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Alcohol is a widely consumed dietary component by patients with
autoimmune neuroinflammatory diseases, but current evidence on
the effects of alcohol in these conditions is confounding. Epidemi-
ological studies suggest moderate consumption of alcohol may be
protective in some autoimmune diseases; however, this correlation
has not been directly investigated. Here, we characterize the effects
of moderate-dose alcohol in a model system of autoimmune neuro-
inflammation, experimental autoimmune encephalomyelitis (EAE).
Male and female C57BL/6J micewere fed a 2.6% alcohol or isocaloric
diet for 3wk prior toMOG35–55 EAE induction. Surprisingly, alcohol-fed
males experienced significantly greater disease remission compared
to alcohol-fed females and control-fed counterparts. We observed a
male-specific decrease in microglial density in alcohol-consuming
animals in cervical and thoracic spinal cord in late-stage disease. In
the gut, alcohol diet resulted in several sex-specific alterations in
key microbiota known for their regulatory immune roles, including
Turicibacter, Akkermansia, Prevotella, and Clostridium. Using a cor-
relation network modeling approach, we identified unique bacterial
modules that are significantly enriched in response to treatment
and sex, composed of Clostridial taxa and several Firmicutes known
to be protective in EAE. Together, these data demonstrate the po-
tential of alcohol to significantly alter the course of autoimmunity
differentially in males and females via effects on gut bacterial net-
works and support further need to evaluate dose and sex-specific
alcohol effects in multiple sclerosis (MS) and other autoimmune
neuroinflammatory conditions.
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There is a growing consensus that environmental factors play a
critical role in the rising incidence of neuroinflammatory

autoimmune disorders worldwide (1). In particular, diet has been
implicated as a major risk factor in autoimmune disease suscep-
tibility (2, 3). Different dietary components have been shown to
alter the gut microbiome (4), which is composed of trillions of
symbiotic microorganisms in the intestinal tract. The gut micro-
biota are thought to impact immune homeostasis, inflammation
(5), and autoimmunity (6) via metabolite production and inter-
actions with gut immune cells (7). Microbial immune influence is
of particular interest for neuroinflammatory disorders, as gut mi-
crobes can have a direct effect on central nervous system (CNS)
inflammation through the gut–CNS axis (2, 8), a bidirectional
communication system between intestinal microbiota and CNS
microglia. Thus, as a directly modifiable environmental risk fac-
tor, dietary intervention presents an attractive treatment option
that is generally well tolerated, cost effective, and may be used in
conjunction with existing medical therapies.
While the influence of many dietary factors such as salt, fat, and

carbohydrates (9) have been widely studied, relatively little atten-
tion has been devoted to the role of alcohol in neuroinflammatory
conditions despite its widespread consumption by patients (10).
Alcohol is known to activate microglia in CNS inflammation (11)
and induce gut dysbiosis (12). However, in several studies of auto-
immune conditions, including lupus, hypothyroidism, and rheumatoid

arthritis (13–15), alcohol has been shown to improve disease out-
comes. Thus, alcohol’s precise role in autoimmunity is largely con-
troversial, contributing toward the challenge of offering evidence-
based recommendations on alcohol consumption to patients.
In this study, we used experimental autoimmune encephalomy-

elitis (EAE) as a model system to directly evaluate the effects of
alcohol on autoimmune neuroinflammation. EAE is a widely used
animal model of multiple sclerosis (MS) (16, 17), an autoimmune
disease resulting in CNS demyelination and progressive neuro-
degeneration. Both gut microbiome (18) and microglial activation
(19) are known to influence the course of EAE, and thus EAE is an
optimal model to study alcohol’s effects on CNS autoimmunity. We
hypothesized that exposure to daily moderate doses of alcohol
would result in reduced EAE severity. We also predicted that al-
cohol would differentially affect male and female gut microbiome
and CNS microglia, since 1) there is a known sex bias in autoim-
mune disease pathogenesis (20), 2) alcohol has differential effects
on male and female physiology (21) and immune system activation
(22), as well as 3) there are sex differences in gut microbiota (23),
which can be exacerbated by alcohol.

