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Isoflavone diet ameliorates experimental autoimmune
encephalomyelitis through modulation of gut bacteria
depleted in patients with multiple sclerosis
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The gut microbiota is a potential environmental factor that influences the development of multiple sclerosis (MS).
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We and others have demonstrated that patients with MS and healthy individuals have distinct gut microbiomes.
However, the pathogenic relevance of these differences remains unclear. Previously, we showed that bacteria
that metabolize isoflavones are less abundant in patients with MS, suggesting that isoflavone-metabolizing bac-
teria might provide protection against MS. Here, using a mouse model of MS, we report that an isoflavone diet
provides protection against disease, which is dependent on the presence of isoflavone-metabolizing bacteria and
their metabolite equol. Notably, the composition of the gut microbiome in mice fed an isoflavone diet exhibited
parallels to healthy human donors, whereas the composition in those fed an isoflavone-free diet exhibited paral-
lels to patients with MS. Collectively, our study provides evidence that dietary-induced gut microbial changes al-

leviate disease severity and may contribute to MS pathogenesis.

INTRODUCTION

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of
the central nervous system (CNS) that results in sensory, motor,
and/or cognitive dysfunction (1). This is due to the complex inter-
action of genetic and environmental factors that trigger the activa-
tion of autoreactive T cells, leading to subsequent immune cell
infiltration into the CNS, neurodegeneration, and axonal damage
(2). To date, genetic influences on MS have been well characterized,
such as the strong association of certain human leukocyte antigen
(HLA) haplotypes with disease (3). In contrast, the role of environ-
mental factors, which account for around 70% of disease risk,
remains understudied (4, 5). Recently, the gut microbiome has
emerged as a potential environmental factor that may ultimately
provide critical clues to the pathogenesis and regulation of MS.
Understanding the role gut microbes play in disease course may
lead to possible interventions of diet, probiotics, and/or advanced
combinatorial therapies for patients with MS.

Within the past decade, culture-independent microbiome pro-
filing and sequencing technology has clearly demonstrated that the
gut microbiome influences health and disease (6). Gut bacteria en-
able the host to harvest more energy from food by participating in
the breakdown of indigestible dietary compounds into breakdown
products, which can have both immunomodulatory and anti-
inflammatory influences on the host immune system (7, 8). In
patients with MS, certain bacteria are either enriched or depleted
compared to healthy controls, indicating that gut dysbiosis occurs
in these patients (9-17). As such, the gut microbiome has emerged
as a potential factor that may influence the course of disease, yet it
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remains unclear whether differences in the abundance of specific
bacteria contribute to the pathobiology of MS.

In humans, certain gut bacteria digest phytoestrogens, which
are plant-based compounds that resemble estrogen. Isoflavones are
amajor class of phytoestrogens that are highly abundant in legumes
such as soy (8). However, humans do not contain the neces-
sary enzymes to break down isoflavones and thus rely on the gut
microbiota to harvest these biologically active metabolites (18, 19).
Notably, studies by our group and others found that isoflavone-
metabolizing bacteria are depleted in patients with MS compared
to healthy individuals, suggesting that these compounds may
have anti-inflammatory properties that limit disease (9, 16). Although
isoflavones are known for their antioxidant and anti-inflammatory
health benefits in cardiovascular disease and cancer, the influ-
ence of these compounds on the pathogenesis and severity of
MS, specifically in the context of the gut microbiome, remains
elusive (18, 20).

In the present study, we demonstrate that experimental auto-
immune encephalomyelitis (EAE) is suppressed in mice fed a
diet supplemented with isoflavones. Furthermore, the composi-
tion of the gut microbiome in mice on an isoflavone diet exhibited
parallels to that of healthy individuals, whereas the gut microbiome
of those fed an isoflavone-free diet exhibited parallels to that of
patients with MS. Notably, we show that certain bacteria that are
absent in patients with MS are responsible for the EAE protec-
tion afforded by an isoflavone diet. Collectively, these results demon-
strate that the severity/development of EAE is influenced by
both diet and the resulting changes in the composition of the gut
microbiome.

RESULTS

An isoflavone diet ameliorates EAE in several mouse models
Patients with MS exhibit a decreased abundance of gut bacteria that
are capable of metabolizing isoflavones, suggesting that the inability
to digest these compounds could contribute to or exacerbate disease
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(9, 16). Consistent with this, the prevalence of MS is low in
countries whose citizens consume high amounts of isoflavones
(10 to 30 mg/day), such as China and Japan, compared to Western
countries where consumption of isoflavones is much lower (0.1 to
1 mg/day) (21). Therefore, we hypothesized that consuming a diet
rich in isoflavones would provide protection against autoimmune
inflammation in the CNS, thereby altering the course of EAE. To
address this, we placed C57BL/6] female mice on a diet containing
isoflavones or one lacking isoflavones for 6 weeks and then induced
EAE using the myelin oligodendrocyte glycoprotein (MOG) epi-
tope, MOGgs.55 peptide emulsified in complete Freund’s adjuvant
(CFA; MOGss.55/CFA) (Fig. 1A and table S1). Mice fed an isoflavone-
free diet exhibited a robust and severe disease course, whereas this
was greatly diminished in those that consumed a diet containing
isoflavones (Fig. 1B). In addition, EAE clinical disease was com-
pared with mice on a “normal feed” diet, the standard mouse
chow available at the University of Iowa, which contains moder-
ate levels of isoflavones (see Materials and Methods). The mice on
normal feed exhibit an intermediate EAE phenotype between
mice on an isoflavone and isoflavone-free diet (Fig. 1, A and B),
although the incidence of EAE was similar in all diet groups
(Fig. 1C). In addition, histological examination of spinal cord sec-
tions after immunization revealed that inflammatory cell infiltrates
were increased in mice fed an isoflavone-free diet, whereas only
minimal infiltrates were observed in mice that received isoflavones
(Fig. 1D).

