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ABSTRACT
Alcohol use disorder (AUD) results in increased intestinal permeability, nutrient malabsorption, and
increased risk of colorectal cancer (CRC). Our understanding of the mechanisms underlying these
morbidities remains limited because studies to date have relied almost exclusively on short-term
heavy/binge drinking rodent models and colonic biopsies/fecal samples collected from AUD
subjects with alcoholic liver disease (ALD). Consequently, the dose- and site-dependent impact of
chronic alcohol consumption in the absence of overt liver disease remains poorly understood. In
this study, we addressed this knowledge gap using a nonhuman primate model of voluntary
ethanol self-administration where rhesus macaques consume varying amounts of 4% ethanol in
water for 12 months. Specifically, we performed RNA-Seq and 16S rRNA gene sequencing on
duodenum, jejunum, ileum, and colon biopsies collected from 4 controls and 8 ethanol-consuming
male macaques. Our analysis revealed that chronic ethanol consumption leads to changes in the
expression of genes involved in protein trafficking, metabolism, inflammation, and CRC
development. Additionally, we observed differences in the relative abundance of putatively
beneficial bacteria as well as those associated with inflammation and CRC. Given that the animals
studied in this manuscript did not exhibit signs of ALD or CRC, our data suggest that alterations in
gene expression and bacterial communities precede clinical disease and could serve as biomarkers
as well as facilitate future studies aimed at developing interventions to restore gut homeostasis.
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Introduction

The gastrointestinal (GI) tract is the largest mucosal
surface composed of intestinal epithelial cells (IEC),
immune cells, and microorganisms that together form
the most critical barrier between the host and its envi-
ronment.1,2 Interactions between these three compo-
nents are vital to maintaining selective permeability
and immune homeostasis in the gut.3,4 Each region of
the GI tract is unique in its physiological function and
microbial load5: the duodenum and jejunum are pri-
marily responsible for absorption and digestion of die-
tary components; the ileum, the longest segment of the
small intestine, harbors the majority of gut-associated
lymphoid tissue (GALT); and the colon functions to
reabsorb water, eliminate waste, and contains the
highest bacterial content.

Alcohol use disorder (AUD) results in gut injury
highlighted by increased permeability, perturbations
of the gut microbiome, nutrient malabsorption,
increased risk of colorectal cancer (CRC), and func-
tional alterations in mucosal immune cells.6 Data
from in vitro studies indicate that increased perme-
ability is mediated by dysregulated expression and/or
distribution of tight junction proteins, notably, zonula
occludens (ZO)-1 and claudin-1 in ethanol or acetal-
dehyde-treated IEC lines.7-9 These in vitro findings are
in line with clinical and animal model studies that
showed reduced expression of claudin-1, occludin,
and ZO-1 in the duodenum, ileum, and colon,10,11 in
part due to increased expression of microRNA-212.8

Increased intestinal permeability coupled with translo-
cation of luminal contents plays a critical role in the
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initiation and pathogenesis of alcoholic liver disease
(ALD).12-14

AUD alters the fecal microbiome in both humans15-18

and rodent models.13,19 Early studies reported increased
abundance of Gram-negative anaerobic bacteria and
endospore-forming rods,15 as well as bacteria over-
growth in AUD subjects compared to healthy controls.16

Lower abundances of Bacteroidetes and higher abundan-
ces of Proteobacteria have been shown in colonic
biopsies and fecal samples from patients17,18 as well as
mice with ALD.13 Changes in microbial communities
are believed to contribute to higher intestinal permeabil-
ity since antibiotic treatment prevents the ethanol-
induced increase in intestinal permeability in rats.20

Additionally, AUD affects nutrients absorption by
decreasing secretion of digestive enzymes.21 This is
further compounded by the fact that subjects with
AUD often derive most of their caloric intake from
alcohol limiting their supply of nutrients necessary for
structural maintenance of IEC.22 Consequently,
subjects with AUD are often deficient in essential
vitamins and minerals that play a crucial role in the
modulation of gut mucosal immunity.23 Furthermore,
AUD is associated with a 70% greater risk for develop-
ing colorectal cancer (CRC).24-26 Finally, studies
showed reduced cytokine production by lamina prop-
ria lymphocytes with ethanol consumption, suggestive
of reduced immune surveillance.27,28

Despite these findings, several gaps in our under-
standing of the impact and mechanisms of ethanol-
mediated GI injury persist. For instance, very few
studies have examined the impact of AUD on GI tract
segments other than the colon. Additionally, the
impact of non-heavy alcohol consumption is largely
understudied despite the fact it is widespread.29

Finally, mechanisms of reduced nutrient absorption
and the increased risk for CRC remain unclear. Some
of the major obstacles to addressing these questions
are: 1) limited access to intestinal biopsies along the
entire GI tract from human subjects; 2) ethical consid-
eration in obtaining biopsies along the GI tract from
subjects who are non-heavy consumers and don’t
exhibit disease; and 3) the short duration of ethanol
consumption coupled with high ethanol concentration
used in rodent studies.30

To address these questions, we used a nonhuman
primate model of voluntary ethanol self-administra-
tion where following a 3-month ethanol induction
period, animals are given “open-access” to both 4%

ethanol and water for 22 h/day for up to
24 months.31,32 Because animals voluntarily consume
varying doses of ethanol, they naturally segregate into
non-heavy and heavy drinkers with intakes that
closely mirror human data.31 After 18 months of
chronic heavy ethanol consumption, animals develop
ALD as evidenced by elevated liver enzymes and liver
inflammation.33 Using this animal model, we recently
reported robust gene expression changes and disrup-
tions in innate immune pathways in peripheral blood
mononuclear cells isolated from both male34 and
female35 heavy drinkers. These data provide potential
mechanisms to explain the higher incidence of infec-
tion, delay in wound healing, and the increased risk of
cardiovascular disease, lung inflammatory disease,
and cancer seen in subjects with AUD. We also previ-
ously showed that despite the lack of differences in the
frequency of intestinal lymphocytes, chronic ethanol
consumption resulted in a dose-dependent decreased
production of IL-2, IL-17, TNFa, and IFNg by gut-
resident CD4C and CD8C T cells.28

In this study, we sought to uncover dose- and site-
dependent ethanol-induced alterations in mucosal
gene expression and bacterial composition of intesti-
nal biopsies collected from all major gut sections from
8 ethanol-consuming and 4 control male rhesus maca-
ques. Our RNA-Seq analysis revealed several gene
expression changes associated with protein localiza-
tion, metabolism, inflammation, and CRC in ethanol-
consuming animals. We also found that chronic etha-
nol consumption led to a dose-dependent decrease in
putatively beneficial bacteria and an increase in bacte-
ria associated with inflammation and CRC along the
GI tract. Additional in silico analyses suggest putative
changes in bacterial metabolic pathways. Since none
of our animals exhibited clinical signs of CRC or
ALD, these data suggest that ethanol-mediated
changes in gene expression and bacterial communities
could serve as early biomarkers of GI disease.