Results
Moderate Alcohol Consumption Significantly Reduces Clinical EAE
Severity in a Sex-Specific Pattern. To evaluate the potential ben-
eficial effects of moderate alcohol consumption in an MS model,
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mice were fed either a 2.6% ABV Lieber–DeCarli diet or an
isocaloric pair-fed control diet starting at 3 wk prior to EAE
induction and continued for 44 d postinduction (D44), as de-
scribed in Materials and Methods (Fig. 1A). Diets were well tol-
erated as evidenced by lack of motor impairment, ataxia, or
weight loss. Animals maintained expected weight gain, and there
was no notable difference in body weight between the treatment
groups within sex (SI Appendix, Fig. S1). As expected, animals
across experimental groups lost weight coinciding with peak
disease (D14) followed by a recovery of the weight along with
their motor function (Fig. 2). Alcohol-fed groups consumed 7 to
9 g of alcohol per kg of body weight per d, with no significant
difference in consumption between males and females (SI Ap-
pendix, Fig. S1). There were also no significant differences noted
in liver histology between experimental groups, suggesting that
2.6% Lieber–DeCarli diet did not contribute toward end-organ
damage (Fig. 1 B and C).
Following EAE induction, mice were scored daily for symp-

tomatic onset and disease progression per standard EAE scoring
criteria, reflecting the degree of motor impairment (16). Mice
began to display motor deficits by approximately D9 and reached
peak disease scores by D15. Overall, there was no difference in
peak disease scores (D12 to D18) between treatment groups
within sex (Fig. 2). As expected in C57BL/6J EAE, we did not
observe a difference in scores between males and females on
pair-fed control diet (Fig. 2A).
Interestingly, there was a significant sex difference in EAE

scores within the alcohol-fed groups during the recovery phase
(Fig. 2). Specifically, alcohol-fed males experienced a greater
reduction in disease severity postpeak sustained to D44 com-
pared to alcohol-fed females and control males (Fig. 2 B and C).
Alcohol-fed females initially experienced a decrease in disease
scores D20 to D30, followed by relapse in higher disease scores
post D30, reaching significance by D38 (Fig. 2C). There was no
sustained difference in disease scores between control males and
females throughout the experimental course (Fig. 2A). Linear
mixed-effect modeling of the clinical scores run on aligned EAE

scores to day of EAE onset, confirmed an interaction between
day, treatment group, and sex (P = 1.12e-6) (SI Appendix, Fig.
S2). A Poisson regression model of the frequency of days with
EAE score ≥ 2 also demonstrated a treatment and sex interaction
(P = 4.86e-3) (Fig. 2E). Thus, our data suggest that alcohol can
have divergent effects in males and females throughout the EAE
disease course, with greatest potential to impart a protective
phenotype in alcohol-consuming males.

Moderate Alcohol Consumption Reduces Neuroinflammation. Alcohol
is known to influence microglia in the CNS (11, 24). To investigate
whether the effects of moderate alcohol diet may be acting on
microglial activation during EAE, we collected spinal cords
from alcohol-consuming and control animals on D44. Iba1+

microglial cells were quantified within white matter (lateral
white matter column) and gray matter (ventral horn efferent
motor area) of the lumbar, thoracic, and cervical regions of the
spinal cord. Microglial density per square millimeter was sig-
nificantly reduced in both the lateral white matter columns and
ventral horn efferent motor area in thoracic regions of alcohol-
consuming males and females. In cervical spinal cord, micro-
glial reduction was observed specifically in alcohol-consuming
males. While no significant differences were found between
groups in the lumbar lateral columns, there was a marked sex
difference in the lumbar ventral horn (Fig. 3C). The male-
specific decrease in microglial density in cervical and thoracic
spinal cord suggests that alcohol may be acting in a sex-
specific pattern to alter CNS inflammation and disease
progression.

