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Abstract

Enteric dysbiosis plays an essential role in the pathogenesis of alcoholic liver disease (ALD). Detailed characterization of the
alterations in the gut microbiome is needed for understanding their pathogenic role in ALD and developing effective
therapeutic approaches using probiotic supplementation. Mice were fed liquid Lieber-DeCarli diet without or with alcohol
(5% v/v) for 6 weeks. A subset of mice were administered the probiotic Lactobacillus rhamnosus GG (LGG) from 6 to 8
weeks. Indicators of intestinal permeability, hepatic steatosis, inflammation and injury were evaluated. Metagenomic
analysis of the gut microbiome was performed by analyzing the fecal DNA by amplification of the V3–V5 regions of the 16S
rRNA gene and large-scale parallel pyrosequencing on the 454 FLX Titanium platform. Chronic ethanol feeding caused a
decline in the abundance of both Bacteriodetes and Firmicutes phyla, with a proportional increase in the gram negative
Proteobacteria and gram positive Actinobacteria phyla; the bacterial genera that showed the biggest expansion were the
gram negative alkaline tolerant Alcaligenes and gram positive Corynebacterium. Commensurate with the qualitative and
quantitative alterations in the microbiome, ethanol caused an increase in plasma endotoxin, fecal pH, hepatic inflammation
and injury. Notably, the ethanol-induced pathogenic changes in the microbiome and the liver were prevented by LGG
supplementation. Overall, significant alterations in the gut microbiome over time occur in response to chronic alcohol
exposure and correspond to increases in intestinal barrier dysfunction and development of ALD. Moreover, the altered
bacterial communities of the gut may serve as significant therapeutic target for the prevention/treatment of chronic alcohol
intake induced intestinal barrier dysfunction and liver disease.
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Introduction

Chronic alcohol consumption is associated with multiple

negative health outcomes including alcoholic liver diseases

(ALD). Clinical and experimental data have demonstrated that

gut-derived endotoxin and endotoxemia play a major role in the

development of ALD [1–6]. Chronic alcohol consumption

mediated endotoxemia can occur due to alterations in the gut

microbiota (dysbiosis) and increased endotoxin production, as well

as compromised gut barrier function leading to increased intestinal

permeability and translocation of bacteria and bacterial products

[4,7–9]. Animal experiments have demonstrated that attenuation

of ethanol-induced intestinal permeability, endotoxemia and

consequent liver injury can be achieved using antibiotics [1] or

dietary supplement (oats) [4,7] or probiotics [5,7,10]. This

indicates that therapeutic strategies targeting the gut microbiome

may be effective in the treatment of ALD. Hence, it is pertinent to

characterize the composition of the commensal microbiome and

identify the alterations that occur in response to ethanol

consumption in ALD. Further, to examine the therapeutic basis

of a particular probiotic, it is important to evaluate its beneficial

effects on the ethanol-induced alterations in the bacterial

composition leading to the attenuation of ALD.

In the present study, we used a mouse model of ALD to

examine the temporal effects of chronic ethanol feeding on the

commensal bacterial microbiome by identifying the changes in the
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bacterial communities and their influences on the local environ-

ment in the gut. Additionally, we evaluated the role of intestinal

microbial community in ethanol-induced ALD by treating the

animals with a probiotic strain of lactobacillus – L.rhamnosus GG

(LGG), and characterizing its effect on the ethanol-induced

changes in bacterial communities, intestinal permeability, endo-

toxemia and hepatic steatosis inflammation and injury. Identifi-

cation of the changes in the diversity in the bacterial communities

in response to chronic ethanol feeding and treatment with LGG

was accomplished by deep 16S rRNA gene sequencing using DNA

isolated from murine fecal samples. Our results show that chronic

alcohol feeding leads to significant shifts in the bacterial

community with a marked increase in the gram negative

Proteobacteria bacteria [11]. Treatment with LGG prevented these

shifts and markedly attenuated intestinal permeability, serum

endotoxemia and liver injury.

Methods

Animal Model and Sample Collection
8–10-week old male mice (C57BL/6N, Harlan, Indianapolis, IN)

were pair-fed the Lieber-DeCarli liquid diet containing alcohol (AF,

n = 8) or isocaloric maltose dextrin (PF, n = 8). In the first week, all AF

groups were given Lieber-DeCarli liquid diet without alcohol.

Starting at week 2, alcohol was gradually introduced and increased to

5% (v/v) at the end of the second week and continued until 8 weeks.

