studies, with a
© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 485
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Table 4. Significant correlations between PA/AA and BA/AA ratios with the different percentages of cell populations in MS patients.

Positive correlations

Negative correlations

PA/AA

BAVAA

PA/AA

BAZAA

CD56%™ NK (r = 0.437; 95%
Cl = 0.272-0.576;
P=3x 10-7)

CD56%™ NK (r = 0.416; 95%
Cl = 0.251-0.561;
P=1 x 10-6)

GM-CSF+CD4+T (r = —0.473; 95%
Cl=-0.648 to —0.273;
P=5 x 10-6)
GM-CSF+CD8+T (r = —0.416; 95%
Cl = —-0.570 to —0.248;
P=7 x 10-5)
TNF-04+CD4+T (r = —0.383; 95%
Cl=-0.564 to —0.171;
P =0.0002)
TNF-0+CD8+T (r = —0.358; 95%
Cl=-0.534 to —0.164;
P = 0.0005)
IFN-y+CD8+T (r = —0.354; 95%
Cl=-0.519 to —0.158;
P =0.0009)
IFN-y+CD4+T (r = —0.333; 95%
Cl = —0.520 to —0.144; P = 0.001)
CD4" T (r=—-0.318; 95%
Cl=-0.473 to —0.152;
P =0.0001)
TNF-04B (r = —0.309; 95%
Cl=-0.492 to —0.113; P = 0.003)
CD4+TN (r = —0.305; 95%
Cl=-0.462 to —0.141;
P = 0.0005)

GM-CSF+CD8+T (r = —0.453; 95%
Cl = —0.607 to —0.259;
P=1 x 10-5)
GM-CSF+CD4+T (r = —0.426; 95%
Cl=—0.590 to —0.242;
P=5 x 10-5)
CD56P"9" NK (r = —0.338; 95%
Cl=—0.496 to —0.165;
P = 0.0002)
IFN-y+CD8+T (r = —0.315; 95%
Cl = —0.497 to —0.075; P = 0.002)

TNF-0+CD8+T (r = —0.324; 95%
Cl = —0.498 to —0.136; P = 0.002)

TNF-0+CD4+T (r = —0.309; 95%
Cl = —0.489 to —0.107; P = 0.003)
BPB (r = —0.302; 95% Cl = —0.465
to —0.142; P=0.001)

Correlations were assessed by using the Spearman’s rank correlation coefficient (r); only significant correlations with r > 0.3 or r < —0.3 are
shown. Bonferroni correction (P < 0.00128).
95% Cl, 95% confidence interval; AA, acetate; B, B lymphocytes; BA, butyrate; CD4" T, CD4" T lymphocytes; CD8" T, CD8" T lymphocytes; GM-
CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon gamma; N, naive; NK, natural killer cells; PA, propionate; PB, plasma-

blasts; TNF-a, tumor necrosis factor alpha.

different proportion of patients under different kinds of
treatments. This last aspect is crucial as showed Jangi
et al.” when they found that relative abundances of genera
in the fecal microbiota were significantly altered between
untreated and treated MS patients. Thus, here we have
conducted this study including the largest cohort of
untreated MS patients so far.

The results of the current study go in the same direc-
tion that in the previous ones performed by our
group.'®'”?” As in previous studies, we recruited MS
patients without disability (EDSS < 2; named MS2), and
those with severe disability (EDSS > 4; named MS4) to
compare the different variables between both subgroups.
Again, significant lower levels of PA and the PA/AA ratio
in MS patients compared with HC, and BA and PA con-
centrations and the BA/AA and PA/AA ratios were also
lower in patients with higher disability. However, this is
the first time that we have studied the possible association
of SCFA with the T2 lesion load on brain MRI. As we
have shown, the PA/AA and BA/AA ratios were

significantly lower among patients with a higher number
of T2 lesions. This result could not be a surprise since
previous works have described a correlation, although
moderate, between the T2 lesion load and EDSS
(r = 0.53; P < 0.0001).?® Therefore, we could suspect that
if the PA/AA and BA/AA ratios were lower in patients
with a higher EDSS, they would also be lower in patients
with a higher T2 lesion load, as we have finally found
(see Table 3). But what it is more remarkable is that we
have also found significant correlations between PA/AA
(r=—0353% P=0002) and BA/AA (r= —0.322;
P =0.005) ratios with T2 lesion load in MS patients
(Fig. 3). Thus, the balance between these SCFA seems to
be associated with the brain injury responsible, at least in
part, of the disability of the disease.

But, how could the SCFA exert their effect, contribut-
ing to the appearance of new T2 lesions? SCFA have the
potential to interact with most of the cells of the immune
system through passive diffusion and carrier-mediated
absorption through solute transporters.”” As shown in

486 © 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

25UB017 SUOWLIOD BAITEID 3|fedl e 8Ly Aq PouLRAOB a1 D1 YO (95N J0 SN 10} ARIGIT8UNIUO AB1IA UO (SUO1IPUGO-PLE-SLLLBYLID" A3 1 ARG PUIIUO// SCIU) SUOIPUOD PUE S | 8U) 295 *[GZ0Z/70/T0] UO AXeidl1 aUIUO AB1IA ‘SA1USO OIOMMIISU] Q19pUNS YOMED-1 019U Ad 65225 EUIR/Z00T OT/10p/LIOD A3 1M AR2Iq| pUIIUO//SCIY WO1) POPROIUMOQ '€ ‘SZ0Z ‘E0G68ZE2