Results

Chronic ethanol consumption modulates expression
of genes critical for regulation of gene expression,
metabolism, and cell adhesion in the jejunum.

Although it is believed most of the ethanol con-
sumed is rapidly absorbed into circulation in the
duodenum, we did not detect any differentially
expressed genes (DEG) in the duodenal biopsies. In
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the jejunum, we detected 45 DEG between controls
and ethanol-consuming male macaques (Fig. 1A).
The 28 DEG with human homologs (Fig. 1B) play a
role in the regulation of gene expression, protein
trafficking, and metabolism (Fig. 1C). Upregulated
DEG that play a role in regulating gene expression
include DNA replication licensing factor (MCM6),
histone H3 (H3F3A), and serine/arginine-rich
splicing factor (SRSF11). Upregulated DEG that are
important for protein trafficking include zinc finger
DHHC-type-containing-6 (ZDHHC6; protein fold-
ing) and inner mitochondrial membrane peptidase-

like-1 (IMMP1L; protein export). Finally, upregu-
lated DEG with a role in cellular metabolism include
those involved in digestion of carbohydrates such as
sucrose-isomaltase (SI) and enolase-4 (ENO4), as
well as fatty acid metabolism such as acyl-coen-
zyme-A synthetase medium chain-3 (ACSM3) and
apolipoprotein B (APOB). Several of the downregu-
lated DEG also played a role in regulation of: gene
expression such as chromatin-modifying protein-1A
(CHMP1A); metabolism such as the insulin-induced
gene-2 (INSIG2); and cell movement such as the
adhesion molecule CD109.

Figure 1. Chronic ethanol consumption modulates jejunum mucosal gene expression. DEG were identified using the generalized linear
model likelihood ratio test method from the edgeR package as those with a fold change of �2 and a Benjamini-Hochberg- corrected
false discovery rate (FDR) of <0.05. (A) Volcano plot summarizing the gene expression changes with red representing the upregulated
DEG and blue representing the downregulated DEG. The number of up- and down-regulated genes is noted. (B) Pie chart representing
the breakdown of DEG as: noncoding RNA, uncharacterized rhesus genes, and human homologs. (C) Heatmap representing gene
expression (shown as absolute normalized RPKM values) of the genes listed; first column shows median RPKM values of the controls
(n D 4), and subsequent columns show RPKM values of each individual ethanol-consuming animals ordered by alcohol dose (g of etha-
nol/kg/day); range of colors is based on scaled and centered RPKM values of the entire set of genes (red represents increased expression
while blue represents decreased expression).
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Chronic ethanol consumption modulates expres-
sion of genes important for immune processes in the
ileum.

The ileum exhibited the most robust changes in
gene expression with 510 DEG (Fig. 2A). Of the 454
DEG with human homologs (Fig. 2B), 363 were upre-
gulated and 91 were downregulated. The upregulated
DEG primarily enriched to gene ontology (GO) terms
related to immunity and signal transduction (Fig. 2C).
A nework analysis using the functional enrichment
software MetacoreTM showed that of the 136 upregu-
lated DEG that functionally enriched to the GO pro-
cess “immune system process”, 73 DEG directly
interact with one another (Fig. 2D). These genes
include T-cell markers (CD1C, CD40LG); B-cell
markers (CD19, CD79B); antigen presenting cell
markers (CD40, CD86); adhesion molecules (VCAM1,
CD44); cytokines, chemokines, and their receptors
(CCL19, CCR6, CCR7, TNFRSF13C); and Toll-like
receptors (TLR1, TLR7, TLR10). The majority of the
DEG that functionally enriched to “signal transduc-
tion” also enriched to “immune system process”.
Those that uniquely enriched to “signal transduction”
play a role in G-protein signaling e.g., regulator of G
protein signaling RGS13, the signaling G protein
RAC2, the guanine nucleotide exchange factor GIV/
Girdin (CCDC88A), and the GTPase dynamin
(DNM1).

Additional functional enrichment analysis using a
disease database available on MetacoreTM revealed sig-
nificant enrichment to immune system diseases
(Fig. 2E) including genes that are critical to the devel-
opment and progression of various lymphomas such
as BCL2A1, BCL6, Bruton’s tyrosine kinase (BTK), B-
and T-lymphocyte attenuator (BTLA), matrix metallo-
proteinases (MMP12), and mitogen-activated protein
kinases (MAP4K1). Most of the 108 DEG that
uniquely enriched to “neoplasms by histologic type”
are associated with GI neoplasms including comple-
ment component-4 binding protein alpha (C4BPA),
protein tyrosine phosphatase non-receptor type-7
(PTPN7), and transcription factor 4 (TCF4). Expres-
sion of genes involved in structural integrity such as
gap junction protein (GJA5) was also upregulated.

The 91 DEG that were downregulated in the ileum
with ethanol consumption enriched to GO processes
related to steroid/lipid metabolism (Fig. 2F). Notable
DEG include the signaling molecule phosphatidylino-
sitol-4-phosphate 3-kinase catalytic subunit type-2-

gamma (PIK3C2G); transcription factors hepatocyte
nuclear factor alpha 1 and 4 (HNFA1, HNFA4); and
the low-density lipoprotein receptor (LDLR) and its
ligand proprotein convertase subtilisin/kexin type-9
(PCSK9). Similarly, analysis using the diseases data-
base showed enrichment to “lipid metabolism disor-
ders” and “metabolic diseases”. Additionally, several
of the 32 genes that enriched to the disease pathway
“adenocarcinoma” (Fig. 2G) are associated with pro-
gression of CRC including caspase recruitment
domain-containing protein (PYCARD), melanophilin
(MLPH), transient receptor potential cation channel
(TRPM6), and suppressor of cytokine signaling-6
(SOCS6).

Chronic ethanol consumption modulates expres-
sion of genes important for pathways involving cancer
development and immunity in the colon mucosa.

