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Abstract

Exacerbation of alcoholic hepatitis (AH) with comorbid metabolic syndrome is an

emerging clinical problem, where microbiota plays a profound role in the pathogenesis.

Here, we investigated the effect of rifaximin (RFX) on liver injury following

chronic-binge ethanol (EtOH) administration in KK-AY mice, a rodent model of

metabolic syndrome. Female, 8-week-old KK-AY mice were fed Lieber—DeCarli diet

(5% EtOH) for 10 days, following a single EtOH gavage (4 g/kg BW). Some mice were

given RFX (0.1 g/L, in liquid diet) orally. Small intestinal contents were collected from

mice without binge. Intestinal microbiota was quantified using conventional, aerobic

and anaerobic culturing techniques, and further analyzed by 16S rRNA sequencing in

detail. EtOH-feeding/binge caused hepatic steatosis, oxidative stress, and induction of

inflammatory cytokines in KK-A” mice, which were markedly prevented by RFX

treatment. Hepatic mRNA levels for cluster of differentiation (CD)-14, toll-like receptor

(TLR) 4, TLR2 and NADPH oxidase (NOX) 2 were increased following

EtOH-feeding/binge, and administration of RFX completely suppressed their increase.

The net amount of small intestinal bacteria was increased over 3-fold after chronic

EtOH feeding as expected; however, RFX did not prevent this net increase. Intriguingly,

the profile of small intestinal microbiota was dramatically changed following EtOH



40

41

42

43

44

45

feeding in the order level, where the Erysipelotrichales predominated in the relative
abundance. In sharp contrast, RFX drastically blunted the EtOH-induced increases in
the Erysipelotrichales almost completely, with increased proportion of the
Bacteroidales. In conclusion, RFX prevents AH through modulation of small intestinal

microbiota/innate immune responses in obese KK-AY mice.
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NEW & NOTEWORTHY

Here we demonstrated that rifaximin (RFX) prevents chronic-binge ethanol
(EtOH)-induced steatohepatitis in KK-A” mice. Chronic EtOH feeding caused small
intestinal bacterial overgrowth, with drastic alteration in the microbiota profile
predominating the order Erysipelotrichales. RFX minimized this EtOH-induction in
Erysipelotrichales with substitutive increases in Bacteroidales. RFX also prevented
EtOH-induced increases in portal lipopolysaccaride, and hepatic cluster of
differentiation (CD)-14, toll like receptor (TLR) 2 and TLR4 mRNA levels, suggesting

the potential involvement of microbiota-related innate immune responses.
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INTRODUCTION

The increasing mortality from alcoholic liver disease (ALD) has become one of

the most serious health problems worldwide. Alcoholic hepatitis (AH) often occurs in

patients who have a background of chronic drinking and a history of recent excessive

drinking (3, 39). The treatment of AH is still largely dependent on corticosteroids, and

no great progress has been made in the past 40 years (16). Patients with severe AH have

a poor prognosis, with short-term mortality rates ranging from 30% to 40% (1, 36).

Recently, the comorbidity of ALD and metabolic syndrome has become an emerging

clinical problem worldwide (45). Indeed, epidemiological studies have suggested that

metabolic syndrome increases the risk of alcoholic liver injury and related mortality,

compared to alcohol alone (2, 44, 49).

From the pathophysiological point of view, ethanol (EtOH)-induced activation

of liver innate immunity is one of the key events in the pathogenesis of ALD (10, 11,

53). Chronic alcohol exposure causes small intestinal bacterial overgrowth, induces

qualitative alterations of gut flora, and compromises gut barrier function leading to

elevation of intestinal permeability, thereby translocating bacterial products from gut to

portal vein (33, 41, 60, 63). Common microbial patterns known as pathogen-associated

molecular patterns (PAMPs) activate multiple downstream signaling pathways that
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result in the synthesis of inflammatory cytokines in ALD (12). On the other hand,

patients with metabolic syndrome also presented dysbiosis, and high-fat diet-induced

obese mice showed intestinal permeability (8, 17). These findings suggested that there is

a common background between AH and metabolic syndrome.