The Lieber-DeCarli diet contained 17% of energy as protein, 40% as

fat, 7% as carbohydrate, and 35% as either alcohol (5% v/v) or

isocaloric maltose dextrin (Research Diets, New Brunswick, NJ). L.

rhamnosus GG (LGG) culture suspension was administered to an

additional AF group (AF+LGG, n = 4). : For the probiotic admin-

istration, LGG was adjusted in the liquid growth broth at a bacterial

density of 16109 c.f.u/ml. 1 ml of LGG bacterial suspension

(16109 c.f.u) was provided per mouse, per day by mixing it in the

liquid Lieber-DeCarli diet. LGG administration was carried out for

the last 2 weeks which was initiated at week 6 of 5% (v/v) ethanol

feeding and continued until week 8. Stool samples were collected at

T1 (Day 0 - baseline, initiation of 5% (v/v) ethanol diet), T2 (end of 6

weeks of ethanol feeding) and T3 (end of study at 8 weeks) for

metagenomic analysis. Stool samples were collected weekly through-

out the study period and were analyzed for pH. The mice were

anesthetized with Avertin and sacrificed at the experimental end

point. Blood, liver and intestine tissue samples were collected for

histological and biochemical analysis.

Ethics statement. This study was carried out in strict

accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of

Health. The protocol was approved by the Institutional Animal

Care and Use Committee of the University of Louisville (IACUC -

09018). All surgery was performed under Avertin anesthesia, and

all efforts were made to minimize suffering.

16S rRNA Gene Sequencing on the 454 FLX-titanium
Platform

Bacterial genomic DNA was extracted from fecal samples

belonging to mice from each exposure group using the MO BIO

Powersoil DNA Extraction Kit (Carlsbad, CA,). In each sample,

750 ml Molecular grade DNAse RNAse free water was added and

vortexed for 5 minutes or until the sample was homogenized.

Samples were then centrifuged at 20006g at 4uC for 5 min to

remove particulates and the supernatant was aliquoted. The V3–

V5 16S rRNA gene variable regions were amplified by PCR using

454 adapter-linked and bar-coded primers 357F and 926R, as

described previously [12]. Negative controls (water) and positive

controls (Staphylococcus aureus USA300 genomic DNA) were

included in all steps to control for contamination. Amplicons

were purified using a SPRI bead clean-up step, quantitated by

picogreen assay, normalized, pooled, and then sequenced on a 454

instrument using the FLX Titanium chemistry.

The sequencing run resulted in approximately 6600 reads per

sample with an average read length of 424 bp. The samples were

deconvolutedand filtered (retaining those longer than200 bpwithan

averagequality scoreofgreater thanorequal toQ20) to leave155,979

of the 235,722 reads that passed the initial QC filtering. Chimeric

reads were removed using ChimeraSlayer [13]. There were 71,275

reads retained after quality filtering and removal of chimeric

sequences with an average read length of 265 nucleotides.

16S rRNA Gene Sequencing Analysis
Filtered data was analyzed using both Operational Taxonomic

Unit (OTU) and taxonomic binning of classified sequences. The

Ribosomal Database Project (RDP) [14] classifier was used to

identify the taxonomic classification of the sequence reads. To

control for coverage differences between the samples or other

conditional sequencing events and to ensure even sampling of the

reads, we normalized the number of sequences when comparing

samples, so that approximately 4000 reads were randomly picked

per sample. The sequences were classified from phylum down to

the genus level, starting with 97% confidence cutoff for phylum, a

90% confidence cutoff for family and an 80% confidence cutoff for

genus. Mothur [15] and Qiime [16] software packages were used

to produce an operational taxonomic units (OTU) table, a

distance-based classification and phylogeny from the filtered

sequences in order to determine the alpha diversity (the number

and abundance of each taxa within a sample) and the beta

diversity (the number and abundance of each taxa between

samples). Principal coordinate analysis (PCoA) was used to

compare microbial community structure using weighted and

unweighted UniFrac [17]. Differentially abundant OTUs between

populations were compared using Metastats methodology [18].

Metastats uses a permuted two sample T-test to compare the

abundance across treatment groups, or Fisher’s exact test for

sparsely-sampled data, and employs a FDR test correction to

control for multiple testing.

Liver Histology
Formalin-fixed paraffin embedded liver sections were processed

for staining with hematoxylin and eosin and then studied by light

microscopy [19].

Table 1. Primer sequences for the targeted mouse genes (RT
PCR assay).