Population studies show that individuals with the HLA-DR2
allele exhibit an increased frequency of MS (22). Therefore, we sought
to determine the impact of an isoflavone diet on AE°.DR2 transgenic
female mice, which express human HLA-DR2 in a mouse major
histocompatibility complex (MHC) class II negative background
(23). This mouse model allows us to investigate EAE in a mouse that
more accurately mimics human MS. Using the same experimental
design as that for C57BL/6] mice, we observed a decreased severity
of EAE in AE°.DR2 mice on an isoflavone diet compared to mice on
an isoflavone-free diet, despite the fact that the response to the
MOG antigen is somewhat diminished in this model (Fig. 1E). Given
that 85% of patients with MS exhibit a relapsing-remitting form of
disease, we also wanted to determine the effects of an isoflavone diet
in this context. Therefore, we used female SJL/] mice, which devel-
op a relapsing-remitting pattern of disease when given the myelin
proteolipid protein (PLP) epitope, PLP39.15;, peptide emulsified in
CFA to induce EAE. Similar to the other models tested, we found
that mice on an isoflavone diet also exhibit mild disease compared
to mice on an isoflavone-free diet (Fig. 1F). Thus, in several models
of autoimmune inflammation in the CNS, our results demonstrate
that the presence of isoflavones in the diet significantly reduces the
severity of EAE disease.

An isoflavone diet decreases cellular infiltration into

the CNS after EAE

A hallmark of MS and EAE is proinflammatory cellular infiltration
into the CNS (24). Myelin-specific CD4" T cells that produce
interferon-y (IFN-v), interleukin-17A (IL-17A), and/or granulocyte-
macrophage colony-stimulating factor (GM-CSF) infiltrate the
CNS and are critical in driving inflammation and demyelination
(25). To determine the effects of an isoflavone diet on CD4" T cell
infiltration into the CNS after induction of EAE, we placed C57BL/6]
female mice on either an isoflavone or isoflavone-free diet for 6 weeks,
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induced EAE with MOGg3s.55/CFA, and profiled lymphocytes in the
CNS 20 days after immunization (Fig. 2A). Consistent with reduced
disease severity, mice on an isoflavone diet exhibited a reduced
number of infiltrating CD4" T cells in the CNS compared to mice
on an isoflavone-free diet, while the frequency of these cells was
similar between mice on either diet (Fig. 2, B and C). In addition,
consumption of an isoflavone diet resulted in a lower absolute
number, but not frequency, of CD4" T cells from the CNS that
produced IFN-y, IL-17A, and GM-CSF following stimulation with
phorbol 12-myristate 13-acetate (PMA) and ionomycin (Fig. 2,
D to F). This is likely due to an overall decrease in immune cell in-
filtration into the CNS. Mice on an isoflavone diet exhibited a lower
absolute number of CD45" cellular infiltration into the CNS, with
corresponding lower numbers of F4/80" myeloid cells and a trending
decrease in the numbers of CD19" B cells (fig. S1, A to E). However,
while there was a difference in proinflammatory cytokine-producing
CD4" cells within the CNS between the two groups, there was no
difference in the levels of total IFN-y and IL-17A from CNS homog-
enates (fig. S1F). This may be the result of differing sources of
cytokine production within the CNS, as these cytokines may act
differently depending on the cellular source and niche within the
CNS (26). We do not find a difference in the levels of CD4" regula-
tory T cells (Trg) in the CNS of mice on either an isoflavone or
isoflavone-free diet after EAE (fig. S1, G and H). These results sug-
gest that consumption of isoflavones decreases the infiltration of
proinflammatory immune cells into the CNS following induc-
tion of EAE.