Recently, short-term chronic EtOH feeding combined with a single EtOH binge

(Chronic-plus-Binge EtOH model or the NIAAA model) was proposed. This model

shows significant serum alanine aminotransferase (ALT) elevation, fat accumulation,

neutrophil infiltration in the liver, mimicking acute-on-chronic alcoholic liver injury in

humans; however, pathological changes appear to be mild (5). KK-A” mice are a

congenic strain in which the AY allele at the agouti locus had been transferred to the

inbred KK strain by repetitive backcrossing. KK-AY mice are a suitable model of

steatohepatitis with metabolic syndrome, because they spontaneously become obese and

develop hyperglycemia, hyperinsulinemia, and steatohepatitis (28, 55, 62). We have

recently reported that NIAAA model using KK-A” mice exhibits more prominent

steatohepatitis than in C57BL/6 mice. These mice maintained the phenotype of obesity

and hyperglycemia even under EtOH exposure; thus, the established animal model is

considered to be useful as a model of alcoholic liver injury with a background of obesity

and hyperglycemia (54).
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Rifaximin (RFX), an oral non-absorbed antibiotic with broad-spectrum activity

against both Gram-positive and -negative aerobic and anaerobic bacteria, is widely used

for the prevention of hepatic encephalopathy. Additionally, several studies have reported

that the treatment with RFX ameliorated liver dysfunction and improved the prognosis

in cirrhotic patients (4, 23, 61). However, the effect of RFX on AH is unknown. In the

present study, therefore, we investigated the effect of RFX on chronic-binge-alcoholic

liver injury in KK-A” mouse-used NIAAA model, focusing on the profile of small

intestinal microbiota.
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Materials and Methods

Materials

The Liber-DeCarli liquid diet was purchased from Dyets (Bethlehem, PA).

Anti-4-hydroxy-2-nonenal (4-HNE) primary antibody and anti-cytochrome P450 (CYP)

2E1 antibody were purchased from Abcam (Cambridge, MA). Anti-glyceraldehyde

3-phosphate dehydrogenase (GAPDH) was purchased from Cell Signaling Technology

(Danvers, MA). Biotinylated anti-mouse IgG antibody was purchased from Santa Cruz

Biotechnology (Dallas, TX). All other reagents were purchased from Sigma unless

otherwise specified (St.Louis, MO).

Animals and experimental design

All experimental protocols were approved by the Committee of Laboratory

Animals following the institutional guidelines. Animals were housed in air-conditioned,

specific pathogen-free animal quarters, with lighting from 0800 to 2000 h. The mice

were given unrestricted access to standard laboratory chow and water until the study

began. All mice were kept separately in single cages. At 8 weeks of age and after

acclimation, female KK-A” mice (CLEA Japan, Tokyo, Japan) were fed Lieber-DeCarli

liquid diet containing 5% EtOH, or pair-fed control diet containing isocaloric
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maltodextrin for 10 days. Some mice were given RFX (0.1 g/L) in the liquid diet during

the feeding period. Feeding tubes containing ethanol or a control liquid diet were

replaced daily at late afternoon. On day 11, animals received a single gavage of 24%

EtOH (4 g/kg BW) or isocaloric maltodextrin between 7:00 am and 9:00 am, and then

were euthanized 6 h later by inhalation of isoflurane mixed with oxygen and air; liver

tissues and portal/inferior vena caval blood samples were collected. Some mice were

euthanized without binge for collecting of small intestinal contents. The liver tissues

and small intestinal contents were kept frozen at -80°C until analysis.

Serum transaminase level

The levels of ALT and triglyceride (TG) in serum from inferior vena cava (IVC)

were measured colorimetrically using the Fuji DRI-CHEM system (Fuji Film Medical

Co. Ltd., Tokyo, Japan).

Histological analysis and immunohistochemistry

For histological evaluations, liver tissues were fixed in 10 % buffered formalin,

embedded in paraffin, and stained with Hematoxylin and Eosin (H&E). For Oil Red O

staining, liver tissues frozen in OCT compounds were used. The expression and
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localization of tissue 4-HNE in the liver was detected by immunohistochemical staining

as previously described elsewhere (29). Briefly, deparaffinized tissue sections were

incubated with a monoclonal anti-4-HNE antibody and secondary biotinylated

anti-mouse IgG, and the specific binding was visualized with the avidin-biotin complex

solution followed by incubation with a 3,3-diaminobenzidine tetrahydrochloride

solution using Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA).

Specimens for histology and immunohistochemistry were observed under an optical

microscope (DM7000; Leica, Wetzlar, Germany) equipped with a digital microscope

camera (MC120HD; Leica, Wetzlar, Germany). We evaluated the antibody qualitatively

by using sections treated without antibody as negative control and using liver tissue

collected from mice treated with acetaminophen as positive control.