Primer set Forward Reverse

18s ctcaacacgggaaacctcac cgctccaccaactaagaacg

ZO-1 tgggaacagcacacagtgac gctggccctccttttaacac

Claudin-1 cgggcagatacagtgcaaag acttcatgccaatggtggac

Occludin acccgaagaaagatggatcg catagtcagatgggggtgga

Symplekin tgagggctgagaaggctgta cagcacctctgccttgaatc

130 ctggatgctgctgcaactgt gggcatggagggtcttaatc

Fodrin cgcatctttttcctcagcag ccaggacttgctgtcgtctc

doi:10.1371/journal.pone.0053028.t001

Metagenomics of Alcoholic Liver Disease
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Biochemical Analysis
Blood samples from control and alcohol- and probiotic-treated

mice were drawn from the dorsal vena cava. Plasma was obtained

by centrifuging the blood at 3,000 rpm for 30 min at 4uC. Plasma

LPS levels were measured with Limulus Amebocyte Lysate test kit

(Lonza, Walkersville, MD) according to the manufacturer’s

instructions. Plasma alanine aminotransferase (ALT) was mea-

sured using an ALT Infinity Enzymatic Assay Kit (Thermo

Scientific, Waltham, MA).

Fecal pH
Fecal samples (approximately 0.5–1 g) were homogenized with

three weight volumes of ice-cold deionized water. Particulate

insoluble material were removed by centrifugation (30006g,

15 min, 20uC), and the pH was measured by a pH electrode [20].

Real Time RT-PCR Assay
Liver TNFa and intestinal tight junction protein mRNA levels

were assessed by real-time RT-PCR. In brief, total RNA was

isolated with Trizol according to manufacturer’s protocol (Invitro-

gen) and reverse-transcribed using the GenAmp RNA PCR kit

(Applied Biosystems, Foster City, CA). The sequences of forward

and reverse primers are listed in Table 1. The relative quantities of

target transcripts were calculated from duplicate samples after

normalization to 18s rRNA. using the DDCt method.

Statistics
Data are expressed as mean 6 Standard Error of the Mean

(SEM). Statistical significant differences were determined by one-

way analysis of variance (ANOVA) followed by Tukey’s post hoc

tests. The post hoc t-tests were carried out to examine which two

groups were significantly different only if the overall F-test in

ANOVA indicated that there was a significant difference among

the three groups. Additionally, effect of alcohol feeding on fecal

pH over time was assessed, the two-way ANOVA was applied.

P,0.05 was considered statistically significant. Statistical analysis

was performed using GraphPad Prism version 5.01 for Windows

(GraphPad Software, Inc, La Jolla, CA).

Results

Alcohol Exposure Decreases Bacterial Diversity Over Time
We measured the alpha diversity to examine the number of

OTUs, which gives a basic measure of the bacterial diversity

within each sample. All the PF samples over time (T1–T3) and AF

group at baseline (T1), showed similar rarefaction curves (Fig. 1),

indicating that these samples had the most bacterial diversity and

the diversity was similar among samples. In comparison, ethanol

feeding led to the decrease in the bacterial alpha diversity over

time (AF: T2 and T3). Importantly, the rarefaction curves show

that LGG supplementation may have limited this decrease in the

bacterial diversity richness (AF+LGG: T3).

Alcohol Exposure Shifts Phylum Representation Over
Time

In all PF groups (T1– T3) and baseline AF group (T1), the

prominent phyla were the Bacteroidetes and Firmicutes, where

Firmicutes was either the dominant phylum or the ratio between

phyla was approximately equal (50/50) (Fig. 2). Also, in these

groups, the Proteobacteria were present at approximately 1–2% and

Actinobacteria were ,1% of the total bacteria identified.

Figure 1. Rarefaction curves indicating the observed number of operational taxonomic units (OTUs) within a sample. Rarefaction
curves of OTUs clustered and saturated at different level across exposure groups and indicate the intra-sample diversity. While the baseline PF and AF
OTUs cluster together with the PF T2 (end of week 6) and PF T3 (end of week 8) groups (A), the AF T2 and LGG groups (B) saturate earlier than the
baseline group show they are less diverse than the baseline group. The AF T3 exposure group (C) saturates the earliest, indicating it is the least
diverse sample.
doi:10.1371/journal.pone.0053028.g001
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In comparison to PF animals, at the end of 8 weeks (T3), the AF

group showed the greatest phyla shifts (Fig. 2A) where there was a

reduction in both Bacteroidetes and Firmicutes and a remarkable

expansion of the Proteobacteria (from ,1% to 19%) and Actinobacteria

(from 0% to 18%) (Fig. 2B). Importantly, LGG treatment was able

to prevent the ethanol-induced expansion of the Actinobacteria and

the Proteobacteria phyla. However, there was a substantial expansion

of the Firmicutes in the LGG group, which was the most dominant

phylum (83% of the total bacteria). Also of note, the ethanol-

induced expansion of the phylum Proteobacteria, which consists of

gram negative bacteria, was decreased in the LGG treatment and

the decrease correlated with plasma endotoxin levels (see results

below).