Anisoflavone diet leads to decreased activation

and proliferation of MOG-specific CD4" T cells following
induction of EAE

Following induction of EAE with myelin peptides, antigen-specific
CD4" T cells become activated, proliferate, and produce proinflam-
matory cytokines in the periphery before migrating to the CNS. To
determine how an isoflavone diet affects this priming stage of
disease, we placed C57BL/6 female mice on either an isoflavone or
isoflavone-free diet for 6 weeks, induced EAE with MOGg35.55/CFA,
and harvested the draining lymph nodes (dLNs) before the onset of
clinical symptoms (Fig. 3A). The overall number and frequency of
CD4" T cells were indistinguishable between the two diets (Fig. 3B).
Similarly, the overall number and frequency of IFN-y- and IL-17A-
producing CD4" T cells were indistinguishable between the two
diets, although there was a trending decrease in the frequency of
these proinflammatory cytokine-producing CD4" T cells (Fig. 3,
C and D). Unlike the CNS, where most T cells are myelin specific
following induction of EAE, T cells in the dLNs may be specific for
either myelin peptides or adjuvant (Mycobacterium tuberculosis)
contained in the immunization emulsion. To determine whether an
isoflavone diet influenced the proportion of MOGs3s.55 antigen-
specific CD4" T cells in the dLN, we used a MOGs3s .55 tetramer in
conjunction with the activation marker CD44 or the proliferation
marker Ki67 (27). Immunized mice on an isoflavone diet had a de-
creased frequency of MOGss_s5-specific CD4™ T cells that were also
positive for CD44 or Ki67 compared to mice on an isoflavone-free
diet, suggesting that an isoflavone diet alters the proportion of auto-
reactive, antigen-specific CD4" T cells (Fig. 3, E and F). To deter-
mine whether the recall response to MOG3s_55 was distinct between
mice on an isoflavone and isoflavone-free diet, we performed an
ex vivo stimulation assay using cells from the spleen and dLN of
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Fig. 1. Anisoflavone diet ameliorates disease in multiple mouse models of EAE. (A) Schematic of experimental design. Four- to six-week-old female mice were placed
on the indicated diet for 6 weeks before immunization with MOG3s.55/CFA or PLP139.151/CFA to induce EAE. Mice were euthanized 15 to 30 days after immunization, and
spinal cords were harvested for analysis. (B) Comparison of mean clinical scores in C57BL/6 mice fed an isoflavone diet, isoflavone-free diet, or “normal feed” diet. Graph
on the right depicts analysis of the corresponding AUC for isoflavone-free mice, isoflavone mice, and normal feed mice. (C) Various EAE metrics for the EAE clinical scores
in (B). (D) Representative hematoxylin and eosin staining of spinal cord sections of mice in (B). Top, isoflavone diet; bottom, isoflavone-free diet, scored in a semiquantitative
fashion. Scale bars, 200 um and 50 um (inset). Graph depicts the average spinal cord score, determined as described in Materials and Methods. Bars represent the mean
and the standard error of data from each experimental group. Data are representative of three independent experiments with three to five mice per group. (E and F) Com-
parison of mean clinical scores in (E) AE°.DR2 mice or (F) SJL/J mice fed an isoflavone or isoflavone-free diet. Graph on the right depicts analysis of the corresponding
AUC. Bars represent the mean and standard error of data from each experimental group. Data are representative of three independent experiments with five mice per group.
Pvalue was determined by two-way analysis of variance (ANOVA) for EAE clinical scores and Student’s t test for AUC analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. An isoflavone diet decreases cellular infiltration of CD4* T cells into the CNS after EAE. (A) Schematic of experimental design. Four- to six-week-old female
mice were placed on the indicated diet for 6 weeks before immunization with MOGss.ss/CFA to induce EAE. Mice were euthanized 20 days after immunization, and CNS
was harvested for flow cytometric analysis of CNS leukocyte infiltration. (B) Representative flow cytometric plots of CD4" and CD8" T cells (gated on CD45"CD19 TCRB*
cells) in the CNS of mice fed an isoflavone-free or isoflavone diet following the induction of EAE. Numbers represent the frequency of cells in the indicated gate. (C) The
frequency and absolute number of total T cells and CD4™ T cells in the CNS following induction of EAE, as in (B). Data are representative of three independent experiments
with five mice per group. (D) Representative flow cytometric analysis of CD4* and CD8" T cells (gated on CD45*CD19 TCRB"* cells) in the CNS of mice fed an isoflavone or
isoflavone-free diet, following the induction of EAE, and stimulated with PMA and ionomycin in the presence of brefeldin A (BFA). (E) Representative flow cytometric
analysis of the IL-17A*CD4" T cells isolated from mice, as in (D), following stimulation with PMA and ionomycin in the presence of (BFA). Numbers represent the frequency
of cells in the indicated gate. Plots are gated on live CD45*TCRB*CD4" T cells from (D). (F) Frequency and absolute number of CD4*IFN-y* T cells, CD4*IL-17A* T cells, and
CD4*GMCSF* T cells isolated from the CNS of mice in (D), following stimulation with BFA (no stimulation), or BFA and PMA/ionomycin (stimulation). Data are representative
of two independent experiments with five mice per group. P value was determined by Student'’s t test. **P < 0.001; ****P < 0.0001.
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Fig. 3. An isoflavone diet results in lower levels of activated MOG-specific CD4" T cells in the dLNs and spleen after EAE. (A) Schematic of experimental design.
Four- to six-week-old female mice were placed on the indicated diet for 6 weeks before immunization with MOGss.s5/CFA to induce EAE. After 7 days, mice were eutha-
nized and inguinal lymph nodes were harvested for flow cytometric analysis. (B) Frequency and absolute number of CD4" T cells (gated on CD45*CD19 TCRp™). (C) Rep-
resentative flow cytometric plots of CD4*IFN-y* T cells and CD4*IL-17A* T cells isolated from dLNs following stimulation with PMA and ionomycin in the presence of
BFA. Data are representative of three independent experiments with five mice per group. (D) Frequency and absolute number of CD4*IFN-y* T cells and CD4*IL-17* T cells,
as in (C). (E) Representative flow cytometric plots of CD4*MOGss.ss tetramerCD44" T cells and CD4*MOGss.ss tetramer*Ki67* T cells from the inguinal lymph node. Cells
were gated on live TCRB*CD4" T cells. Data are representative of three independent experiments with five mice per group. (F) Frequency and absolute number of
CD4"MOGss.s5 tetramertCD44™ T cells and CD4"MOGss.ss tetramer Ki67" T cells, as in (E). P value was determined by Student’s t test. (G) Proliferation of CD4™ T cells iso-
lated from the spleen and inguinal lymph nodes of mice given an isoflavone-free or isoflavone diet. Mice were immunized as in (A), and before disease onset, cells were
harvested, plated, and stimulated with MOGss.s5 followed by thymidine incorporation assay. Data are representative of three independent experiments with five mice per
group. P value was determined by two-way ANOVA. *P < 0.05; **P < 0.001; ***P < 0.001.
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mice fed an isoflavone or isoflavone-free diet for 6 weeks followed
by immunization with MOG3s.55/CFA, as described above. Seven
days after immunization, cells from the spleen and dLNs were har-
vested and stimulated with MOGgs_s5 for 3 days followed by a thy-
midine incorporation assay. We observed that cells from the spleen
and dLNs of mice on an isoflavone diet proliferated less than cells
from mice on an isoflavone-free diet, suggesting that isoflavones
promote an immunological environment that is less conducive to
the activation of autoreactive antigen-specific CD4" T cells (Fig. 3G).
To assess whether CD4" Tregs were limiting autoantigen-specific
CD4" T cell priming in isoflavone diet mice, we measured the levels
of CD4" Thegq in the dLNs at 7 days after immunization. However,
we found no difference in the frequency or absolute number of
CD4" Tregs (fig. S1,Tand J).