In the colon, 3 genes were upregulated and 108
genes were downregulated with ethanol-consumption
(Fig. 3A). Of the 107 downregulated DEG with human
homologs (Fig. 3B), 67 enriched to the GO term
“immune system process” (Fig. 3C and E) and 71
enriched to the disease term “immune system dis-
eases” (Fig. 3D). These genes include B-cell markers
(CD19, CD72, CD79B); co-stimulatory markers
(CD83); as well as cytokines, chemokines, and their
receptors (e.g. IL24, CCL19, IL21R, and CCR7). Sev-
eral DEG also encode for T-cell markers (e.g. CD1C,
CD2, CD3D, CD3E, CD5, CD8A) and enriched to GO
terms “regulation of T-cell activation” and “T-cell dif-
ferentiation”. Interestingly, several of these DEG were
upregulated with ethanol consumption in the ileum
(CD1C, CD19, CD22, CD72, CD79B, CCL19, CCR7,
CXCR4, FCRL1, IL21R, TNFRSF13C). Additional
downregulated immune genes include indoleamine-
2,3-dioxygenase-1 (IDO1), which drives differentia-
tion of regulatory T-cells; peptidase inhibitor (PI3);
and defensin-6 (DEF6). Some downregulated genes
are also critical for signal transduction including Janus
kinase-3 (JAK3) and signal transducer and activator of
transcription (STAT1). Several of the immune genes
listed above enriched to the disease term “gastrointes-
tinal neoplasms” and are also associated with CRC
development including the T cell chemoattractant
CXCL9, keratin-7 (KRT7), and IDO1.

Ethanol consumption results in dynamic dose-
dependent mucosal gene expression changes.

Since we collected samples from male macaques
with varying ethanol intake, we next explored
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Figure 2. Chronic heavy ethanol consumption modulates expression of genes important for immune system processes in the ileum. DEG
were identified using the generalized linear model likelihood ratio test method from the edgeR package as those with a fold change of
�2 and a Benjamini-Hochberg- corrected false discovery rate (FDR) of <0.05. (A) Volcano plot summarizing the gene expression
changes with red representing the upregulated DEG and blue representing the downregulated DEG. The number of up- and down-
regulated genes is noted. (B) Pie chart representing the breakdown of DEG as noncoding RNA, uncharacterized rhesus genes, and
human homologs. (C) Bar graphs displaying the number of DEG upregulated with ethanol consumption that enriched to the listed
Gene Ontology (GO) terms; line represents the -log(FDR-adjusted P-values) associated with each enrichment to a GO term. (D) Network
image of the upregulated DEG that enriched to “immune system process” and directly interact with one another. (E) Bar graphs display-
ing the number of DEG upregulated with ethanol consumption that enriched to the Disease terms; line represents the -log(FDR-adjusted
P-values) associated with each Disease. (F) Bar graphs displaying the number of DEG downregulated with ethanol consumption that
enriched to the listed GO terms; line represents the -log(FDR-adjusted P-values) associated with enrichment to each GO term. (G) Bar
graphs displaying the number of DEG upregulated with ethanol consumption that enriched to the Disease terms; line represents the
-log(FDR-adjusted P-values) associated with each Disease term.
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dose-dependent dynamic changes in gene expression
that go beyond positive or negative correlations by uti-
lizing Short Time-series Expression Miner (STEM).
Animals were divided into 3 groups based on their
ethanol consumption patterns: controls (n D 4), non-
heavy drinkers (n D 4), and heavy drinkers (n D 4).36

We focused our analysis on highly expressed genes

with an average RPKM value �50 (reads per kilobase
of transcript per million mapped reads). In the duode-
num, STEM analysis identified 2 clusters of genes the
expression of which increases with non-heavy ethanol
consumption then decreases to either control or near
control levels with heavy drinking. Genes in cluster 1
play a role in protein transport and localization

Figure 3. Chronic heavy ethanol consumption modulates expression of genes associated with cancer development and immune func-
tion in the colon. DEG were identified using the generalized linear model likelihood ratio test method from the edgeR package as those
with a fold change of �2 and a Benjamini-Hochberg- corrected false discovery rate (FDR) of <0.05. n D 4/group. (A) Volcano plot sum-
marizing the gene expression changes with red representing the upregulated DEG and blue representing the downregulated DEG. The
number of up- and down-regulated genes is noted. (B) Pie chart representing the breakdown of DEG as noncoding RNA, uncharacter-
ized rhesus genes, and human homologs. (C, D) Bar graphs displaying the number of DEG downregulated with ethanol consumption
that enriched to GO and Disease terms respectively; line represents the -log(FDR-adjusted P-values) associated with enrichment to each
GO/disease term. (E) Heatmap representing gene expression (shown as absolute normalized RPKM values) of DEG that enriched to the
GO term “immune system process”; first column shows median RPKM values of the controls (n D 4), and subsequent columns show
RPKM values of each individual ethanol-consuming animals ordered by alcohol dose (g of ethanol/kg/day); range of colors is based on
scaled and centered RPKM values of the entire set of genes (red represents increased expression while blue represents decreased
expression).
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(Fig. 4A; Supplemental Table 1; Fig. S1A) and func-
tionally enriched to GO terms such as “cotranslational
protein targeting to membrane” (FDR-P D 1.15e-17;
e.g ribosomal proteins RPL11 and RPS27) and “pro-
tein targeting to ER” (FDR-P D 2.66e-17). Genes also
enriched to “transport” (FDR-P D 1.30e-10; e.g. solute
carrier SLC26A3) and “immune response-regulating
signaling pathway” (FDR-P D 8.11e-7; e.g. immuno-
globulin genes IGHM and IGJ). Furthermore, 41 of
these 47 genes enriched to the Disease term “digestive
system diseases” (FDR-P D 4.95e-5) including those
encoding for the transporter PIGR and mucin gene
MUC6. Genes in cluster 2 (Fig. 4A; Supplemental
Table 1) play a role in exocytosis and enriched to GO
terms “secretion” (FDR-P D 1.92e-4) and “neutrophil
degranulation” (FDR-P D 1.92e-4) such as heat shock

protein HSPA8. All 13 genes within cluster 2 also
enriched to “colonic diseases” (FDR-P D 3.00e-4).