Alcohol Exposure Shifts Bacterial Genus Diversity Over
Time

The principal coordinate analysis (PCoA) gives a measure of

bacterial genus community relatedness so that the samples with

similar bacterial communities are localized in similar positions in

the diagram. We observed a substantial separation in bacterial

diversity at the genus level between the groups over time (Fig. 3).

The baseline PF control group and the baseline AF group

clustered in one coordinate space. At the end of 8 weeks, the AF

group was the most divergent group in comparison to all other

groups, suggesting that alcohol exposure over time leads to

distinctly different composition of bacterial communities with

respect to their genera and relative abundance. Further, the

AF+LGG supplementation group clustered distinctly from the

other groupsand was closer to the coordinate space of the T2 AF

sample than the T3 AF sample. These data suggest that LGG

supplementation decreased the shift in bacterial diversity occurring

in response to alcohol feeding.

Further analysis of the specific bacterial genera that changed,

showed that the bacterial genera that were most significantly

overgrown in the alcohol exposed mice at the study endpoint

compared to the PF control mice were Corynebacterium (group mean

in AF = 0.164, std.err 0.005: group mean in PF = 0.001, std.err

0.0003: p value ,0.001), Alcaligenes (group mean in AF = 0.181,

std.err 0.005: group mean in PF = 0.001, std.err 0.0003: p value

,0.001 ), Listeria (group mean in AF = 0.04, std.err 0.002: group

mean in PF = 0.001, std.err 0.0004: p value ,0.001), Acetivibrio

(group mean in AF = 0.043, std.err 0.002: group mean in

Figure 2. The relative abundance of bacteria phylum by exposure group over time. Time is indicted by time one -T1 (baseline), time
two = T2 (end of week 6), time three - T3 (end of week 8). The phylum abundance is indicated by the color bars. The exact percentages of
Bacteroidetes’ and Firmicutes’ relative abundance are shown in 2A and given by the numbers on the bars. The relative abundance of less common
bacterial taxa found after removal of Bacteroidetes and Firmicutes are shown in 2B. The microbiomes of mice exposed to alcohol at T2 and T3 are
characterized by greater abundance of Proteobacteria and Actinobacteria.
doi:10.1371/journal.pone.0053028.g002
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PF = 0.011, std.err 0.0001: p value ,0.001), and Allobaculum (group

mean in AF = 0.082, std.err 0.003: group mean in PF = 0.025,

std.err 0.002: p value ,0.001 ) (Table 2). The bacterial genera that

were significantly displaced in the alcohol exposed mice at the

study end point compared to the PF control mice were unclassified

Bacteroides (group mean in AF = 0.004, std.err 0.0008: group

mean in PF = 0.049, std.err 0.003: p value ,0.001 ), Tannerella

(group mean in AF = 0.021, std.err 0.001: group mean in

PF = 0.089, std.err 0.004: p value ,0.001), Hallella (group mean

in AF = 0.009, std.err 0.001: group mean in PF = 0.063, std.err

0.003: p value ,0.001 ), unclassified Lachnospiraceae (group mean in

AF = 0.011, std.err 0.001: group mean in PF = 0.089, std.err

0.004: p value ,0.001 ), and Ruminococcaceae Incertae Sedis (undefined

Ruminococcaceae) (group mean in AF = 0.071, std.err 0.003: group

mean in PF = 0.144, std.err 0.003: p value ,0.001).

The bacterial genera that showed the biggest expansion in

response to chronic alcohol feeding was, Corynebacterium and

Alcaligenes, which was not observed in the PF or AF+LGG groups.

Corynebacterium and Alcaligenes also showed consistent growth in

abundance over time (Fig. 4,) in response to alcohol exposure. The

Figure 3. Weighted PCoA of bacterial genus by time and exposure group using UniFrac distance matrix. This dimension reduction
analysis demonstrates the clustering of samples based on their location and similar microbial profiles. The first component explains 69% and the
second component explains 13% of the variance in the samples. AF T3 group is the most divergent of the exposure groups while AF T2 and AF+LGG
T3 are separated from the other baseline samples as well. AF T1, PF T1 are most similar as are PF T2 and T3.
doi:10.1371/journal.pone.0053028.g003

Table 2. Gains and loss of genera comparing AF and PF exposure groups at study endpoint (end of 8 weeks).