Moderate Alcohol Treatment Alters Gut Microbiome in a Sex-Specific
Pattern. We next asked whether moderate alcohol consumption
could lead to alterations within the gut microbiome in the EAE
model. Bacterial DNA was extracted from fecal samples from
male and female mice at weaning, pre-EAE (D0), on day 7
postinduction (D7), and during EAE-recovery stage (D30 and
D41), and analyzed by 16S rRNA sequencing. Principal-coordinate
analysis (PCoA) of beta diversity using Bray–Curtis dissimilarity
index showed clustering of groups clearly distinguishing D7 time
point samples from D0 and D41 time points (Fig. 4A). Analysis of
the Jaccard’s beta diversity index demonstrated separation by
treatment group as well as by sex within treatment group at D41
(Fig. 4 B–D). The weaning time point was used to confirm there
was no significance difference between the groups’ microbiomes,
and to serve as a baseline for each individual mouse. Alpha di-
versity remained similar throughout the course of the experiment
(SI Appendix, Fig. S3).
At the phylum taxonomic level, relative abundance changes

were analyzed over the course of EAE. We observed a marked
reduction in the relative abundance of Verrucomicrobia and an
increase in Firmicutes on D7 compared to D0 in all groups
irrespective of treatment (Fig. 4E). As the shift in these phyla
appeared to be a characteristic of EAE onset, we investigated the
Verrucomicrobia-to-Firmicutes ratio (VF ratio) as a potential
marker of the disease state. The VF ratio was significantly higher in
alcohol-fed groups on D30 and D41 compared to controls, and was
particularly higher in alcohol-fed males on D41 (Fig. 4 F and G).
Analysis at the genus taxonomic level revealed several genera

differentially expressed across treatment timepoints (Fig. 5). The
genus Turicibacter began to increase in alcohol-fed males com-
pared to the alcohol-fed females on D30 and reached significance
on D41 (P = 0.037). The genus Akkermansia was significantly el-
evated in alcohol-fed male and female groups on D30 (P = 0.023)
and D41 (P = 0.027) compared to pair-fed controls. In addition,
the genus Prevotella was noted to be reduced in alcohol-consuming
females on D7 and D30 and reached significance on D41
(P = 0.012) compared to pair-fed females. Finally, the genus
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Fig. 1. Alcohol treatment ameliorates EAE course in a sex-specific pattern. (A)
Animals were provided a liquid diet as their sole food source beginning 4 wk
prior to EAE induction. Alcohol-fed mice received an up-taper of alcohol diet
until they reached 2.6% ABV and continued for the duration of the experi-
ment. Control mice received an isocaloric alcohol-free liquid diet. Microbiome
samples were collected at 5 time points, as shown. (B) Liver samples were
collected and stained with hematoxylin and eosin to quantify mononuclear cell
infiltration. (C) Cellular infiltration did not significantly differ between groups
(n = 3 per group, 3 sequential slices per subject; P = 0.21).
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Clostridium was increased in all alcohol-fed groups on D30 (P =
0.011), and D41 (P = 0.004). (SI Appendix, Tables S1–S3).

Moderate Alcohol Treatment Alters Microbiota Networks in the Gut.
To better characterize the biological relevance of alcohol-induced
taxonomic shifts, we developed an approach to evaluate gut
microbiome network interactions through modified use of un-
biased weighted gene coexpression network analysis (WGCNA).
This technique, originally developed by Horvath and colleague
(25), allows to cluster correlated changes in gene expression and
has been used widely for transcriptomics studies. Just like genes
acting in networks, it is likely that gut bacterial taxa also function
in biological networks within an organism. We thus applied
WGCNA to identify clusters of bacterial taxa whose differential
representation was correlated across treatment groups, time
points, or both. Our analysis resulted in a network clustered into
11 distinct modules of highly correlated bacteria (Fig. 6A), of
which the largest module contained 11 bacterial species and the
smallest module contained 3 bacterial species.
Each sample was then assigned a relative score similar to