Similarly, in the jejunum, STEM analysis revealed a
cluster of genes whose expression increases with non-
heavy ethanol consumption then returns to near con-
trol levels with heavy ethanol consumption (Fig. 4B;
Supplemental Table 2). Majority of these 129 genes
are important for cellular metabolism, and function-
ally enriched to the GO term “cellular metabolic pro-
cess” (n D 80; FDR-P D 5.16e-3) including the
Acetyl-CoA Acetyltransferase 1 ACAT1 and the ubiq-
uitin ligase MARCH7. STEM also identified a second
group of genes with expression that increases with
non-heavy ethanol consumption and remains
unchanged with heavy ethanol consumption (Fig. 4B;
Supplemental Table 2) that also functionally enriched

Figure 4. Dynamic gene expression changes mediated by ethanol consumption. Expression patterns of DEG clusters uncovered by STEM
analysis in (A) duodenum, (B) jejunum, (C) ileum, (D) and colon with the number of genes and FDR p-value reported. First point repre-
sents controls (n D 4); second point represents non-heavy group (n D 4) and last point represents heavy group (n D 4).
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to GO term “metabolic process” (FDR-P D 8.42e-2;
Fig. S1B) including the phosphofructokinase PFKM
and the solute carrier SLC7A7. STEM further identi-
fied a third cluster of genes in the jejunum, with
expression levels that drastically increase with non-
heavy ethanol consumption then continue to increase
with heavy ethanol consumption (Fig. 4B; Supplemen-
tal Table 2). These genes are critical for signal trans-
duction and include natural killer cell receptor CD160
and the choline phosphotransferase CEPT1.

STEM analysis of the ileum transcriptome uncov-
ered a cluster of 89 genes the expression of which
decreases with non-heavy ethanol consumption and
to a lesser extent with heavy ethanol consumption
(FDR-P D 2.3e-20; Fig. 4C; Supplemental Table 3).
These genes functionally enriched to GO terms “neu-
trophil mediated immunity” (FDR-P D 9.25e-6; e.g.
chemokine CCL25 and innate immune gene PLAC8),
“transport” (FDR-P D 9.25e-6; members of the solute
carriers family SCL2, 5, 6 and 7), and “digestion”
(FDR-PD 1.16e-5; mucin geneMUC2 and actin-bind-
ing protein VIL1). STEM analysis identified a second
cluster of 60 genes the expression of which was unal-
tered with non-heavy ethanol consumption but greatly
increased with heavy ethanol consumption (Fig. 4C;
Supplemental Table 3). These genes enriched to the
GO term “negative regulation of metabolic process”
(FDR-P D 1.88e-25; Fig. S1C) including heat shock
protein HSP90AB1 and ribosomal protein UBA52.
Additionally, 38 other genes enriched to the Disease
term “colonic diseases” (FDR-P D 1.00e-5) such as
metastasis suppressor CD82, putative tumor suppres-
sor TAGLN2, and actin-sequestering TMSB4X.

In the colon, STEM analysis identified 37 genes, the
expression of which greatly decreased with non-heavy
ethanol consumption, and even more with heavy etha-
nol consumption (Fig. 4D; Supplemental Table 4).
These genes play a role in macromolecule transport
and functionally enriched to GO terms such as “pro-
tein targeting” (FDR-P D 4.67e-20) and “macromole-
cule localization” (FDR-P D 6.20e-11) including
cofilin gene CFL1 and carbohydrate binding galectin 3
LGALS3. Furthermore, 32 of these genes enriched
to the Disease term “gastrointestinal neoplasms”
(FDR-P D 1.88e-3) including gut permeability indica-
tor FABP and signaling molecule RACK1. STEM iden-
tified an additional cluster of genes where expression
negatively correlated with increasing ethanol dose in a
linear fashion (Fig. 4D; Fig. S1D; Supplemental

Table 4). Functional enrichment showed that 16 genes
are associated with “localization” (FDR-P D 7.78e-12)
and 19 of these genes mapped to the Disease term
“colonic diseases” (FDR-P D 3.17e-4), notably adhe-
sion molecule CD9, and components of the actin cyto-
skeleton such as ACTB.

Given the robust changes in gene expression
observed along the GI tract, we next determined if
these alterations were accompanied by an increased
permeability of the GI barrier. We measured circulat-
ing endotoxin-core antibodies in plasma samples col-
lected after 12 months of alcohol consumption and
discovered a positive correlation between levels of
anti-endotoxin IgM levels and ethanol intake (r D
0.8201; p D 0.0016) (Fig. S2G).

Alcohol consumption impacts mucosa-associated
bacterial communities in both small and large
intestine.

We next investigated ethanol-induced changes in
gut mucosa-associated bacterial communities using
16S rRNA gene sequencing37 (Fig. 5A). Since we did
not have access to luminal contents, we sequenced the
second half of the mucosal biopsies used for RNA-Seq
analysis. Although not ideal, this approach would pro-
vide insight into the microbial niche that is closely
interacting with intestinal epithelial and immune cells.
To assess alpha diversity, we calculated the Shannon
diversity index, which revealed similarities in evenness
among the intestinal regions and groups (Fig. S3A).
The beta diversity analysis using weighted UniFrac
values showed that biopsies from ethanol-consuming
male macaques did not form a distinct cluster from
those collected from controls (Fig. 5B and Fig. S3B-E).
In line with these observations, only subtle differences
were noted at the phyla level (Fig. 5A and Fig. S4A).
In the jejunum and ileum, we observed a small
decrease in relative abundance of Firmicutes in etha-
nol-consuming animals compared to controls (36.3%
and 36.8% compared to 41.2% and 42.8%). In the
colon, we detected a slight increase in Bacteroidetes
(25.2% vs. 18.2%) that was accompanied by a decrease
in Proteobacteria (33.2% vs. 38.3%) in ethanol-con-
sumers compared to controls (Fig. 5A). A genus level
analysis further revealed minimal changes in the
colon, where levels of Flexispira slightly decreased
while Clostridiales, S24-7, and Prevotella increased
with ethanol consumption (Fig. S4B).

Since we did not detect significant differences in
microbial communities at the group level, we decided
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to examine Spearman correlations between individual
average daily ethanol consumption and operational
taxonomic unit (OTU) abundance (Table S5-S8). We
also utilized Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States (PIC-
RUSt) to carry out an in silco analysis of the pathways
associated with the bacterial communities using K
numbers from the KEGG database and measured cor-
relations with ethanol consumption (Table S9-S12). In
the duodenum, these analyses revealed 19 OTU whose
abundance positively correlated with ethanol con-
sumption including several members of the Porphyro-
monadaceae (Table S5 and Fig. 6A). Only 4 OTU,
which were members of the Proteobacteria and
Bacteroidetes phyla, negatively correlated with ethanol

consumption in the duodenum (Table S5 and
Fig. 6A). PICRUSt analysis revealed 21 putative bacte-
rial genes associated with the metabolism of carbon
compounds, carbohydrates, and lipids that positively
correlated with ethanol consumption (Table S9 and
Fig. 6B). An additional putative 19 bacterial genes
involved in metabolism of purines and carbohydrates
negatively correlated with ethanol consumption
(Table S9 and Fig. 6B).