Genus Phylum Gram +/2 PF mean PF Std.Err AF mean AF Std.Err P val Q val up/down

Bacteroides Bacteroidetes n 0.049 0.003 0.004 0.0008 ,0.001 ,0.05 down

Parabacteroides Bacteroidetes n 0.040 0.002 0.021 0.001 ,0.05 ,0.05 down

Tannerella Bacteroidetes n 0.089 0.004 0.007 0.001 ,0.001 ,0.05 down

Hallella Bacteroidetes n 0.063 0.003 0.009 0.001 ,0.001 ,0.05 down

Lachnospiraceae Other Firmicutes p 0.089 0.004 0.011 0.001 ,0.001 ,0.05 down

Ruminococcaceae Incertae Sedis Firmicutes p 0.144 0.005 0.071 0.003 ,0.001 ,0.05 down

Ruminococcaceae Other Firmicutes p 0.045 0.003 0.011 0.001 ,0.001 ,0.05 down

Corynebacterium Actinobacteria p 0.001 0.0003 0.164 0.005 ,0.001 ,0.05 Up*

Aerococcus Firmicutes p 0.001 0.0004 0.106 0.004 ,0.001 ,0.05 up

Listeria Firmicutes p 0.001 0.0004 0.040 0.002 ,0.001 ,0.05 up

Acetivibrio Firmicutes n 0.011 0.001 0.043 0.002 ,0.001 ,0.05 up

Clostridiales Other Firmicutes p 0.048 0.003 0.092 0.004 ,0.001 ,0.05 up

Allobaculum Firmicutes p 0.025 0.002 0.082 0.003 ,0.001 ,0.05 up

Lactobacillus Firmicutes p 0.005 0.0009 0.009 0.001 ,0.001 ,0.05 up

Alcaligenes Proteobacteria n 0.001 0.0003 0.181 0.005 ,0.001 ,0.05 Up*

P value derived from t-test and q value derived from FDR.
doi:10.1371/journal.pone.0053028.t002
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relative abundance of Lactobacillus was much greater in the

AF+LGG (5%) group to the amount seen in the AF (,1%)

group, and to the baseline (T1) PF diet group (1%). Quantitative

PCR was performed with total bacterial 16S rRNA primers

[21,22] and Lactobacillus rhamnosus GG specific primers [23,24]

to confirm that the relative increase in Lactobacillus is specifically

due to increased LGG (data not shown). The data show that there

is a clear shift in the bacterial community in the alcohol exposed

group, where there is a significant gain in the gram negative

Alcaligenes and gram positive Corynebacterium, and suggests that LGG

supplementation suppress the overgrowth of Alicaligene and

Corynebacterium.

Alcohol Feeding Increases Fecal pH
Previous studies have shown that several pathological conditions

increase colon pH. Changes in the luminal environmental pH

potentially alter the competitive advantage for the various

bacterial communities. The effect of alcohol on the lower colon

pH was examined by measuring pH of the fecal samples.

Commensurate with the expansion of the Alcaligenes genus that

represents the bacteria requiring higher/alkaline pH, alcohol

exposure indeed increased fecal pH over time. Importantly, LGG

supplementation which prevented the expansion of the Alcaligenes

was also able to significantly reduce the fecal pH (Fig. 5). Our data

indicates there is a significant difference in the luminal environ-

mental pH when the LGG probiotic is added.

LGG Supplementation Corrects the Decrease in Tight
Junction Protein Expression and Attenuates
Endotoxemia and Hepatic Injury in Alcohol Fed Animals