Triacylglycerol assay

Triacylglycerol concentration in liver tissue was determined colorimetrically as

previously described (54).

RNA preparation and real-time reverse transcription polymerase chain reaction

(RT-PCR)
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Total RNA was prepared from frozen tissue samples using the illustra RNAspin

Mini RNA Isolation kit (GE healthcare, Waukesha, WI). The concentration and purity of

the isolated RNA were then determined by measuring the optical density at 260 and 280

nm. For real-time RT-PCR, total RNA (1 pg) was reverse transcribed using Moloney

murine leukemia virus transcriptase (SuperScript II; Invitrogen, Carlsbad, CA) and an

oligo (dT) 12—18 primer at 42 °C for 1 h. The obtained cDNA (1 pg) was then amplified

using Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA) and specific

primers for acetyl-CoA carboxylase o (ACCa), fatty acid synthase (FAS), tumor

necrosis factor a (TNFa), interleukin 6 (IL6), interferon y (IFNy), chemokine (C-C

motif) ligand 2 (CCL2), toll like receptor (TLR) 2, TLR4, cluster of differentiation

(CD)-14, heme oxygenase 1 (HO1), NADPH oxidase (NOX) 1, NOX2 and GAPDH

(Table 1).

Measurement of LPS levels in portal vein

To measure lipopolysaccharide (LPS) in blood samples from portal vein ,the

Hycult Biotech Limulus Amebocyte Lysate assay (Hycult Biotech, Uden, the

Netherlands) was used according to the manufacturer's directions.
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Measurement of gut permeability

D-xylose solution (5% (w/v), 100 pL/mice) was gavaged on day 11 with EtOH

(4 g/lkg BW) or isocaloric maltodextrin, and then animals were euthanized 2 h later by

inhalation of isoflurane mixed with oxygen and air; liver and serum samples were

collected. Plasma D-xylose concentration was measured using D-Xylose Assay

(Chondrex. Inc., Redmond, WA) according to the manufacturer's directions.

Western blot analysis

Protein extracts (20 pg) were electrophoresed in 10 % sodium dodecyl sulfate

(SDS) polyacrylamide gels and electrophoretically transferred onto polyvinylidene

fluoride membranes. The membranes were then blocked with Bullet Blocking One for

Western Blotting (NACALAI TESQUE, Kyoto, Japan) and incubated with primary

antibodies against CYP2EI (anti-rabbit, 1:1000), and GAPDH (anti-rabbit, 1:1000),

followed by a secondary horseradish peroxidase-conjugated anti-rabbit IgG antibody.

Specific bands were then visualized using the ECL prime detection kit (GE healthcare,

Waukesha, WI) and detected using a Fusion FX7 imaging system (Vilber Lourmat,

Torcy, France).

13
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CYP2EL activity assay

CYP2EI activity was determined with liver homogenates using p-nitrophenol as a

substrate, according to a previously described procedure (54) .

Bacterial colony count

Fresh small intestinal contents were immediately weighed, dissociated in liquid

thioglycolate media (Sigma) and diluted 1:10000 prior to plating onto sheep blood agar

(Nissui Plate Sheep Blood Agar; Nissui, Tokyo, Japan) under aerobic or anaerobic

conditions on the same day. Plates were incubated at 37°C for 24h. The net amount of

viable bacterial cells was expressed as colony forming units (CFU) / g counted and

normalized to the mass of small intestinal contents.

16S rRNA sequencing

Small intestinal contents were frozen at -80°C. The microbial DNA was

extracted using the Isospin fecal DNA (NIPPON GENE Co. Ltd., Tokyo, Japan). The

V1V2 regions of 16S rRNA genes were amplified and sequenced by MiSeq Deep

sequencer using MiSeq Reagent Kit v3 (Illumina, San Diego, CA) following

manufacturer's instruction. The sequence data was preprocessed and analyzed using the
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"Flora Genesis software" (Repertoire Genesis, Ibaraki, Japan). In brief, the R1 and R2

read pairs were joined and chimera sequences were removed. The operational

taxonomic unit (OTU) picking was performed by the open-reference method using the

97% 1D prefiltered Greengenes database and the uclust. The representative sequences of

each OTUs were picked and taxonomy assignment was performed by Ribosomal

Database Project (RDP) classifier using its threshold score 0.5 or more. The OTUs were

grouped if their annotation was same regardless its RDP score. Sequencing of partial

16S RNA genes was performed by Repertoire Genesis.