The composition of the gut microbiome is distinct between
mice fed an isoflavone diet and those fed

anisoflavone-free diet

Thus far, our data show that an isoflavone diet is associated with
diminished antigen-specific inflammatory responses and can sup-
press EAE. The molecular makeup of a diet represents a major fac-
tor in determining the composition of the gut microbiota, which
can affect immune cell responses (28). Therefore, we speculated
that one mechanism by which isoflavones influence T cell function
and suppresses disease is by altering the composition of the gut
microbiome. To address this, we placed C57BL/6] female mice on
either an isoflavone or isoflavone-free diet for 6 weeks, after which
we performed 16S ribosomal RNA (rRNA) (V3-V4) metagenomic
sequencing of bacterial DNA isolated from their feces (Fig. 4A)
(29). The Chao index is a nonparametric method for estimating the
number of species in a community. Using this method, we found
that the diversity of bacteria within an individual host (i.e., alpha
diversity) was decreased in mice on an isoflavone-free diet relative
to mice on an isoflavone diet (Fig. 4B, left). This suggests that an
isoflavone diet increases the species richness of the microbiome,
which is associated with lower inflammation and overall better
health (30). Beta diversity analysis, which compares relative bacterial
abundance between two or more groups, demonstrated that the gut
microbiomes are distinct between mice on an isoflavone diet and
those on an isoflavone-free diet (Fig. 4B, right). Notably, specific
differences in bacterial genera between mice on the two diets
correlated with some bacterial differences observed between pa-
tients with MS and healthy controls (9, 14, 16, 17). Specifically,
Adlercreutzia and Parabacteroides distasonis, which metabolize
isoflavones, were more abundant in mice on an isoflavone diet
(Fig. 4C). We also confirmed the identity of these bacteria via
quantitative polymerase chain reaction (QPCR), using species-
specific primers, in fecal samples from these mice (Fig. 4D). Notably,
both genera were enriched in healthy individuals but depleted in
patients with MS (8). Conversely, Akkermansia muciniphila was
found in greater abundance in mice on an isoflavone-free diet, and
this genus is commonly enriched in patients with MS compared to
healthy individuals (Fig. 4C) (8). A more comprehensive analysis
of differential taxonomic abundances between isoflavone and
isoflavone-free mice is available in the Supplementary Materials
(table S2). Given that mice on an isoflavone diet can suppress EAE,
these data suggest that an isoflavone diet enables the proliferation
of specific gut bacteria that can improve disease outcomes in EAE
and possibly MS.
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Isoflavone-metabolizing bacteria and their metabolites are
required for the suppression of EAE in mice fed

an isoflavone diet

Gut bacteria metabolize dietary components leading to the produc-
tion of metabolites that contribute to essential biological activity in
the host. However, it is unclear whether specific bacteria, such as
P. distasonis and A. equolifaciens, are required for the beneficial
effects observed in mice fed an isoflavone diet. Therefore, to deter-
mine the importance of gut bacterial metabolism in isoflavone-
associated EAE protection, we assessed responses to induction of EAE
in mice whose gut microbiota was eliminated and reconstituted with
specific genera (Fig. 5A). C57BL/6] female mice were placed on
either an isoflavone or isoflavone-free diet and provided treatment
with a broad-spectrum antibiotic delivered via drinking water to
eliminate their gut microbiota (31, 32). Mice on both diets were
subsequently treated orally with cultures of P. distasonis and
A. equolifaciens for 2 weeks followed by EAE induction. We found
that, in mice fed an isoflavone diet, P. distasonis and A. equolifaciens
were critical for protection from EAE [Fig. 5, B (top left) and C],
whereas no protection was provided in mice on either diet that re-
ceived media alone (Fig. 5B, top right). In contrast, the presence of
these bacteria exacerbated disease in mice fed an isoflavone-free diet
(Fig. 5B, top left). We saw that the Iso + Media group had trending
higher EAE clinical scores than the Iso + P. dis + A. equ group
(P=0.063) and a statistically significant difference in the area under
the curve (AUC) was observed between these two groups, which
represents a cumulative EAE analysis (Fig. 5C). In addition, we con-
firmed successful reconstitution of P. distasonis and A. equolifaciens
via qPCR, using species-specific primers, in fecal samples from these
mice (Fig. 5D). To confirm that isoflavone-metabolizing bacteria
are specifically required for this phenomenon, we performed the same
experiment by reconstituting with a non-isoflavone-metabolizing
bacterium, Escherichia coli (33). We found that there was no difference
in EAE between mice on either diet that received E. coli (Fig. 5B,
bottom left). This suggests that isoflavone-metabolizing bacteria can
uniquely protect against EAE when the host is on an isoflavone diet.
Considering that A. muciniphila was increased in the gut microbi-
ome of mice on an isoflavone-free diet, we sought to elucidate how this
bacterium influences EAE in our model. Therefore, we performed
the same experiment as above but reconstituted with A. muciniphila
and observed that mice on an isoflavone-free diet that received
A. muciniphila exhibited slightly worse EAE than isoflavone diet mice
receiving the same bacterium (Fig. 5B, bottom right). This suggests
that A. muciniphila may negatively contribute to EAE in mice on an
isoflavone-free diet.