Tight junction (TJ) proteins play a critical role in maintaining

the gut barrier integrity and can be affected by ethanol exposure

leading to gut barrier dysfunction and an increase in intestinal

permeability. Our recent work has shown that chronic ethanol

exposure disrupts TJ proteins [19]; hence, in the present study

mRNA expression of key markers of TJ integrity, as well as several

TJ protein adaptors were evaluated. Significant down-regulation

in the mRNA expression of ZO-1 and claudin-1, and adaptors

symplekin, p130 and fordin was observed in response to chronic

ethanol feeding which was corrected by LGG supplementation

(Table 3). Further, commensurate with the expansion of the

Figure 4. The relative distribution of the bacterial phyla and genera in response to ethanol feeding and LGG supplementation. (A)
The microbiome of the PF (right), AF+LGG (left) and AF (middle lower) groups at T3 are shown in the pie charts and color coordinated by genus and
phylum. The different shades of color represent the different genera and the common color spectrum (reds, purples, green and orange) represents
the phyla. The outer ring around the pie charts also depicts the different phyla. The microbiomes of mice exposed to AF are characterized by greater
abundance of Alcaligenes and Corynebacterium and loss of Tannerella. The AF+LGG group shows a much greater abundance of Lactobacillus and
nonspecific Ruminococcaceae Incertae Sedis compared to the other exposure groups. (B) The growth rate over time of Alcaligenes and
Corynebacterium in the PF and AF groups shows the expansion of the genera after exposure to alcohol.
doi:10.1371/journal.pone.0053028.g004
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Proteobacteria phylum (containing Gram negative bacteria) and

impaired gut barrier function, chronic ethanol feeding increased

plasma endotoxin/lipopolysaccharide (LPS) levels (Fig. 6A). Since

endotoxemia positively correlates with hepatic inflammation and

injury, these parameters were assessed. Along with endotoxemia,

ethanol feeding also increased hepatic inflammation as shown by

increased hepatic TNF-a expression (Fig. 6B), and caused injury as

seen by significantly increased ALT levels (Fig. 6C). Moreover,

hepatic steatosis which is a precursor to both inflammation and

injury was also significantly increased (Fig. 6D). Importantly,

ethanol mediated endotoxemia, along with hepatic inflammation,

injury and steatosis were markedly attenuated by treatment with

LGG.

Discussion

Our results demonstrate that in a mouse model of alcoholic liver

disease, chronic alcohol feeding leads to a significant change in the

intestinal bacterial community structure over time. Chronic

alcohol feeding causes a select expansion of microbial member-

ship, intestinal permeability and bacterial translocation/endotox-

emia. Our results also indicate that the ethanol feeding-mediated

loss of the native bacteria is correlated with a change in luminal

pH that may drive the alterations in the microbial membership.

Furthermore, we have shown that this change can be mitigated

with LGG probiotic treatment.

Modulation of the intestinal microbiota by using probiotic

treatment is a developing strategy to reduce bacterial translocation

and circulating endotoxin levels. Treatment with probiotics has

been successfully shown to reduce the Gram-negative bacterial

population in multiple studies modeling alcohol induced liver

disease in rats [5,7,10]. We have reported similar findings in

humans as well [25]. In a study on a cohort of Russian men

admitted to a psychiatric hospital with a diagnosis of alcoholic

psychosis, short-term oral supplementation with probiotics was

associated with restoration of the bowel microbiome and greater

improvement in alcohol-induced liver injury than standard

therapy alone. Our recent study examining the mechanisms of

how Lactobacillus attenuates ALD showed that LGG supplemen-

tation prevents alcohol-induced decrease in the expression of

intestinal trefoil factor and its transcriptional regulator hypoxia-

inducible factor-2a (HIF-2a) and resultant epithelial barrier

dysfunction [19]. Hence, in the present study, the remodeling of

the microbial community structure in response to LGG probiotic

treatment, maybe a contributing factor causing a decrease in

intestinal permeability and consequently attenuating bacterial

translocation and endotoxemia, hepatic TNF-a levels and steatosis

and injury. These data strongly suggest that the ethanol mediated

expansion of the Proteobacteria and Actinobacteria plays a pathogenic

role in the development of ALD (intestinal permeability, endo-

toxemia, and hepatic inflammation and injury) and can be

prevented by the LGG probiotic treatment. Overall, this study

supports modulation of intestinal microbiota as a potential

therapeutic intervention in the treatment of alcohol-induced

endotoxemia and liver disease.

The presence and significant role of systemic endotoxemia in

the development of hepatic inflammation and injury is well

described in alcoholic patients and animal models of alcoholic liver

disease [1–3,5,6,10]. The ALD associated endotoxemia is due to

an enhancement in the intestinal permeability which facilitates the

escape of bacterial endotoxin and resultant increase into the portal

circulation [4,8,26]. Along with alcohol, higher than normal

Figure 5. Fecal pH changes in response to alcohol feeding and LGG supplementation. Animals were fed Lieber-DeCarli liquid diet with
alcohol (AF) or without (PF). LGG supplementation (AF+LGG) was started at the end of week 6 and continued till the end of the experiment (8 weeks).
Fecal samples were collected weekly. Data was obtained from n = 6–8 for the PF and AF groups and n = 4 for the AF+LGG group. Fecal pH significantly
increased in response to alcohol feeding over the study period of 8 weeks (*p,0.0001, AF versus PF). Comparison of fecal samples obtained from
LGG supplemented animals (AF+LGG) with alcohol fed animals (AF) obtained at the end of the study period (samples at the end of week 8) showed a
significant decrease in fecal pH (# p = 0.001, AF versus AF+LGG at week 8).
doi:10.1371/journal.pone.0053028.g005
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amounts of endotoxin can prime and activate both hepatic