Statistical analysis

Morphometric and densitometric analyses were performed using Scion Image

(ver. Beta 4.0.2, Scion Corp., Fredrick, MD). Data were expressed as means = SEM.

Statistical differences between means were determined using one way analysis of

variance (ANOVA) on ranks followed by an all pairwise multiple comparison procedure

(Student-Newman-Keuls Method) as appropriate. P < 0.05 was selected before the

study to reflect significance.



233

234

235

236

237

238

239

240

241

242

243

244

245

246

241

248

249

250

16

Results

RFX ameliorates hepatic steatosis and inflammation caused by chronic-binge EtOH

feeding

Food intake and changes of body weight during the experimental period showed

no significant difference among each group (Fig. 1, A and B). Serum ALT levels at 6 h

after EtOH binge were significantly elevated to 229 + 14 IU/L, compared with the

values of 41 = 5 IU/L in controls; treatment with RFX significantly blunted the increase

to 95 £ 10 IU/L (Fig. 1C, P <0.05). Serum TG levels were also raised more than 3 times

that in the EtOH group and were significantly suppressed by RFX administration (Fig.

1D, P < 0.05). Livers from EtOH group were enlarged with diffuse yellowish tone,

which indicated severe steatosis; which were clearly reduced by RFX (Fig. 1E). The

liver/body weight ratio at 6 h after EtOH binge was significantly higher than controls

with isocaloric dextrin gavage; whereas treatment with RFX prevented the increase

almost completely (Fig. 1F, P <0.05).

Liver histology showed that chronic-binge EtOH-feeding induced overt hepatic

steatosis around the central veins 6 h after EtOH binge; however, treatment with RFX

significantly prevented the pathological findings. Oil Red O staining performed to

confirm the distribution of lipid droplets on liver tissue revealed that the livers of
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KK-AY mice have lipid droplets throughout the liver lobules, even in the control group.

As expected, a large amount of fat droplets appeared to fill up the entire hepatic lobule

in the EtOH group, and RFX remarkably reduced it (Fig. 2A). The measurement of

lipids extracted from liver further confirmed the significant increase of hepatic TG by

EtOH and the suppressive effect of TG by RFX (Fig. 2B, p<0.05). Whereas the hepatic

expression levels of mRNA for ACCa and FAS, genes promoting lipogenesis, were

significantly increased in chronic-binge EtOH-fed mice, the treatment with RFX

inhibited both of the expression to basal levels (Fig. 2C and D, p<0.05). In contrast, the

expression of CPT1A, the rate-limiting enzyme of fatty acid B-oxidation, was reduced

to 56 + 2% of control by EtOH administration, which improved to 97 + 6% by RFX

(Fig. 2E, p<0.05).

RFX decreases overexpression of inflammatory cytokines in the liver in chronic-binge

EtOH-fed mice.

The hepatic expression levels of mRNA for TNFa, IL6, inflammatory cytokines,

were significantly increased in chronic-binge EtOH-fed mice as expected, whereas

treatment with RFX blunted these expressions significantly (Fig. 3, A and B, P < 0.05).

The expression of IFNy, which is secreted by activated T cells and natural killer cells
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and enhances macrophages, was also increased in chronic-binge EtOH. Additionally, the

expression of a macrophage-tropic chemokine CCL2 was markedly enhanced in EtOH

group. RFX completely reduced the expression of IFNy to the basal levels and

significantly decreased CCL2 (Fig. 3C and D, p<0.05). The hepatic mRNA expression

for CD-14, the co-receptor for TLR4 and TLR2, was increased in chronic-binge

EtOH-fed mice compared with controls; treatment with RFX significantly blunted the

mRNA expression (Fig. 3E, P <0.05). The hepatic expression of mRNA for TLR4 and

TLR2 significantly increased in chronic-binge EtOH-fed mice compared with controls,

and RFX significantly blunted the mRNA expression both of TLR4 and 2 (Fig. 3F and

G, P <0.05). LPS in portal vein blood was more than doubled by chronic-binge EtOH

and was almost completely suppressed by RFX (Fig. 3H, P < 0.05). In contrast,

D-xylose absorption assay showed no effect of RFX on gut permeability increased by

chronic-binge EtOH (Fig. 31).