In the jejunum, 4 OTU positively correlated with
ethanol consumption including the opportunistic
pathogen Prevotella veroralis.38 Many of the 34 OTU
that negatively correlated with ethanol consumption
were members of Clostridiales including OTU in
the Lachnospiraceae and Ruminococcaceae families

Figure 5. Chronic ethanol intake results in minor changes in mucosal microbial communities. Low quality, chimeric, and Cyanobacteria
sequences were removed, reference OTU were selected at 97% similarity, and beta diversity calculations were performed using QIIME.
n D 4/group. (A) The average abundance (% of total) of bacterial rRNA gene sequences at the phylum level in the duodenum, jejunum,
ileum, and colon of controls and ethanol-consuming male macaques. The % abundance of Bacteroidetes, Firmicutes, and Proteobacteria
are noted on the plots. (B) Principal component analysis (PCA) of weighted UniFrac values to examine beta diversity between controls
and ethanol-consuming animals.
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(Table S6 and Fig. 6A). PICRUSt analysis revealed 18
and 16 putative bacterial genes in the jejunum that
positively and negatively correlated with ethanol con-
sumption (Table S10 and Fig. 6B), including 40-phos-
phopantetheinyl transferase, which negatively
correlated with ethanol consumption and is important
for the metabolism of cofactors and vitamins.

In the ileum, 19 OTU positively correlated with
BEC including several Prevotella species (P. copri,
P. stercorea, and P. loescheii) that are known to be
associated with inflammation (see Table S7 and
Fig. 6A). The 3 OTU that negatively correlated with
BEC included likely commensal bacteria such as
Ruminococcus torques. PICRUSt analysis revealed 14
putative bacterial genes largely involved in sugar and

fatty acid synthesis that positively correlated with eth-
anol consumption while 6 bacterial genes involved in
amino acid, sulfur, and purine metabolism were nega-
tively associated with ethanol consumption (Table S11
and Fig. 6B).

The most robust changes in bacterial communities
following chronic ethanol consumption were detected
in the colon where the abundance of 55 OTU posi-
tively correlated with ethanol consumption (Table S8
and Fig. 6A). These included Peptostreptococcaceae
bacterium, Haemophilus parainfluenzae, and Seleno-
monas dianae, which are enriched in CRC patients39,40

and associated with worse prognosis.41 PICRUSt
analysis suggests that these changes in relative OTU
abundance could be associated with the upregulation

Figure 6. Chronic ethanol consumption alters bacterial communities and subsequently critical metabolic pathways in a dose-dependent
manner. Heatmaps of (A) OTU (refer to Tables S5-S8) and (B) KEGG genes (refer to Tables S9-S12) that significantly correlated with aver-
age daily BEC either in a positive or negative manner as determined by the Spearman correlation coefficient (n D 12/gut region). Corre-
lations were defined as those with an r-value �0.5 or �¡0.5, and a p-value <0.05. Single and double hyphens in the cells indicate
p < 0.05 and p < 0.01, respectively.
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of pathways involving biosynthesis of carbohydrates
(glyoxylate metabolism, amino and nucleotide sugar
metabolism); xenobiotics metabolism; and nutrient
metabolism (Table S12 and Fig. 6B). In contrast, PIC-
RUSt analysis indicated beta-ketoacyl-ACP synthase,
critical for vitamin synthesis, was negatively correlated
with ethanol intake.

Discussion

Among the different models used in alcohol research,
nonhuman primates are critically important due to
their genetic homology with humans, their propensity
to voluntarily consume alcohol, and the similarity of
their alcohol metabolism to that of humans.31 Here,
we used a nonhuman primate model of voluntary eth-
anol self-administration to characterize the site- and
dose-dependent impact of chronic ethanol consump-
tion on intestinal mucosa gene expression and bacte-
rial composition in male rhesus macaques.

We did not identify any gene expression differences
at the group level associated with ethanol intake in the
duodenum, possibly due to the rapid ethanol absorp-
tion, the scarcity of resident immune cells in this GI
segment5, and/or the wide range of ethanol doses
among the ethanol-consuming animals. However,
additional analyses that leveraged the variable drink-
ing patterns of the animals revealed that the expres-
sion level of 60 genes largely involved in protein
localization, notably several ribosomal protein and
solute carriers, increases with non-heavy ethanol con-
sumption then returns to levels similar or slightly
above control levels.

In the jejunum, a modest number of DEG that play
a role in the regulation of gene expression, protein
trafficking, and metabolism was identified between
controls and ethanol-consuming animals. One of the
most upregulated DEG in the jejunum is histone 3
(H3F3A), which is heavily phosphorylated and acety-
lated following acute ethanol administration in the
liver of male rats.42 Future studies will determine
whether increased expression of H3F3A in the jeju-
num of male ethanol-consuming macaques is also
accompanied with increased protein expression and
post-translational modifications that could in turn
regulate gene expression in the jejunum. Similarly,
STEM analysis revealed dose-dependent changes in
the expression of genes involved in signal transduc-
tion, regulation of gene expression, and cellular

metabolic processes including: several G-coupled pro-
tein receptors (GPR18, 22, 34, and 82), potassium
channel family members (KCNIP4 and KCNJ13), tran-
scription factors (EIF2B1, EIF2S2, and EIF4A1), and
interestingly microRNA precursors (miR1-2, 133A,
181A, and 215). Collectively, these gene expression
changes suggest that ethanol consumption disrupts
metabolism, protein trafficking, and regulation of
gene expression in the jejunum.

The most robust changes in gene expression at the
group level were detected in the ileum, which harbors
the majority of GALT.5 Several DEG upregulated with
ethanol consumption in the ileum are important for
lymphocyte function and trafficking such as CD19,
CD27, CD37, CD40, CD44, CCL19, CCR6, and CCR7.
These changes in gene expression occurred despite the
lack of differences in T cell frequencies28 which sug-
gests that ethanol regulates gene expression at the cell
level rather than through changes in cell numbers.
Moreover, we detected large increases in the expres-
sion of Toll-like receptors (TLR) that are critical in the
detection of bacterial lipopeptides (TLR1), single-
stranded RNA viruses (TLR7), and other unknown
pathogen-associated molecular patterns (TLR10).43

STEM analysis also revealed increased levels of several
genes associated with host defense and inflammation
such as CCL25, ACE1, DGAT1, and CD13.