macrophages (Kupffer cells) and extrahepatic macrophages to

overproduce inflammatory cytokines such as TNF-a, IL-6, and IL-

8 [27,28]. Systemic endotoxemia per se and endotoxin-induced

inflammatory cytokines further increase intestinal permeability

through modulation of intestinal tight junctions and the vicious

cycle of endotoxemia is maintained [29]. In context of this study,

the evaluation of the composition of the microbial membership

showed that ethanol treatment caused a decline in the abundance

of both Bacteriodetes and Firmicutes, with Bacteriodetes showing a

pronounced reduction compared to Firmicutes. Further, the

decrease in Bacteroidetes and Firmicutes was accompanied by a

proportional increase in Actinobacteria and Proteobacteria. The

expansion of these bacteria is significant because the phylum

Proteobacteria includes Gram negative bacteria which includes a

wide variety of pathogenic species, such as Escherichia, Salmonella,

Vibrio, and Helicobacter [11]. These results strongly indicate that the

increase in plasma endotoxin levels and hepatic inflammation is a

consequence of the expansion of the gram-negative bacteria from

the Proteobacteria phylum, which occur in response to chronic

ethanol consumption and can be prevented by the LGG probiotic

treatment.

The stability of the normal intestinal microbiome is influenced

by several factors in the luminal environment including gastric

acidity, gut motility, bile salts, immunological defense factors,

colonic pH and competition between micro-organisms for

nutrients and intestinal binding sites [30]. Altered luminal

environment may lead to modifications in the microbial member-

ship by supporting the growth of specific genera. Accordingly, a

remarkable increase of Alcaligenes, an alkaline tolerant genus from

the Proteobacteria phylum, occurred in response to chronic alcohol

Figure 6. LGG probiotic supplementation ameliorates alcohol-induced blood endotoxemia, hepatic inflammation, steatosis and
injury. Data was obtained from n = 6–8 for the PF and AF groups and n = 4 for the AF+LGG group. (A) Plasma endotoxin levels assessed by LPS
(lipopolysaccharides) measurement. Two weeks of LGG supplementation attenuated alcohol-mediated increase in plasma LPS levels. (B) Hepatic
marker of inflammation, TNF-a m-RNA, was significantly up-regulated in response to alcohol feeding. LGG supplementation was able to bring it down
to the level of control pair-fed animals. (C) Liver injury was evaluated by plasma ALT activity. Alcohol feeding resulted in significant elevation of
plasma ALT levels compared to control pair-fed animals, which was decreased by LGG treatment. (D) Hematoxylineosin staining demonstrated severe
micro- and macrovesicular fat accumulation in the livers of alcohol fed mice compared to control pair-fed animals. Two weeks of LGG treatment
markedly attenuated alcohol-induced hepatic steatosis. Arrow indicates the fat droplets and arrow head denotes neutrophil infiltration foci (x200
final magnification). *p,0.05; **p,0.01; ***p,0.001.
doi:10.1371/journal.pone.0053028.g006

Table 3. Effect of LGG supplementation on mRNA levels of
intestinal tight junction proteins and protein adaptors.

TJs and adaptors PF AF AF+LGG

ZO-1 1.47760.396 (5) 0.65960.239* (7) 2.18660.737** (4)

Claudin-1 0.91460.214 (4) 0.41960.0769* (6) 0.94160.204** (4)

Occludin 1.36760.342 (5) 0.68160.341 (6) 1,92960.767 (4)

Symplekin 1.24060.276 (6) 0.45560.121* (6) 1.21760.274** (4)

p130 1.03360.147 (5) 0.31760.0591* (5) 0.78960.175** (4)

Fordin 1.57760.447 (6) 0.58960.220 (7) 1.86760.710 (4)

Results are means 6 SEM.
*significantly different vs. PF;
**significantly different vs. AF. (Note: the number in the parentheses is the
number of observations for each data point).
doi:10.1371/journal.pone.0053028.t003
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feeding, suggesting alterations in the luminal environment are due

to increased pH. Indeed, the increased abundance of Alcaligenes

strongly correlated with increased fecal pH. These data suggest

that increased luminal pH may be a significant contributing factor

in the ethanol-induced alterations in the intestinal microbiota.