RFX prevents oxidative stress induced by chronic-binge EtOH

Oxidative stress in hepatocytes after chronic-binge EtOH feeding was evaluated

by immunohistochemical staining of 4-HNE. This assay revealed that chronic-binge

EtOH significantly increased the 4-HNE-positive area to 22.8 + 2.3%, compared with
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values of 12.5 + 2.4% in controls; treatment with RFX significantly reduced the

4-HNE-positive area to 16.7 = 1.1% (Fig. 4, A, P < 0.05). The hepatic expression of

HO1 mRNA, another oxidative stress marker in the liver, was measured by qPCR. The

hepatic expression levels of HO1 mRNA were significantly increased in chronic-binge

EtOH-fed mice compared with controls. Treatment with RFX significantly blunted the

mRNA expression (Fig. 4C P < 0.05). The hepatic expression of NOX1 and 2 was also

measured by qPCR. Whereas the expression of NOX1 did not show significant change

by chronic-binge EtOH, the expression of NOX2 was significantly increased by

chronic-binge EtOH. The treatment with RFX significantly prevented the NOX2 mRNA

expression (Fig. 4D and E, P<0.05). CYP2E1 was measured by western blotting using

GADPH as a normalization standard. CYP2EI significantly increased after

chronic-binge EtOH feeding compared with the controls; treatment with RFX had no

effect on this increase (Fig. 4F, P < 0.05). Additionally, chronic-binge EtOH-enhanced

CYP2EI activity was not either inhibited by RFX (Fig. 4G).

RFX has no effect on the net amount of viable bacterial cells increased by chronic EtOH

feeding.

The net amount of viable aerobic and anaerobic bacterial cells in small intestine
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dramatically increased after chronic EtOH feeding compared with controls. Treatment

with RFX showed no significant difference compared with EtOH-fed group (Fig. 5, A

and B, P <0.05).

RFEX induces taxonomic shifts in small intestinal bacterial communities in chronic

EtOH-fed mice.

In the phyrum level, the profile of small intestinal microbiota following

EtOH-feeding showed minimal changes compared with controls (Fig. 6A). However, the

order Lactobacillales, which accounted for 51 £+ 11 % in controls, drastically decreased

to 2.8 £ 1.1 % in EtOH-fed group (Fig. 6, B and C, P < 0.05). Instead, the order

Erysipelotrichales dramatically increased to 68 + 1 % after EtOH-feeding, compared

with values of 25.2 + 5.0 % in controls (Fig. 6, B and D, P < 0.05). Treatment with RFX

largely reversed the order Erysipelotrichales to 11 + 2 % (Fig. 6, B and D, P < 0.05) and

dramatically enriched the order Bacteroidales to 55 + 6% (Fig. 6, B and E, P < 0.05).
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Discussion

In the present study, the treatment with RFX prevented severe steatohepatitis

around central veins caused by chronic-binge EtOH feeding in KK-A” mice (Fig. 1E

and 2A). RFX significantly blunted chronic-binge EtOH-induced increases in ACCa

(Fig. 2C) and FAS (Fig. 2D), two major enzymes of the lipogenesis pathway. Further,

and prevented decreases in CPT1A (Fig. 2E), indicating that RFX treatment in vivo

reverts down-regulation of B-oxidation mostly caused by EtOH. These findings

demonstorate that RFX treatment modify lipid metabolism in liver, thereby preventing

hepatic steatosis caused by EtOH with comorbid metabolic syndrome.

Chronic and binge ethanol feeding elicits production of pro-inflammatory

cytokines and chemokines, such as TNFa, IL6, IFNy, and CCL2 in KK-AY mouse liver

as expected. However, RFX markedly downregulated these phenomenon (Fig. 3, A-D).

Ethanol administration in vivo is associated with the formation of free radicals due to

oxidant stress (25). RFX prevented oxidative stress in the liver following chronic-binge

EtOH feeding, evidenced by the expressions of 4-HNE and mRNA for HO1 (Fig. 4A).

HO-1 can be used as a oxidative stress marker because it is upregulated by oxidative

stress, although it works as an antioxidant (24). It has been reported that chronic EtOH
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feeding increases the LPS-stimulated NOXs-dependent production of reactive oxygen

species (ROS) in Kupffer cells (31, 57). Particularly, NOXs play an important role in

alcoholic steatohepatitis with a mechanism involving FASN and ACCa (34). In our

study, RFX reduced oxidative stress possibly through the down regulation of NOX2,

which is an isoform predominantly express on macrophages (Fig. 4D and E). Taken

together, it is hypothesized that NOX2, mostly in hepatic macrophages, is the target of

action of RFX in terms of enhanced hepatic oxidative stress caused by EtOH with

comorbid metabolic syndrome.