WGCNA’s eigengenes, which we have respectively termed
“eigentaxa.” These eigentaxa scores were then tested to determine
how modules correlated with differing traits (Fig. 6C). Of the
identified modules, 2 modules presented intriguing results. The
magenta module had an eigentaxa that was positively correlated
with treatment group, and the green module had an eigentaxa that
was differentially affected by sex independent of treatment.
Notably, the magenta module (Fig. 6D) was significantly

enriched in the alcohol-fed mice at D30 and D41, with the
alcohol-fed males presenting the strongest relative increase in
constituents of this module. Interestingly, the taxa of the magenta
module are all in the order of Clostridiales, and within this order,
the families of Christensenellaceae, Clostridiaceae, and Peptos-
treptococcaceae were specifically identified in our data. Clos-
tridiaceae had 2 specific genera identified within it, SMB53 and
Clostridium.
The green module, consisting of a large array of bacteria,

stood out for a sexually dimorphic relative abundance change
at D0 (P = 0.045), D30 (P = 0.007), and D41 (P = 0.009) re-
gardless of treatment groups (Fig. 6E). The absence of a sex
difference in this module at D7 could be explained by the
dramatic shift at this time point mediated by EAE induction
and disease onset. Interestingly, the majority of the taxa in this

module are from the Firmicutes phylum, which has been pre-
viously noted to contribute to a latent sex difference in the
microbiome (23, 26).
In conclusion, weighted coexpression network analysis identi-

fied a clear difference in bacterial populations between alcohol-
consuming and control diet animals, which correlates with disease
progression. Thus, weighted coexpression network analysis is suit-
able for adaptation to longitudinal microbiome studies.

Discussion
Here, we present evidence that an environmental factor in the
form of moderate alcohol can alter the course of a neuro-
inflammatory disease. Combining a clinical EAE study, CNS
histology, gut microbiome sequencing, and analysis of weighted
coexpression gut bacterial networks, our findings implicate the
gut–CNS axis in mediating moderate alcohol’s beneficial effects in
a sex-specific pattern.
Specifically, we observed that males on a moderate alco-

hol diet experienced significantly greater disease remission
compared to alcohol-fed females and control males and females.
Females on the alcohol diet initially trended toward disease
amelioration, followed by disease progression in the late stages
of EAE. Our results suggest that moderate daily alcohol dosing
may have differential effects on the sexes, and potentially could
have a protective effect in males. These findings are unexpected,
as C57BL/6J mice are not known to display a sex difference in
EAE (27). Traditionally, sexually dimorphic phenotypes are as-
cribed to primary hormonal or sex chromosomal effects (28).
Here, we demonstrate that a dietary factor can directly uncover
and effectuate disease pathogenesis differentially in males and
females. The known influence of alcohol consumption on es-
trogen and testosterone production (22, 29) and direct action of
alcohol on sex hormone receptors in the CNS (30) necessitates
further investigation to elucidate this potential mechanism of
action in the EAE model.
Microglial activation has previously been linked to both EAE

severity and alcohol-related CNS inflammation (31). However,
activated microglia also present in diverse phenotypes and have
been shown to drive remyelination and mitigate peripheral lym-
phocyte infiltration (32). Evaluation of microglial density in
our study in late-stage EAE revealed a significant reduction in
microglia in the cervical and thoracic spinal cord of alcohol-fed
males correlating with observed clinical amelioration in EAE
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Fig. 2. Alcohol treatment ameliorates EAE course in a sex-specific pattern. (A) Post MOG 35–55 EAE induction, control-fedmales experience a slightly earlier disease
onset compared to control-fed females but overall no significant sex difference at later disease stages. (B) Males on alcohol diet show a slightly greater EAE peak
disease followed by significant and sustained amelioration post peak disease, while females show significant disease progression after day 39. (C) Males on alcohol diet
experience a sustained symptomatic improvement post peak disease compared with control males. (D) Overall, no differences were noted between females on alcohol
diet and controls. n = 19 to 20 per group, combined data for 3 individual experiments (Student’s t test, *P < 0.05,**P < 0.01, and ***P < 0.001). (E) Poisson regression
model of the frequency of days with EAE score ≥ 2 demonstrates a significant treatment effect (P < 0.01), sex effect (P < 0.01), and treatment:sex interaction (P < 0.01).
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scores. This sex-specific reduction in microglial density suggests
that either alcohol is acting on the CNS to down-regulate proin-
flammatory microglia or to up-regulate neuroprotective microglia
in alcohol-fed males. It is also possible that the microglial density is
influenced by alcohol-induced changes on the peripheral immune
system, which drive CNS lymphocyte infiltration. In future studies,
it will be important to define the effect of alcohol on microglial
signatures in the EAE model and to correlate microglial pheno-
types with the inflammatory milieu and infiltration of peripheral
immune cells.
Our microbiome analysis revealed several intriguing results.