Fecal microbiota transplantation (FMT) is a gut microbiome-
based therapy currently being tested for its efficacy in treating
various immune-mediated disorders (34). To determine whether
an FMT from isoflavone or isoflavone-free mice influenced EAE,
we treated normal feed recipients with homogenized feces from iso-
flavone or isoflavone-free donors (fig. S2A). We found that there
was no difference in EAE clinical disease between normal feed re-
cipients that received either isoflavone FMT or isoflavone-free FMT
(fig. S2B). As the normal mouse feed has moderate levels of isofla-
vones, the normal feed recipients could have selected for isoflavone-
metabolizing bacteria resulting in indistinguishable EAE clinical
disease. To determine whether the diet of the recipient influenced
the FMT, we performed a similar experiment but with isoflavone
and isoflavone-free recipients (fig. S2C). We found that, albeit not
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Fig. 5. An isoflavone diet’s ability to protect is dependent on the presence of isoflavone-metabolizing bacteria and their metabolites. (A) Schematic of experi-
mental design. Four- to six-week-old female mice were placed on an isoflavone diet or an isoflavone-free diet for 4 weeks while receiving broad-spectrum antibiotics in
the drinking water. Subsequently, mice maintained their respective diet and were treated with either A. equolifaciens and P. distasonis, bacterial growth media,
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equol. Tests with two groups were compared using a Student’s t test. P values were determined by two-way ANOVA for EAE scores. *P < 0.05; ***P < 0.001; ****P < 0.0001.
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statistically significant, the two isoflavone-free recipient groups had
higher EAE clinical scores than the two isoflavone recipient groups
(fig. S2D). This suggests that the diet of the recipient influences the
therapeutic value of an FMT. Overall, these experiments suggest that
in mice, isoflavone-metabolizing gut bacteria are critical for isofla-
vone diet-mediated protection from EAE.

Isoflavones are broken down by the Parabacteroides and Adler-
creutzia genera into biologically active metabolites such as S-equol,
increasing their potency (35). Therefore, we sought to determine
whether treating mice with S-equol alone could ameliorate EAE. To
accomplish this, we placed C57BL/6] female mice on an isoflavone
or isoflavone-free diet followed immediately by administration
(50 mg/kg) of S-equol or mineral oil for 4 weeks and subsequent
induction of EAE (Fig. 5E). Mice received daily treatment of S-equol
for the duration of the experiment. Notably, we found that treating
mice on an isoflavone-free diet with S-equol ameliorated EAE, with
disease severity similar to that of mice on an isoflavone diet (Fig. 5F).
Moreover, we saw a significant difference in the comparison of EAE
clinical scores between Iso free + DMSO (dimethyl sulfoxide) and
Iso free + Equol (P < 0.001) and a statistically significant difference
in the AUC between these two groups, which represents a cumula-
tive EAE analysis (Fig. 5G). Thus, these results suggest that S-equol
contributes to the disease protection afforded by an isoflavone diet.

Gut microbial-induced alterations to intestinal immunity or in-
testinal barrier function may be linked to changes in disease at distal
organ sites (i.e., the CNS) (8). To determine how an isoflavone diet
influences intestinal immunity, we analyzed the immune profile
within the colonic lamina propria of C57BL/6] female mice on an
isoflavone and isoflavone-free diet (fig. S3A). We observed subtle
changes in the representation of certain DC populations and a po-
tentially meaningful increase in the frequency and number of CD8"
T cells in isoflavone diet mice; however, no changes were observed
in either the frequency or number of CD4" T cells or B cells (fig. S3,
B to I). To determine whether either diet influences intestinal bar-
rier function, we performed a fluorescein isothiocyanate (FITC)-
dextran intestinal permeability assay (fig. S4A). We found that mice
on an isoflavone-free diet exhibit increased intestinal permeability
compared to mice on an isoflavone diet at 2 hours after FITC-
dextran treatment (fig. S4B). Considering that immune cells in the
intestine have been shown to be involved in extraintestinal diseases,
these experiments suggest that alterations in the intestinal tissue
may be involved in the ability of an isoflavone diet to protect
against EAE.

DISCUSSION

The human gut provides an ideal anaerobic environment for bacteria
to thrive, and consequently, gut bacteria have evolved to be critical
for mucosal immunity, barrier integrity, and nutrient accessibility,
among other processes essential for the homeostasis of the host (8).
Despite the gut microbiome being linked to MS, the mechanism
by which gut bacteria predispose individuals to or offer protection
from MS is unknown. Here, we demonstrate that an isoflavone diet
offers protection against EAE, an animal model for MS, which is
associated with a decrease in both the severity of spinal cord pa-
thology and the number of inflammatory cells in the CNS. Our data
indicate that this phenomenon is likely due to insufficient priming
in the periphery after disease induction. Furthermore, the gut
microbiome in mice fed an isoflavone diet has anti-inflammatory
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characteristics, which is comparable to a healthy gut microbiome in
humans. The disease protection and anti-inflammatory phenotype
associated with an isoflavone diet that we observed relied on the
presence of specific bacteria that can metabolize isoflavone into
S-equol, demonstrating that isoflavone-metabolizing gut bacteria
that generate isoflavone metabolites provide protection against EAE.
Collectively, these results suggest that metabolites of certain gut
bacteria can alter CNS autoimmunity.