M. I. Dominguez-Mozo et al.

Figure 4, we found different results for AA in comparison
with PA and BA, being the first more associated with a
pro-inflammatory profile. In MS patients, we found sig-
nificant correlations between AA and the GM-CSF-
producing B cells (r = 0.357; P = 0.0006), B cell plasma-
blasts (r = 0.377; P = 0.00001) and CD56™*¢" NK cells
(r = 0.443; P = 0.0000004). GM-CSF-producing B cells
promote an inflammatory phenotype of myeloid cells and
is abnormally increased in patients with MS,” plasma-
blasts have been identified as the main effector B cell
population involved in ongoing active inflammation in
MS patients,”’ and CD56"™ NK cells, in general, are
more potent cytokine and chemokine producers, as they
secrete high levels of cytokines, such as IFN-gamma and
TNF-alpha upon activation®” although contradictory
findings have been reported in both MS and EAE, differ-
ent experiments have shown that CD56"" NK cells
accumulate in inflammatory lesions and, in the appropri-
ate cytokine environment, can engage with CD14" mono-
cytes in a reciprocal activatory fashion, amplifying the
inflammatory response.”> Meanwhile, PA and BA showed
negative correlations with GM-CSF, IFN-gamma, and
TNF-alpha producing cells in MS patients (Fig. 4). Thus,
when we considered the PA/AA and BA/AA ratios, we
mainly found negative correlations with different pro-
inflammatory cytokine-producing cells (Table 4). There-
fore, in MS patients, PA/AA and BA/AA ratios seem to be
unbalanced in comparison with HC, promoting a pro-
inflammatory environment that could be boosting the
mechanisms underlying the pathogenesis of the disease,
finally reflected in a higher T2 lesion load and a higher
EDSS. It is noteworthy that the highest correlations were
found in MS4 subgroup (see Tables S3 and S4). Further-
more, in this subgroup we also found the highest correla-
tion coefficients between the three SCFA analyzed
(Fig. 2). A possible explanation of the evolution of these
coefficients of correlation (r in HC <r in MS2 <r in
MS4) could be a loss of diversity of bacterial species in
MS. This loss of diversity would increase along the evolu-
tion of the disease, explaining the highest correlation
coefficients found in MS patients with higher disability.
However, more studies are needed to better understand
this result, since contradictory findings have been pub-
lished in relation to the possible loss of diversity in MS.>*

Increasing the PA/AA and BA/AA ratios in MS patients
to values similar to those found in HC could be crucial
to reduce the inflammatory environment and to amelio-
rate the course of the disease. Currently, there are few
studies that have analyzed the effects of PA or BA supple-
mentation in MS patients or other inflammatory diseases.
Duscha et al. supplemented a small cohort of MS patients
with PA during 14 days; authors detected an increase in
both the number and functionality of T reg cells, a

Short-chain fatty acids and MS

decrease in the relapse rate and a stabilization of
disability.”” Another study explored, in obese and
non-obese MS patients, PA concentrations as well as
peripheral Th17 and Treg frequencies before and after
90 days of daily PA intake; they concluded that the
administration of PA helped to restore the imbalance of
T reg/Th17 cells.’”®> A 60-day PA supplementation study
was performed in patients with end-stage renal disease,
who suffer from a progressively increasing low-grade sys-
temic inflammation; results show a significant reduction
of inflammatory marker C-reactive protein under PA sup-
plementation, and an expansion of circulating Tregs.”
Opverall, these studies have shown promising results in the
reduction of different inflammatory makers. Taking them
together with the results of the current study, we could
suggest to perform PA or BA supplementation studies
monitoring PA/AA and BA/AA ratios. Furthermore, it
would be very interesting to know the possible prognostic
value of these ratios at the beginning of the disease and
to evaluate the usefulness of PA or BA supplementation
in these recently diagnosed patients to reduce the inflam-
matory environment since the first stages of the disease.

In conclusion, this study has found that the different
SCFA could play different roles in the inflammatory pro-
cess. While AA seems to be associated with pro-
inflammatory cell subsets and cytokines, PA and BA are
more related to an anti-inflammatory profile. PA/AA ratio
is not only decreased in MS patients compared with HC,
but together with BA/AA ratio, are remarkably lower in
MS patients with higher EDSS. Finally, both ratios were
statistically significantly lower in MS patients with a
higher T2 lesion load. These results suggest that the
unbalance in the SCFA of MS patients could stimulate a
low-grade inflammatory environment that could be
enhancing the mechanisms involved in the pathogenesis
of the disease. Since we have found statistical significant
associations with the EDSS and the number of T2 lesions,
but not with the number of relapses or
gadolinium-enhancing lesions, PA/AA and BA/AA ratios
could be more associated with those mechanisms of the
disease related to the neurodegenerative processes than
those related with the activity of the disease.
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leukocytes (all set of figures: A— D; gate P3) for their
CD45 staining, including monocytes (C, gate Mon) and
lymphocytes (C, gate Lymph). (A). CD4" and CD8" T
lymphocytes cell subpopulations. (B) NK and B cell sub-
populations. (C) Monocytes and dendritic cell subpopula-
tions. (D) intracellular cytokine-producing B and T
lymphocytes. CM, central memory; EM, effector memory;
FSC-A, forward scatter-area; FSC-H, forward scatter-
height; Mem, memory; NK++, NK bright cells; PB, plas-
mablasts; REG, regulatory; SSC, side scatter; TD, termi-
nally differentiated; Trans B, transitional B cells.
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Table S1. List of antibodies used for flow cytometry.
Table S2. Comparison between SCFA levels and their
ratios among genders in MS patients and HC.

Table S3. Correlations for the SCFA and their ratios with
the different subpopulations of cells in MS patients and
controls.

Table S4. Correlations for the SCFA and their ratios with
the expression of intracellular cytokines in MS patients
and controls.
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