Interestingly, we found several DEG implicated in
the initiation and/or progression of CRC in the ileum
including the transcription factor lymphoid enhancer
factor-1 (LEF1), which is highly expressed in human
CRC cells.44 In addition, expression of NOS2, which
plays a critical role in preventing tissue damage due to
reactive oxygen species, was downregulated 6-fold
with heavy drinking in the colon. Given that alcohol
consumption increases production of reactive oxygen
species45, loss of NOS2 expression can potentially
exacerbate DNA damage and carcinogenesis. STEM
also uncovered a cluster of 38 genes involved in
“colonic diseases” that remain unchanged with non-
heavy ethanol consumption but greatly increase with
heavy ethanol consumption and included the metasta-
sis suppressor gene CD82, and tumor protein transla-
tionally controlled-1 (TPT1), which protein levels
have been shown to be drastically increased in the
early stages of CRC development.46

We also report an increase in the expression of gap
junction protein GJA5 in the ileum, which regulates
the passage of ions and molecules between cells.
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Increased expression of GJA5 could lead to an increase
in translocation of bacteria, their products, and dietary
antigens, which in turn leads to increased inflamma-
tion and could explain the robust upregulation of
immune genes in the ileum. This change is in line
with the increased endotoxin-core IgM antibody titers
observed, and is potentially indicative of decreased
barrier function. Indeed, a clinical study showed that a
one-time consumption of 20g ethanol (non-heavy eth-
anol consumption) is sufficient to cause an increase in
both small and large intestinal permeability in healthy
human volunteers.51

Fewer immune genes were dysregulated by ethanol
consumption in the colon compared to the ileum,
potentially due to reduced GALT in this compart-
ment.5 Moreover, in contrast to the ileum, the expres-
sion of genes involved in immune function and
regulation of inflammation were reduced in the colon
following ethanol consumption including PI3, IFIT3,
IDO1, CCL19, CCR7, and DEF6. The difference in
direction of change could be due to the fact that
immune cells in the colon have evolutionarily adapted
to a more regulatory role due to the greater microbial
load.47 Reduced expression of immune genes could
also signal reduced immune surveillance in the colon
with long-term ethanol consumption, which in turn
could facilitate the development of malignancies. For
instance, expression of IL21R, which plays an impor-
tant role in anti-tumor responses,48 is reduced in the
colon. Other genes that negatively correlated with
alcohol dose are responsible for control of the cell
cycle including CDC42, RAB1B, and RAB8A.

Similarly, STEM analysis identified 2 distinct clus-
ters of genes the expression of which negatively corre-
lated with ethanol consumption in the colon. These
genes enriched to the disease term “gastrointestinal
neoplasms” including CFL1, FABP, FTH1, and
RACK1. STEM also revealed that expression of miR-
663, which is known to be dysregulated in several
types of cancer,50 decreased with ethanol consump-
tion. Decreased expression of this microRNA was pri-
marily driven by non-heavy ethanol consumption in
the colon, and was only slightly further exacerbated
following heavy ethanol consumption.

Interestingly, we did not detect a difference in
microbial community diversity in ethanol-consuming
animals compared to controls at the group level. This
observation is in contrast to a recent study using a
rodent model of acute ethanol liquid diet, which

reported a decrease in bacterial diversity with alcohol
exposure.13 The discrepancy between our data and the
rodent studies could be due to differences in acute ver-
sus chronic consumption of ethanol, the total amount
of ethanol consumed, the diet (our macaques have
concurrent access to 4% ethanol as well as water ver-
sus the liquid chow diet for the rodent study), the vari-
able dose of ethanol consumed by our animals (since it
is a voluntary ethanol consumption model) and last
but not least physiological and genetics differences
between rodents and nonhuman primates.

Furthermore, previous studies showed decreased
abundance of Bacteroidetes and Firmicutes and higher
abundance of Proteobacteria and Actinobacteria in the
sigmoid colon and feces of AUD patients with ALD
compared to those without ALD.17,18 In contrast, data
reported here show minor differences at the phyla
level that reflected a slight increase in Bacteriodetes
and a reduction of Proteobacteria. This difference is
likely due to the lack of ALD in our animals and
examination of mucosa-associated bacterial commu-
nities, which can greatly differ from stool communi-
ties.52 AUD has also been shown to result in an
increase in the prevalence of families containing path-
ogenic bacteria including Enterobacteriaceae, Strepto-
coccaceae, and Prevotellaceae as well as a reduction in
beneficial families such as Lachnospiraceae in fecal
material from patients with cirrhosis.18 Similarly, we
report that chronic ethanol consumption was posi-
tively associated with Streptococcaceae, Prevotellaceae,
as well as Lachnospiraceae in the duodenum, ileum,
and colon.

In the duodenum, we uncovered a positive correla-
tion between ethanol consumption and several OTU
associated with inflammation such as Porphyromona-
daceae.53 We also identified many OTU associated
with inflammation that positively correlated with eth-
anol consumption in the ileum including major Prevo-
tella species (P. copri, P. stercorea, and P. loescheii).
Similarly, the frequency of opportunistic pathogens
such as Prevotella copri, P. stercorea, P. loescheii, Clos-
tridium perfrigens, C. celatum, C. clostridioforme, and
Streptococcus suis were increased with daily ethanol
dose in the colon. In contrast, chronic heavy ethanol
consumption decreased putatively beneficial bacteria
such as Blautia species in jejunum and Ruminococcus
species in ileum. Interestingly, an expansion of P. copri
in mice has been shown to exacerbate colitis.54 We
also observed an increase in the genus Porphyromonas
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in the colon with heavy ethanol drinking compared to
controls. Porphyromonas have been identified as a
strong biomarker for CRC in humans.55 Decreases in
Porphyromonadaceae have also been associated with
inflammation in colorectal tumor-bearing mice.53 In
the colon, we also found a positive correlation between
ethanol consumption and frequency of Peptostrepto-
coccaceae bacterium and Haemophilus parainfluenzae,
which are enriched in CRC patients39 and associated
with colorectal carcinoma-in-adenoma.41 Further-
more, Selenomonas dianae, which is enriched in proxi-
mal colon tumors,40 was also increased with ethanol
consumption. These findings are particularly interest-
ing given the increased incidence of CRC with AUD.56

Additionally, the abundance of Flexispira species,
which are usually dominant in healthy macaques,57

was reduced with heavy ethanol consumption sugges-
tive of a loss in commensal bacteria. Furthermore,
PICRUSt analyses revealed several putative bacterial
genes that positively correlated with ethanol con-
sumption are involved in carbohydrate metabolism.
We also uncovered a negative correlation between eth-
anol consumption and the putative bacterial gene 40-
phosphopantetheinyl transferase, which is involved in
vitamin production and metabolism, a potential
mechanism of alcohol-mediated malabsorption/
malnutrition.