The combined use of the Bray–Curtis and Jaccard’s beta diversity
indices allowed for a more powerful method of visualizing true
variance in the data. Jaccard’s index illustrated clear treatment
effects and sex differences between groups. In turn, Bray–Curtis
dissimilarity showed a clear separation of bacterial populations
on D7 compared to the other experimental time points in both
treatment groups. Taken together, these findings indicate that
alcohol affects microbial constituents over the course of time in
EAE differentially in males and females. In particular, the
microbiome composition was most distinct on D7 post-EAE

induction, insinuating that changes to the microbiota precede the
development of clinical symptoms and likely stage the immune
system for subsequent course of the disease. The restoration of the
gut microbiome to predisease condition by D41 suggests that, as
the clinical disease reaches a steady state physiologically, a similar
“settling effect” can be observed within the gut microbiome.
Focusing on specific microbiota taxa in the gut, we identified

phylum- and genus-level signature microbiomic shifts in response
to alcohol treatment over the course of EAE. For example, there
was a higher abundance of Turicibacter (phylum Firmicutes) in
alcohol-fed males on D30 and D41, at time of disease quies-
cence. Turicibacter is known to be correlated with lower disease
scores in murine EAE models (33). Interestingly, we observed a
female-specific reduction in Prevotella (phylum Bacteroidetes) at
later disease stages. This taxon is known to be decreased in un-
treated MS patients and increases with MS treatment (34). An-
other significant genera increased in alcohol-fed animals, with a
trend for higher abundance in males, was Akkermansia (phylum
Verrucomicrobia), which has been shown in different studies to
regulate immune system function through short-chain fatty acid
(SCFA) production (35) and is found to be decreased in alcohol

A B

C

Fig. 3. Alcohol consumption reduces spinal cord microglial density in males. (A) Spinal cords collected 44 d postinduction were stained for the microglial
marker Iba1 to quantify microglial density in the ventral horn and lateral columns. (B) Representative images of ventral horn staining from cervical spinal
cord. (C) Microglial density was significantly lower in the cervical spinal cord of alcohol-consuming males compared to other groups in both the ventral horn
and lateral column. In thoracic regions, alcohol-consuming males and females had reduced microglial density compared to control counterparts. Additionally,
alcohol-consuming females had a lower density of Iba1+ cells compared to control females in thoracic lateral columns. In the lumbar spinal cord, there were
no significant differences between microglial density in the lateral columns. Density in the lumbar ventral horn was significantly lower in males compared to
females regardless of treatment (n = 3 per group, 3 slices per subject; Student’s t test, *P < 0.05, **P < 0.01, and ***P < 0.001).
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binge studies correlating with higher inflammatory states (36). Of
note, Akkermansia has been found to be increased in untreated
MS patients (37, 38), although this species is thought to be pro-
tective in other autoimmune diseases such as type 1 diabetes
(39). Furthermore, Akkermansia has been shown to improve
metabolic profiles and reduce systemic inflammation in several
animal models (40, 41). Last, we also observed an increase in the
genus Clostridium (phylum Firmicutes) in alcohol-fed animals,
which is composed of ∼100 species within the gut, with some
species having potent antiinflammatory activity via butyrate
production (42).
We observed that the D7 microbiome profile, known as the time