The finding that an isoflavone diet protects against EAE com-
pared to a diet lacking isoflavones strongly supports the idea that
environmental factors influence disease outcomes. Although the
therapeutic potential of phytoestrogen compounds in EAE had been
reported previously, most of the studies introduced phytoestro-
gens via a nonphysiological route (subcutaneously or intraperitoneally)
(36). While oral phytoestrogen treatment has been reported to re-
duce EAE, our study demonstrates the critical role of phytoestrogen-
metabolizing gut bacteria in this process (37). Our dietary model
takes into account interactions among diet, gut microbiota, and im-
mune system, thereby reflecting the physiologically relevant route/
pathways through which isoflavones may protect from or amelio-
rate disease in patients with MS (36). Isoflavones represent a major
component of the human diet, particularly in Asian countries, which
have generally exhibited infrequent occurrences of MS and autoim-
munity (38). Although little is known about the contributions of an
isoflavone diet to MS pathogenesis, some studies have associated
the consumption of soy and other legumes with reduced risk of MS
or clinically isolated syndrome (CIS) (39, 40). However, as Asian
cultures adopt a more Western-style diet (i.e., highly processed, high
fat, excessive meat and dairy, and low fiber), they have seen an in-
crease in the incidence in MS (41). The ability to produce equol varies
between individuals, especially between individuals from different
geographic locations. The frequency of so-called “equol producers”
is significantly higher in Asian countries and among vegetarians
than in Western countries and among nonvegetarians (42, 43). This
suggests that diet has a profound impact on the ability of an individ-
ual to produce equol. However, not everyone that consumes soy can
produce equol likely owing to the lack of isoflavone-metabolizing
bacteria in the intestines of these so-called “non-equol producers”
(44). This suggests that multiple factors, in addition to diet, contribute
to isoflavone-metabolizing bacterial colonization. It would be inter-
esting to determine whether the ability to produce equol and/or
to become colonized with isoflavone-metabolizing bacteria is
stunted among patients with MS. Collectively, these findings sug-
gest that isoflavone consumption is correlated with decreased CNS
autoimmunity.

The above findings suggest that nutrient intake and overall
quality of diet can affect MS pathogenesis and symptomology. Con-
sequently, most patients with MS are interested in or have im-
plemented a dietary regimen to curb symptoms based on anecdotal
evidence and recommendations from the MS patient community
and/or their health care provider. Several diets have been recom-
mended for patients with MS, including the ketogenic diet, inter-
mittent fasting, the Mediterranean diet, gluten-free diet, the Swank
diet, and the Wahls diet (45, 46). According to numerous clinical
trials and epidemiological and observational studies, the efficacy of
these diets in reducing symptoms and inflammatory markers are
variable; some studies demonstrate clinically meaningful improve-
ments, while other studies observing the same diet demonstrate no
significant changes (47). Thus, while overall health is clearly influenced
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by nutritional quality, there is no evidence that a specific dietary
regimen is effective in reducing the incidence of MS due to the vari-
able results from clinical studies. The findings in our study high-
light the idea that the composition of a patient’s gut microbiome
is likely a critical variable in the effectiveness of dietary interven-
tions, which has often been overlooked in prior research and clini-
cal trials.

In humans, several studies have demonstrated that patients with
MS exhibit a distinct gut microbiota compared to healthy individu-
als (8). While there is not a specific “MS gut microbiome signature,”
some bacterial genera and species are commonly either enriched
or depleted in patients with MS. For example, P. distasonis and
A. equolifaciens, isoflavone-metabolizing bacteria, are reduced in patients
with MS from geographically distinct cohorts (9, 16). P. distasonis,
when transferred to mice, induces a Trg phenotype in the spleen and
mesenteric lymph nodes (16). In addition, germ-free mice transplant-
ed with fecal samples from healthy donors had a higher abundance
of Adlercreutzia than MS fecal transplanted mice (17). Further-
more, healthy donor fecal transplanted mice developed a lower fre-
quency of spontaneous EAE than mice transplanted with MS fecal
samples (17). We found that mice on an isoflavone diet showed an
increase in abundances of P. distasonis and A. equolifaciens, supporting
previous reports that diet has a tremendous influence on the com-
position of the gut microbiota (28). In our study, we demonstrate
that bacterial therapy with P. distasonis and A. equolifaciens results
in markedly different clinical disease scores depending on the diet of
the host. In the absence of isoflavones, these isoflavone-metabolizing
bacteria may begin to metabolize host products, such as mucins,
resulting in a proinflammatory state. In contrast, our results showing
that equol treatment ameliorates disease, regardless of diet, strongly
suggest that metabolites that are generated from gut bacteria via
breakdown of dietary compounds influence the course of disease.
These findings have far-reaching applications, namely, that considering
the interplay between diet and gut bacteria is critical when develop-
ing dietary and gut microbiome-based therapies for MS and other
diseases. Specific bacterial treatments or gut bacteria—produced
metabolite treatment ameliorates or exacerbates disease, and our
study expands on these findings to demonstrate the delicate inter-
play between diet, gut bacteria, and gut bacteria—generated metabo-
lites and the effects of this triad on the disease. As the field becomes
more aware of this connection, clinical trials are shifting to include
assessment of both the diet and gut microbiome as they relate to
patient outcomes.

Our study demonstrates that consuming an isoflavone diet sup-
presses EAE disease via gut microbial metabolism; however, the
cellular and molecular pathways by which gut bacteria-generated
equol suppresses disease is unknown. Specifically, mice on an iso-
flavone diet exhibit a lower frequency of activated myelin-specific
CD4" T cells following induction of disease, yet it is unclear how
bacterial-generated equol or other metabolites dampen immune
cell activity. Phytoestrogens can influence a wide range of processes,
including intestinal and systemic immune responses (36). As equol,
the metabolic by-product of isoflavones, is estrogenic, it is suggest-
ed that isoflavones act through estrogen receptors, particularly ER
(36). This would correspond with the well-established idea that es-
trogen is protective in EAE and MS (48). Future studies determin-
ing the cells responsible for equol-dependent disease suppression
are warranted. Furthermore, it is unknown if equol signals through
the gut-brain axis, a bidirectional communication between the CNS
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and enteric nervous system, or through systemic effects, influencing
the immune system directly.