In summary, the studies presented in this manu-
script show that ethanol consumption results in robust
changes in gene expression, notably within the ileum
where a large number of genes involved in host
defense and inflammation were upregulated. Chronic
ethanol consumption also leads to dysregulated
expression of genes involved in GI cancers, especially
CRC. Moreover, relative abundance of several bacte-
rial taxa were altered throughout the GI tract includ-
ing a dose-dependent decrease in the incidence of
putatively beneficial bacteria as well as increased fre-
quencies of taxa associated with inflammation and
CRC. Similarly, in silico analysis suggests that several
bacterial metabolic pathways may also be altered with
ethanol consumption. It is important to note that ani-
mals used in our study lack liver damage, therefore
the changes in gene expression and bacterial commu-
nities described precede overt clinical disease and
could therefore potentially serve as prognostic
biomarkers.

Limitations of our study include the use of full
thickness biopsies, which precluded us from being

able to trace changes in gene expression to specific
cell types. Performing RNA-Seq on isolated cell
populations (intestinal epithelial cells, lamina prop-
ria lymphocytes, intra-epithelial lymphocytes, and
smooth muscle cells) may reveal additional gene
expression changes within specific cell population
that were diluted by the use of a full thickness
biopsy. Moreover, the lack of access to biopsies
before the animals were exposed to ethanol impeded
our ability to conduct longitudinal studies. Access to
fecal samples or luminal contents would have also
allowed us to compare mucosa-associated versus
luminal communities, and analyze microbial metab-
olites. Finally, we evaluated a small number of ani-
mals and only used male macaques. However, our
study also has unique strengths, notably the use of
an outbred nonhuman primate model, the analysis
of biopsies from the 4 major gut sections, and the
simultaneous measurement of changes in gene
expression profiles and abundance of microbial com-
munities with the same biopsy.

Future studies need to analyze bacterial commu-
nities using shotgun metagenomics and metabolo-
mics. Additionally, the mechanisms underlying
changes in gene expression will be explored by
defining epigenetic changes such as histone modifi-
cations and alterations in microRNA profiles. The
functional consequences of alterations in specific
bacterial species will be determined by assessing
their impact on barrier function, their ability to
translocate, and invade and adhere to epithelial
cells. Last but not least, these studies need to be
extended to study female macaques in order to
identify gender differences in the impact of ethanol
consumption on GI health.

Materials and methods

Ethics approval

Tissues were acquired from the Monkey Alcohol
Tissue Research Resource (MATRR/matrr.com). All
animal work was was performed in strict accordance
with the recommendations detailed in the Guide for
the Care and Use of Laboratory Animals of the
National Institute of Health, the Office of Animal
Welfare and the United States Department of Agricul-
tures and approved by the Oregon National Primate
Research Center (ONPRC) Institutional Animal Care
and Use Committee (IACUC).
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Rhesus macaque model of voluntary ethanol
self-administration
We leveraged the Monkey Alcohol Tissue Research
Resource (MATRR; http://www.matrr.com/) to con-
duct the experiments described in this manuscript.
Samples from 12 male rhesus macaques 4–5 years of
age were used in these studies (Table 1). Eight of these
male rhesus macaques chronically consumed 4% etha-
nol in water for 12 months and segregated into two
cohorts, n D 4 each, based on average daily ethanol
intake values: non-heavy drinkers with an average
daily blood ethanol concentration (BEC) of 22.3-
48.8 mg/dl (or mean daily intake of 1.8-2.3 g/kg) and
heavy drinkers with an average daily BEC of 90–
126 mg/dl (or mean daily intake of 2.8-3.3 g/kg). Clas-
sification of the animals into non-heavy and heavy
drinkers was previously described in31,36 and the
Monkey Alcohol Tissue Research Resource (www.
matrr.com). Four males served as controls and con-
sumed a calorically-matched maltose dextrose solu-
tion. Although controls and ethanol-consuming
animals consumed comparable numbers of total calo-
ries (Fig. S2A), heavy drinkers consumed a much
higher number of ethanol-derived calories compared
to non-heavy drinkers (Fig. S2B). Mean daily BEC
and g/kg consumed (calculated over the entire 12-
month open access period) significantly correlated
with each other (Fig. S2C). All 12 animals were eutha-
nized after 12 months of open access and biopsies
were collected from duodenum, jejunum, ileum, and
transverse colon, snap frozen, and stored at ¡80�C
until analysis. Biopsies were cut in half: one half was
used for RNA isolation and the other half was used for
DNA isolation. Plasma samples were also collected
at necropsy following 12 months of ethanol

self-administration, however fecal samples and lumi-
nal contents were not available. Ethanol-consuming
animals did not show overt signs of liver damage as
assessed by measuring alanine transaminase (ALT)
and aspartate transaminase (AST) enzyme levels and
histological assessment of liver sections (Fig. S2D-F).

RNA sequencing (RNA-Seq)
Total RNA was isolated from duodenal, jejunal, ileal,
and colonic biopsies using the Qiagen miRNeasy kit
(Qiagen, Catalog #217004). Ribosomal RNA (rRNA)
was depleted using the Epicentre Ribo-Zero rRNA
Removal kit (Illumina, Catalog #MRZH11124).
Libraries were constructed using the Bioo Scientific
NEXTflex Rapid Directional RNA-seq kit (Bioo
Scientific, Catalog #NOVA-5138-10). Briefly, rRNA-
depleted RNA was fragmented and converted to dou-
ble stranded cDNA. Adapters were ligated and »300
base pair fragments were amplified by PCR and
selected by size exclusion. Each library was labeled
with a unique barcode for multiplexing. To ensure
proper sizing, quantitation, and quality prior to
sequencing, libraries were analyzed on the Agilent
2100 Bioanalyzer. Multiplexed libraries were subjected
to single-end 100 base pair sequencing using the Illu-
mina HiSeq2500 platform.