Increased luminal pH, leading to pathogenic alterations, is

implicated in diverse disease states including infantile diarrhea

and liver cirrhosis [31,32]. With regards to the protective effects of

probiotic treatment using LGG several mechanisms have been

proposed. In particular, the mechanisms by which LGG may exert

its protective effects in different pathogenic conditions include

inhibition of the mucosal adhesion of pathogens, improvement of

the intestinal epithelial barrier function, alteration of the host

innate and adaptive immune activity, competition for nutrients

and reduction of the luminal pH through short chain fatty acid

(SCFA) production [33,34]. In relevance to the current findings,

several studies have shown a correlation between lowering of fecal

pH and inhibition of the growth of harmful and pathogenic

organisms [31]. Hence, the inhibition of the ethanol-induced

expansion of the Proteobacteria and Actinobacteria phyla by LGG

probiotic treatment in our study has likely resulted from the

formation of SCFA and lowering of luminal pH as reflected by a

decrease and normalization of the fecal pH. Additionally, we also

observed an increase in the Corynebacterium genus, a member of the

Actinobacteria phylum that dominated the community structure over

time. Multiple studies have described opportunistic infections of

Corynebacterium members in subjects that have a history of alcohol

derived liver disease [35,36], suggesting that this bacteria may

commonly overgrow in a system chronically exposed to alcohol.

The relevance of the increase of Corynebacterium in the context of

this study is currently unknown. Further research is needed to

identify how the local environment provides a metabolic

advantage to one community member compared to another.

However, the present findings are suggestive of a mechanism

whereby the chronic alcohol exposure increases the pH in the gut

allowing the expansion of certain specific bacteria like Alcaligenes or

Corynebacterium or similar bacteria that can have a competitive

growth advantage. Since treatment with LGG decreased the

ethanol induced fecal pH, it is conceivable that the ability of

lactobacilli to produce SCFAs and lowering luminal pH prevented

the pathogenic expansion of Proteobacteria and Actinobacteria phyla.

Our observation of a decrease in Bacteroidetes is consistent with

other inflammatory disease models. Particularly, analysis of the

bacterial genomic DNA extracted from colonic biopsy specimens

showed a significantly lower abundance of Bacteroidetes and higher

abundance of Proteobacteria in individuals with colorectal adenomas

compared to healthy controls, which is thought to contribute to

the etiology of colorectal cancer [37]. Further, a survey of the

distal gut microbiota of adult C57BL/6J genetically obese (ob/ob)

mice showed that the relative abundance of the Bacteroidetes was

lower by 50%, whereas the Firmicutes were higher by a

corresponding degree [38,39]. Similarly, in a study describing

the changes in murine model’s microbiome in liver disease,

researchers found a significant increase in Firmicutes and Actino-

bacteria in mice that were treated with carbon tetrachloride that

was designed to induce bridging fibrosis liver injury [40]. In this

study, the ethanol feeding mediated decrease in Bacteroidetes was

not compensated by an increase in Firmicutes but rather an increase

in Proteobacteria and Actinobacteria.

To date, there are few papers published on the effect of alcohol

on the microbiome. In the present study, there was a significant

decrease in Bacteroidetes. Our results are consistent with those

results observed in humans. Mutlu et.al. observed the same

decrease in Bacteroidetes and increase in Proteobacteria in alcoholic

humans with dysbiosis [41]. However, an expansion in Bacteroidetes

was observed by Yan et.al in ethanol treated mice [9]. It should be

noted that in the study by Yan et al., ethanol treatment was

carried out via intragastric feeding for 3 weeks compared to ad

libidum Leiber DeCarli ethanol diet for 8 weeks in the current

study. The 3 week bacterial population in the Yan et al., study

may represent the microbial community structure in flux but not

the extent or ultimate direction of the flux. Other research also

suggests the effects of alcohol on the changes in dysbiosis takes a

longer time period than 3 weeks [7].

In summary, our results show an important change in the

bacterial composition over time in alcohol fed mice, which

corresponds to increases in gut permeability, plasma LPS levels

and hepatic inflammatory markers. We have also shown that the

altered bacterial communities of the gut may be a significant

therapeutic target for the prevention/treatment of intestinal

barrier dysfunction and consequent alcoholic liver disease.
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