Given that there are >3,000,000 genes in the gut microbiome com-
pared to 20,000 to 25,000 protein coding genes in the entire human
genome, it is expected that the gut microbiota plays a fundamental
role in intestinal and systemic health (49). Our data demonstrate
that diet is an environmental factor that can alter the composition
of the gut microbiota, and that this has consequences on the outcome
of disease. This lays the groundwork for future studies investigating
the cellular and molecular pathways responsible for equol-induced
EAE suppression. Ultimately, these studies will inform our use of
diet and gut microbiome-based therapies as a complement to con-
ventional disease-modifying therapies (IFN-B, glatiramer acetate,
fingolimod, ocrelizumab, etc.) for the treatment of MS and other
diseases.

MATERIALS AND METHODS

Mice, dietary treatment, EAE disease induction,

and evaluation

C57BL/6] female mice (4 to 6 weeks old) and SJL/J female mice
(4 to 6 weeks old) were purchased from the Jackson Laboratories
(Bar Harbor, ME). HLA-DR15 (DRA1*0101;DB1*1501) transgenic
female mice on a mouse MHC II-deficient background (AE®) (re-
ferred to here as AE°DR2 mice) have been generously provided
by C.David (50). Mice were placed on either an isoflavone diet
[genistein (0.24 g/kg of diet) and daidzein (0.22 g/kg of diet)] or an
isoflavone-free diet (Envigo, Indianapolis, IN) ad libitum for 6 weeks.
Normal feed is the standard mouse chow available at the animal
facilities at the University of Iowa (Envigo 7013). For EAE studies,
EAE was induced and evaluated as shown previously (51). Briefly,
mice were immunized subcutaneously on day 0 on the left and right
flank with 100 pg of MOGss_s5 (for C57BL/6] and DR2) or 50 ug of
PLP;39.151 (for SJL/]) emulsified in 200 ug of CFA followed by 80 ng
of pertussis toxin (PTX) intraperitoneally on days 0 and 2 (only
C57BL/6 and DR2 mice received PTX). Disease severity was scored
as follows: 0, no clinical symptoms; 1, loss of tail tonicity; 2, hind-
limb weakness; 3, hindlimb paralysis; 4, forelimb weakness; and 5,
moribund or death. All procedures were done according to the In-
stitutional Animal Care and Use Committee guidelines at the Uni-
versity of Iowa.

Histology

Mice were euthanized using CO, and intravascularly perfused using
a gravity fed system with 10% neutral buffered formalin (10% NBF)
via intracardiac puncture (52). Spinal cords were then emersion-
fixed in 10% NBF for another 24 to 48 hours. Spinal cords were left
in situ, demineralized with 14% EDTA for ~4 days, and then em-
bedded in paraffin and routine processed. Sections (4 um thick) were
stained with hematoxylin and eosin and analyzed by a board-certified
veterinary pathologist. Spinal cord sections were scored for cord
pathology and meningeal inflammation. The meningeal inflamma-
tion score was a 0-to-4 scale where 0, no pathology; 1, rare, scattered,
and mild meningeal inflammatory cell infiltrates; 2, mild multifocal
and obvious meningeal inflammatory cell infiltrates; 3, multifocal
to coalescing meningeal inflammatory cell infiltrates; and 4, marked,
diffuse, and thick bands of meningeal inflammatory cell infiltrates.
The spinal cord score identifies how much of the cord at that level
was affected and was also a 0-to-4 scale where 0, no pathology; 1, 1
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to 25% of the spinal cord is affected with pathology consistent with
EAE; 2, 30 to 50% of the spinal cord is affected with pathology con-
sistent with EAE; 3, 60 to 90% of the spinal cord is affected with
pathology consistent with EAE; and 4, >90% of the spinal cord is
affected with pathology consistent with EAE.

Cell isolation

Where indicated, spleens and inguinal lymph nodes were harvested,
homogenized, and put into a single-cell suspension for further use.
Peripheral blood was collected by retro-orbital bleeding and put
into a single-cell suspension for further use. For CNS leukocyte iso-
lation, mice were anesthetized with CO, and quickly perfused through
the left ventricle with cold phosphate-buffered saline (PBS). Brains
were removed from the skull and spinal cords were flushed through
the vertebral canal with cold RPMI media. To isolate immune cells
from the CNS, brain and spinal cords were combined, homoge-
nized, and isolated by Percoll gradient centrifugation (52). Following
centrifugation, CNS leukocytes were collected from the interface,
washed, and prepared appropriately for further use. To isolate im-
mune cells from the colonic lamina propria, colons were harvested
and digested in a collagenase/deoxyribonuclease buffer as previous-
ly described (53).

Intestinal permeability assay

To measure intestinal permeability, mice were orally treated with 4 kDa
FITC-labeled dextran. Fluorescence in the serum was measured at
subsequent time points and compared to preoral gavage serum (54).

Thymidine incorporation assay

To measure proliferation in the inguinal lymph nodes, cells from
day 7 after immunization EAE mice were challenged with media, an
irrelevant peptide OV Ajs7.264, MOGss.55, or Concanavalin A ex vivo
as previously described (55). The results are presented as counts per
minute of thymidine incorporation.