RNA-Seq bioinformatic analysis
Data analysis was performed with the RNA-Seq work-
flow module of the systemPiperR package available on
Bioconductor.58,59 Quality reports were generated
with seeFastq. Reads were mapped with the splice-
aware aligner suite Bowtie2/Tophat260,61 against the
Macaca mulatta genome from Ensembl.62 Default
parameters of Tophat2 optimized for mammalian
genomes were used for alignment (allowing 2% nucle-
otide mismatches). Raw expression values in form of
gene-level read counts were generated with summari-
zeOverlaps.63 Only reads overlapping exonic regions
of genes were counted, discarding reads mapping to
ambiguous regions of exons from overlapping genes.

Analysis of differentially expressed genes (DEG) was
performed with the generalized linear model likelihood
ratio test method from the edgeR package.64,65 To deter-
mine the impact of ethanol consumption on gene
expression, we compared the transcriptome of controls
versus that of ethanol-consuming animals. DEG were
defined as those with a fold change of �2 and a
Benjamini-Hochberg-controlled false discovery rate

Table 1. Summary of rhesus macaques used in this study.

Animal
ID

Mean daily ethanol intake
(g/kg/day)

Blood EtOH Content
(Avg mg%)

Drinking
status

MC1 0 0 Control
MC2 0 0 Control
MC3 0 0 Control
MC4 0 0 Control
MM1 1.8 35.86 Non-Heavy
MM2 1.9 32.68 Non-Heavy
MM3 1.9 20.74 Non-Heavy
MM4 2.3 33.89 Non-Heavy
MH1 2.8 67.42 Heavy
MH2 3 75.02 Heavy
MH3 3.1 72.24 Heavy
MH4 3.3 95.25 Heavy

Mean daily ethanol (EtOH) intake, as calculated during the period of
12-month EtOH self-administration is shown.
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(FDR) of <0.05. To confirm the RNA-Seq results,
expression levels of 8 DEG that play a role in ALD,
CRC, and host defense/inflammation in the: 1) ileum
[CD2 (Rh02839718_m1), CCL19 (Rh02621767_m1),
CCR6 (Rh02788181_s1), CCR7 (Rh03985963_s1),
and BCL6 (Rh02839507_m1)] (Fig. S5A); and 2)
in the colon [CD2 (Rh02839718_m1), CCL19
(Rh02621767_m1), STAT1 (Rh02899274_m1), and
ZAP70 (Rh02837378_m1)] (Fig. S5B) were selected for
confirmation using Taqman probes and qRT-PCR.
Changes in expression level of all 8 genes were con-
firmed. Functional enrichment analysis was performed
to identify significant biological pathways including
gene ontology (GO) terms and disease biomarkers
using MetaCoreTM software (GeneGo). Since this soft-
ware requires the use of human gene ID, all rhesus
macaque DEG were mapped to human homologs using
annotations from ENSEMBL.

The software program Short Time-series Expres-
sion Miner (STEM; v1.3.11) was utilized to further
identify clusters of genes that show similar patterns of
expression as it relates to discrete doses of ethanol
consumption: none, non-heavy, and heavy.66

16S rRNA gene library construction and sequencing
Total DNA was extracted from duodenal, jejunal, ileal,
and colonic biopsies using PowerSoil DNA Isolation
kit (MO BIO Laboratories, Inc., Catalog #12888-100).
PCR and custom primers were used to amplify the
V4-V5 region of the 16S rRNA gene as previously
described.67 Libraries were sequenced (250 bases)
using an Illumina MiSeq.

16S rRNA gene bioinformatics analyses
Low quality, chimeric, and Cyanobacteria sequences
were removed using Quantitative Insights Into Micro-
bial Ecology (QIIME).68 This process resulted in
2,820,185 total reads with per sample counts ranging
from 19,579 to 128,131, with an average of 58,754
counts/sample. Reference operational taxonomic units
(OTU) were selected at 97% similarity using QIIME
and Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt). Tax-
onomic assignments were made using the 2013 Green-
genes reference database.69 OTU with fewer than 100
sequences were removed from additional analyses.
QIIME was used to calculate alpha diversity including
OTU observed and Shannon diversity indices,
beta diversity UniFrac values, and perform Adonis

analyses. PICRUSt was used to adjust OTU abundan-
ces for their rRNA copy number and impute the pre-
dicted metagenome of the bacterial communities
based on the 16S rRNA gene sequences.70 Spearman
correlation analyses were performed in QIIME
between 12-month average BEC and either the OTU
or the Kyoto Encyclopedia of Genes and Genomes
(KEGG) K numbers generated by the PICRUSt analy-
ses. Correlations were defined as those with an r-value
>0.5 or <¡0.5, and a p-value <0.05. Heatmaps
depicting these correlation values were created using
custom R scripts and four libraries (ggplot2, ggdendro,
reshape2, and grid).71-74 The 16S rRNA gene sequence
data have been deposited in NCBI’s SRA under the
accession number SUB1983942 (http://www.ncbi.nlm.
nih.gov/sra).

Determination of anti-endotoxin IgM antibodies
Endotoxin-core antibodies in plasma samples were
measured using an enzyme-immunoassay technique
(ELISA) after 12 months of alcohol consumption
using EndoCab IgM ELISA kit (Hycult Biotech, Cata-
log# HK504-IgM). Plasma samples were diluted 50x.

Statistical analysis
Statistical significance of caloric intake, IgM, ALT,
AST, values between controls, non-heavy drinkers,
and heavy drinkers was assessed with a one-way
ANOVA followed by Bonferroni’s multiple compari-
son correction tests. Spearman correlation analyses
were performed to define associations between anti-
endotoxin IgM antibody titer and average 12 month
BEC or daily g/kg ethanol consumed. Expression data
for each Taqman probe was calculated relative to con-
trol RPL32 mRNA expression using DCt calculations
and statistical significance was assessed using an
unpaired T-test. These analyses were carried out by
GraphPad Prism version 6 (GraphPad software).

Availability of data and material

The RNA-Seq data have been deposited in NCBI’s Sequence Read
Archive (SRA) under the accession number SUB1885356 (http://
www.ncbi.nlm.nih.gov/sra). The 16S rRNA gene sequence data
have been deposited in NCBI’s SRA under the accession num-
ber SUB1983942 (http://www.ncbi.nlm.nih.gov/sra).
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