CYP2ELI is induced predominantly in the hepatocytes by EtOH and could be a

source of reactive oxygen species, leading to liver injury (51). However, some reports

suggested that CYP2E1 plays only a small role in mechanisms of AH (30, 32). Taken

together, the role of CYP2El in AH is controversial. Our data revealed that the

EtOH-induction in hepatic protein levels and activity of CYP2E1 was not blunted by

RFX (Fig. 3F and G), suggesting that the protective effect of RFX on chronic-binge

EtOH-induced steatohepatitis was independent of CYP2E1-mediated EtOH metabolism.

TLRs are the main pattern recognition receptors on liver cells and have an
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important role in detecting a variety of invading microorganisms and their products, and

eliciting early innate immune responses (3, 36, 40). Activation of Kupffer cells via

TLR4, a receptor for lipopolysaccharide produced by Gram-negative bacteria, is

involved in the pathogenesis of alcohol-induced liver injury (18, 38, 59). The

co-receptor CD-14 is required by TLR4 to response to microbial components,

enhancing TLR4-mediated pro-inflammatory responses to bacterial pathogens (48). In

our data, the prevention of overexpression of CD-14 and TLR4 mRNA by RFX

indicates the suppressive effect against TLR4 signaling pathway after

EtOH-feeding/binge (Fig. 3, E and F). On the other hand, TLR2 recognizes the surface

molecules of Gram-positive bacteria such as lipoteichoic acid and peptidoglycan, potent

stimulators of innate inflammatory responses (56). Recent studies have indicated that

TLR?2 is also related with the development of AH. Some reports indicated that chronic

alcohol feeding increases hepatic expression levels for TLR2 (14, 26, 46), and

chronic-binge EtOH-induced liver damage and inflammation are prevented in

TLR2-deficient mice (50). We have measured the concentration of lipoteichoic acid and

lipopolysaccharide (LPS) in the portal blood 6 hr after gavage of EtOH. Lipoteichoic

acid in portal blood was not different between control and EtOH groups (data not

shown) whereas LPS levels in the portal blood were significantly elevated in EtOH
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group. This is consistent with previous reports indicating the role of gut-derived

endotoxin in alcoholic and nonalcoholic steatohepatitis (47, 59); therefore, here we

focused on LPS as the main bacterial product involved in our animal model. On the

other hand, we evaluated gut permeability using D-xylose absorption test (Fig. 3I). As

expected, D-xylose absorption is increased following chronic EtOH and binge, which

was not prevented by RFX, indicating that RFX does not revert EtOH-induced

leaky-gut in this model.

It has been reported that single administration of EtOH binge without chronic

EtOH does not cause any liver damage in the chronic-binge EtOH model (5). In this

study, therefore, we analyzed small intestinal contents prior to EtOH binge, considering

that chronic changes in the intestinal flora due to alcohol intake may have a major effect

on liver damage after EtOH binge. Chronic alcohol consumption induces small and

large intestinal bacterial overgrowth and dysbiosis in animals and humans (6, 63). Our

data also demonstrated that chronic EtOH exposure led to aerobic and anaerobic

bacterial overgrowth in the small intestine (Fig. 5). Previous study showed that RFX

administration caused no significant changes in principle component analysis,

quantitative assessment of gut microbiota using multitag pyrosequencing, in fresh stool
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in patients with cirrhosis (4). Our data derived from conventional culturing techniques

also indicated that RFX had no effect on the net amount of small intestinal viable

bacterial cells increased by chronic EtOH feeding (Fig. 5).

In patients with cirrhosis treated by RFX, the relative abundance of stool

pathogenic bacteria indicated only a slight change compared with before-treatment (21).