Flow cytometry

Flow cytometry data were acquired on either a BD FACSCanto II or
BD LSR II and analyzed with FlowJo (Ashland, OR) software. To
determine surface marker expression, single-cell suspensions were
incubated with monoclonal antibodies (mAbs) at 4°C for 30 min
followed by fixation. For intracellular staining of cytokines/
transcription factors, cells were stained for surface markers, fixed,
permeabilized using FoxP3/Transcription Factor Staining Buffer
Set (eBioscience, San Diego, CA), and incubated with mAbs at 4°C
for 30 min. The mAbs used were CD45 (30-F11, BD Biosciences),
T cell receptor B (TCRB) (H57-597, eBioscience), CD19 (6D5, BD
Biosciences), CD4 (RM4-5, BD Biosciences), CD8 (53-6.7, BD
Biosciences), IL-17A (TC11-18H10, eBioscience), IFN-y (XMG1.2,
eBioscience), GMCSF (granulocyte-macrophage colony-stimulating
factor) (MP1-22E9, eBioscience), CD44 (IM7, BD Biosciences), Ki67
(B56, BD Biosciences), F4/80 (BM8, eBioscience), FoxP3 (FJK-16s,
eBioscience), CD25 (PC61, BD Biosciences), CD11c (N418, BioLegend),
I-A/I-E (M5/114.15.2, BD Biosciences), MOG tetramer [MOGsg.49
GWYRSPFSRVVH, National Institutes of Health (NIH) tetramer
core facility, Atlanta, GA], and Zombie Aqua (BioLegend).

PMA stimulation
Leukocytes from the CNS, spleen, or inguinal lymph node were
incubated at 37°C with Cell Stimulation Cocktail (Thermo Fisher
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Scientific, Waltham, MA) or Protein Transport Inhibitor Cocktail
(Thermo Fisher Scientific, Waltham, MA) for 6 hours. Cells were
stained for CD45, CD4, IFN-v, IL-17A, and GMCSF.

Fecal collection and microbiome analysis
Microbiome analysis was done as described previously (29). Briefly,
fecal pellets were collected from individual mice from each group
and stored at —80°C until analysis. To reduce a cage effect, fecal sam-
ples were collected from mice in two to three cages per diet group
with three to five mice in each cage. DNA was extracted using DNeasy
PowerLyzer PowerSoil Kit (Qiagen). 16S rRNA V3-V4 region was
amplified using PCR primers (forward 5’ TCGTCGGCAGCGTCAG-
ATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3'; reverse
5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGA-
CTACHVGGGTATCTAATCC-3') and barcoded using Nextera
XT Index Kit (Illumina) (29). Purified PCR products were se-
quenced using Illumina MiSeq.

The R-based platform Divisive Amplicon Denoising Algorithm
2 was used to trim, merge, and filter reads (56). The data were mapped
against the Greengenes reference database to assign taxa designa-
tions. The Microbiome Analyst platform was used for statistical
analysis and generation of figures. Data were filtered to remove low
count and low variance features likely present due to contamination
or error. Normalization was performed by total sum scaling. Filtered
data were used for beta diversity and differential abundance. The beta
diversity plot was generated using principal coordinates analysis
(PCoA) with a permutational multivariate analysis of variance test
to evaluate significance. Differential abundance was assessed using
MetagenomeSeq, a statistical method that combines cumulative
sum scaling normalization and zero-inflated Gaussian distribution
to compare datasets while accounting for undersampling in high-
throughput data (57). Alpha diversity analysis was performed on
unfiltered data.

Gut flora depletion, colonization with bacteria, FMT,

and treatment with equol

To deplete the gut flora, mice were placed on sterile water supple-
mented with vancomycin (0.5 g/liter), neomycin (1 g/liter), metro-
nidazole (1 g/liter), ampicillin (1 g/liter), and Splenda (four packets/
liter) for 4 weeks followed by a 2-day treatment of sterile water be-
fore treatment with bacteria (31, 32). P. distasonis ATCC (American
Type Culture Collection) 8503 and Adlercreutzia equolifaciens DSM
19450 [DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH)] were ordered from their respective sources
and cultured according to provided instructions. E. coli was gener-
ously provided by R. Patel from Mayo Clinic and was cultured similarly
to P. distasonis and A. equolifaciens. A. muciniphila was gener-
ously provided by P. Kumar from Stony Brook University and was
cultured under anaerobic conditions at 37°C using brain heart
infusion (BHI) agar + 0.4% mucin or BHI broth + 0.4% mucin +
L-cysteine. When indicated, mice were treated with 10° bacterial
CFU (colony-forming units) every other day for 2 weeks. For FMT
experiments, donor mice were placed in a sterile cage and fecal
samples were collected aseptically. Feces were homogenized over a
100-pm strainer to remove large debris and diluted in 0.1% cysteine
in PBS at a concentration of 1 g of feces/10 ml of 0.1% cysteine in
PBS. Each recipient mouse received 150 ul of the fecal preparation.
Fresh donor fecal samples were collected and processed as de-
scribed every other day for 2 weeks before EAE induction. For equol
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treatment experiments, mice were orally treated with equol
(50 mg/kg) resuspended in DMSO every day for the duration of the
experiment. Equol/DMSO stocks were then diluted in mineral oil at
the indicated concentration.

Quantitative polymerase chain reaction

To quantify bacterial DNA in feces, DNA was isolated and quanti-
fied as previously described (29). Gene levels were determined by
qPCR using Power Sybr Green reagents (Applied Biosystems) and a
QuantStudio 3 Real-Time PCR System. qPCR reactions were per-
formed on 100 ng of bacterial DNA per sample. The following primer
sets were used: P. distasonis (forward 5° AGGGAATAAAGTGCG-
GGACG 3'; reverse 5" CTTTCG TGCATCAGCGTCAG 3’) and
A. equolifaciens (forward 5° GGCGTGCTTAACACATGCAA 3';
reverse 5 TTGCGCAAAATTCCCCACTG 3’).

Statistics

EAE groups were compared using a two-way analysis of variance
(ANOVA). Tests with two groups were compared using Student’s
t test. All statistics were calculated using GraphPad Prism software
(LaJolla, CA). P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabd4595/DC1

View/request a protocol for this paper from Bio-protocol.
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