of highest peripheral inflammation prior to clinical EAE onset, was
primarily characterized by reduction in Verrucomicrobia relative to
Firmicutes regardless of treatment or sex. Of note, Firmicutes are
known to be increased in MS patients during times of higher dis-
ease activity and decreased at disease quiescence (43). Conversely,
Verrucomicrobia, solely composed of Akkermansia in the gut (44),
is a keystone of a healthy microbiome and known for an immu-
noregulatory role via SCFA production (35). Interestingly, VF
ratios were increased in alcohol-consuming mice prior to disease
induction and were significantly elevated in alcohol-treated males
during late-stage disease, suggesting that this ratio may be associ-
ated with disease amelioration. Thus, we propose the VF ratio as a
potentially useful marker indicative of EAE disease state akin to
the Bacteroidetes-to-Firmicutes ratio, previously described as a
biomarker of inflammatory microbiome shifts in models of in-
flammatory bowel disease, obesity, and MS (43, 45, 46). However,
due to novelty of our proposed VF ratio, it requires further rep-
lication and validation in future studies in EAE and MS.

While individual species shifts within the microbiome reveal
interesting biological associations, this type of analysis ignores
interactions between networks of bacteria. A common approach
to quantifying bacterial networks is using simple correlation-based
construction or a dissimilarity measure, methods that rely pri-
marily on adjacency correlation between neighbors but do not
account for more complex interactions between nonadjacent
neighbors. A more realistic approach to biological networks is
gene network analysis, which utilizes a scale-free network with a
topological overlap matrix (TOM) (47). The use of the TOM
allows for better module detection within the networks by
weighing direct adjacency in the network in combination with
connections through neighboring nodes. From the perspective of
systems biology, the bacteria in the same module are more likely
to have similar biological function. Applying this approach to gut
bacterial network analysis allowed us to identify groups of bac-
teria in modules that increase or decrease in unison over the
course of the experiment.
Although WGCNA is not prominent in microbiome studies,

its fundamental techniques, including hierarchical clustering,
principal-component analysis, and correlation analysis are com-
monly applied separately in microbiome studies. The combined
use of these individual techniques offers a powerful approach to
study longitudinal microbial correlations within the microbiome.
Future studies with large-scale microbiome data will help to fur-
ther validate this method of data transformation in application
to WGCNA.
One of the most notable modules in our study, magenta, was

significantly enriched in the alcohol-fed males and was composed
of taxa within the order Clostridiales. Specific taxa within this
order are known for immune-modulating activity and previously
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Fig. 4. Alcohol treatment and EAE induction shifts gut microbiome beta diversity and induces phylum level gut microbiome changes. (A) Principal-
coordinate analysis (PCoA) of Bray–Curtis dissimilarity index illustrates a shift of the D7 microbiome compared to D0 and D41 prior to clinical symptom
onset. (B) PCoA of Jaccard’s index reveals a treatment effect that can further be divided by sex as shown in C and D, emphasizing that both the alcohol-fed
and control groups’ microbiomes respond differentially between the sexes. (E ) Mosaic plots illustrating the average composition of the gut microbiome at
the phylum taxonomic level in the 4 treatment groups. (F ) Verrucomicrobia-to-Firmicutes ratio (VF) of the treatment groups reveals a stronger restoration
of the gut microbiome to pre-EAE levels in the alcohol-fed mice. (G) VF ratio of the sexes and their respective treatment groups demonstrate a trend of a
higher VF ratio in the alcohol-fed males post-EAE induction (n = 4 to 5 per group; Wilcoxon rank sum tests and Benjamini–Hochberg corrections, *P < 0.05,
**P < 0.01, and ***P < 0.001).

25812 | www.pnas.org/cgi/doi/10.1073/pnas.1912359116 Caslin et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 

https://www.pnas.org/cgi/doi/10.1073/pnas.1912359116


www.manaraa.com

found to be reduced in MS patients (48). For example, the family
of Christensenellaceae appears to be higher in mice who either
fail to develop EAE or present a mild disease phenotype (33),
and Clostridium is known to have antiinflammatory properties
via butyrate production (42). The genus Peptostreptococcaceae is
correlated with low levels of vitamin D in MS patients and, like
the mucin degrading genus, Akkermansia municiphilia, has an
immunoregulatory role through SCFA production (35).
Several recent studies have highlighted sex-specific differences

in the gut microbiome constituents (23, 26). We identified a
sex-specific module, green, which consisted of multiple bacte-
ria, including taxa from the class of Bacillus and the family
Ruminococceae. This finding implies that postweaning, males and
females may be developing sex-specific differences within the gut
microbiome. Given that a sex difference in MS emerges postpuberty
(49), our findings implicate the gut microbiome in potentially con-
tributing toward the known age-specific sex differences in MS.
In summary, we present data that moderate alcohol diet is well

tolerated in the EAE model and can drive CNS changes differ-
entially in males and females. The identification of a dietary
factor that results in EAE amelioration in a sex-specific pattern
has several important implications. First, our results suggest that
diet independent of other factors could influence onset and
progression of MS autoimmunity and as such could be contrib-
uting toward the known global rise of MS in females (50). Our
findings highlight the need for further mechanistic diet studies in
both sexes to best guide personalized recommendations on dietary
habits in the treatment of patients with MS and other autoimmune

diseases. In addition, our observation that gut microbiota shift
early in the disease course in response to alcohol suggests that
dietary factors influencing the gut microbiome composition during
early development and perhaps during adolescence could ulti-
mately influence the future course of autoimmunity.
The existing human epidemiological studies in MS are contro-

versial with respect to potential beneficial versus detrimental ef-
fects of alcohol (51–53) and there are no current guidelines on
alcohol for MS patients (54). Thus, clinical advice on continuing
versus stopping alcohol consumption in MS remains largely spec-
ulative. Our finding that moderate alcohol is well tolerated in mice
and exerts beneficial effects suggests that low-dose alcohol con-
sumption may be a consideration in patients with MS. A limitation
of our study is that we did not directly evaluate alcohol in human
patients. Thus, further long-term follow-up mechanistic studies in
humans are critical to ascertain the relationship between exact
dosing of alcohol and disease activity, as well as potential side
effects associated with alcohol consumption. Additional studies
will also be necessary to differentiate the direct CNS effects of
alcohol from the physiological effects caused by alcohol-induced
microbiome changes. Since alcohol can have differential effects on
male and female physiology (21, 29), it is important that future
studies are carried out in both sexes. Inevitably, a more compre-
hensive understanding of alcohol’s effects in MS could unveil
molecular pathways and therapeutics that could be targeted to
recapitulate the protective effects of alcohol without direct
alcohol consumption. Ultimately, a better understanding of the
mechanisms by which moderate alcohol exerts a beneficial effect in
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Fig. 5. Alcohol consumption induces genus-level gut microbiome changes in a sex-specific pattern. (A) Effects of alcohol treatment on specific genera’s
relative abundance in the gut microbiome. (B) Sex-specific effects of the taxa depicted in A. (Error bars calculated with SE for n = 4 to 5 per group; Wilcoxon
rank-sum test and Benjamini–Hochberg corrections: *P < 0.05 and **P < 0.01.)
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neuroinflammation will also shed light unto beneficial effects
of other dietary factors in MS and other neuroinflammatory
conditions.

Materials and Methods
Animals.Male and female C57BL/6Jmicewere housedunder specific-pathogen–
free conditions in microisolator cages (n = 4 to 5 per cage) under a 12-h light/
dark cycle. Mice received a liquid Lieber–DeCarli diet as their sole food source
from weaning (postnatal day 21). Alcohol groups had ad libitum access to a
2.6% alcohol by volume formula (BioServ; F1258SP). Control groups were given
an alcohol-free control diet (BioServ; F1259SP) and were isocalorically pair-fed
as previously described (55). Water was provided ad libitum. All animal
experiments were approved by the University of Texas at Austin Institu-
tional Animal Care and Use Committee.

Experimental Autoimmune Encephalomyelitis. EAE was induced in 7-wk-old
mice by subcutaneous injection of 100 μg of MOG35–55 peptide (Genemed
Synthesis Inc.) dissolved in Complete Freund’s Adjuvant at 1 mg/mL. In-
traperitoneal injections of 250 ng pertussis toxin (List Biological Laboratories
Inc.) were administered immediately following MOG35–55 and 48 h after. EAE
severity was scored on a 0 to 5 scale reflecting degree of limb paralysis and
motor dysfunction per Hooke Laboratories protocol (“Appendix A: EAE
scoring guide,” Hooke catalog no. EK-2110).

Histology and Immunohistochemistry. Mice were intracardially perfused with
10 mL of cold PBS and 10 mL of cold 4% paraformaldehyde (PFA). Whole
spinal cords and livers were extracted and fixed in 4% PFA for 24 h, and then
cryoprotected in 30% sucrose prior to sectioning. Spinal cords were sliced at
20 μm and stained with rabbit anti-Iba1 (WAKO; 1:1,000 dilution), FITC-
conjugated donkey anti-rabbit (Abcam; 1:200), and DAPI (1 μg/mL). Livers
were sectioned at 10 μm and stained with 0.1% hematoxylin and 0.1% eosin.
Image analysis was performed using FIJI ImageJ software. Figures were
generated in GraphPad Prism 7 and R.

Microbiome Analysis. Fecal samples were immediately frozen on dry ice and
stored at −80 °C before processing. Bacterial genomic DNA was extracted
using QIAGEN DNeasy PowerSoil Kit following the manufacturer’s protocol.
16S rRNA sequencing was performed at the Genomic Sequencing and
Analysis Facility. Sequencing data were processed in Qiime2 (2018.11) using
DADA2 to denoise, and the GreenGene classifier to assign taxonomy. The
read counts were fractionated over the total read counts of each sample to
get a representative percent relative abundance.

Statistical Analysis. Significance for the score curves, weights, food con-
sumption, and microglial quantification was determined with Student’s t test
with error bars calculated from SEM. For the Poisson distribution, the count
of the number of days with “high” EAE scores (defined as EAE ≥ 2) was
taken as the dependent variable. Significance for the microbiome analysis

Fig. 6. Alcohol consumption induces genus-level gut microbiome changes in a sex-specific pattern. (A) Hierarchical clustering of taxa and assignment to
modules based on the log relative abundance ratios. (B) Multidimensional scaling of the taxa demonstrates Euclidean separation of modules. (C) Correlative
heat map of traits with their respective P values (score = score day of collection; overall total score = cumulative score of mouse for the entire experiment;
total score = cumulative score to day of collection.) (D) Box-and-whisker plot of the magenta module demonstrates increased eigentaxa representation in the
alcohol-fed mice, particularly in the males. (E) Box-and-whisker plot of the green module reveals an inherent sex effect with the females displaying enriched
eigentaxa compared to the males in both treatment groups. (F) Constituent taxa of the green and magenta modules (n = 4 to 5 per group; Wilcoxon rank sum
test and Benjamini–Hochberg corrections, *P < 0.05, **P < 0.01, and ***P < 0.001).
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was determined using Wilcoxon rank-sum tests and Benjamini and Hochberg
corrections in R:

φ = log
�
«+

5
θ

�
− log

�
α+

5
θ

�
.

The WGCNA package in R was used to analyze and group taxa into modules.
A log-transformed ratio of the experimental time points («) over the weaning
time point (α) of each mouse including a pseudocount of 5 reads over the
total reads (θ) to create a ratio of change (φ) that was used for the WGCNA
clustering analysis. The scale-free topological overlay matrix selection criteria
were used to select β = 2. Visualization utilized the ggplot2 package for R.

Data and Materials Availability. The data reported in this paper have been
deposited to the SequenceReadArchive of theNational Center for Biotechnology
Information of the National Library of Medicine (PRJNA564343) (56).
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