The present study demonstrated that chronic EtOH consumption dramatically modified

relative abundance of the small intestinal microbiota in KK-A” mice, increasing the

relative abundance of the order Erysipelotrichales and decreasing the order

Lactobacillales compared with pair-fed control mice (Fig. 6, B-D). The order

Erysipelotrichales and Lactobacillales belong to the Firmicutes phylum. The order

Erysipelotrichales, Gram-positive facultative anaerobes, increased in canines with a diet

high in refined maize and low in fiber (15), in mice with high fat diets (37), in mouse

models of acute inflammatory colitis (52), in humans with Crohn’s disease (13), and in

humans with obesity, western-type diets, and increased host cholesterol metabolite. The

involvement to host lipid metabolism has been considered as a mechanism by which the

Erysipelotrichales are related to each disease in human. (20). Lactobacillales is an order

of Gram-positive obligate anaerobes, which has been shown to prevent alcoholic liver
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injury as probiotics (7, 43). The treatment of RFX dramatically modified the component

of the small intestinal microbiota caused by chronic EtOH feeding, decreasing the

relative abundance of the order Erysipelotrichales and increasing the order

Bacteroidales (Fig. 6, B, D, and E). It also indicated that the treatment of RFX

drastically decreased the Firmicutes/Bacteroidetes ratio of the small intestinal

microbiota of KK-AY mice (Fig. 5A). Since the order Bacteroidales is Gram-negative

obligate anaerobes, the data of 16S rRNA here does not simply explain the fact that

RFX reduced LPS in the portal blood by RFX. However, previous studies showed a

decreased abundance of its family Bacteroidaceae in patients with liver cirrhosis, in

particular in alcoholic cirrhosis (9, 22, 42). In addition, other studies have shown that

Firmicutes/Bacteroidetes ratio was increased in obese mice and humans compared with

lean individuals (27, 35, 58), and in human with short-term overnutrition (19). Taken

together, the decrease of Firmicutes/Bacteroidetes ratio induced by RFX may have

potential to prevent alcoholic liver injury.

In conclusion, our findings demonstrated that the treatment with RFX prevented

alcoholic liver injury through suppressing inflammatory cytokines, chemokines and

oxidative stress in obese KK-A” mice. Furthermore, this study presented that RFX
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dramatically modified the small intestinal microbiota following chronic EtOH feeding,

decreasing the relative abundance of the order Erysipelotrichales and increasing the

order Bacteroidales, without affecting EtOH-induced increase of net amount of viable

bacteria. These findings indicate that the RFX-induced modulation of small intestinal

microbiota plays a pivotal role to prevent alcoholic liver injury in this obese KK-AY

mouse model. Modulation of microbiota by RFX is a promising approach for

prevention/treatment of AH.
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Fig. 1. Rifaximin ameliorates hepatic steatosis and inflammation caused by

chronic-binge EtOH feeding.

KK-AY mice were fed a liquid diet containing EtOH (5%) or control diet for 10 days.

Some mice were given rifaximin (RFX; 0.1 g/L) in the liquid diet during the feeding

period. Mice were then given single EtOH (4 g/kg BW) gavage on day 11, and

euthanized 6 h later. Average food consumption (A), and changes in body weight are

plotted (B). Serum alanine aminotransferase (ALT) (C) and triglyceride (TG) levels (D)

are plotted. Macroscopic images of entire livers of each group are shown (E). Average

values of liver/body weight ratio are plotted (F). (n =5, *; vs. control, #; vs. EtOH, P <

0.05 by ANOVA on ranks and Student-Neuman—Keuls post-hoc test). Error bars

represent mean + SEM.
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Fig. 2. Rifaximin ameliorates hepatic steatosis caused by chronic-binge EtOH

feeding through by inhibition of lipogenesis.

The experimental design is the same as in Fig. 1. Representative photomicrographs of

H-E stained (upper panels) and Oil Red O-stained (lower panels) sections of liver from

each group are shown (A; original magnification: X100, scale bar: 100 pm). Hepatic

contents of triglyceride (TG) were measured by colorimetric assay. Obtained values

were normalized by tissue weight, and average values are plotted (B). Hepatic mRNA

expression levels of acetyl-CoA carboxylase o (AACa) (C), fatty acid synthase (FAS)

(D), and carnitine palmitoyltransferase 1A (CPT1A) were quantitatively detected by

realtime RT-PCR (n = 5, *; vs. control, #; vs. EtOH, P < 0.05 by ANOVA on ranks and

Student—Neuman—Keuls post-hoc test). Error bars represent mean + SEM.
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Fig. 3. Rifaximin decreases overexpression of inflammatory cytokines in the liver

in chronic-binge EtOH-fed mice.

Experimental design is the same as in Fig.1 except that mice in Fig. 31 were euthanized

2 h later a single EtOH + D-xylose gavage. Hepatic mRNA expression levels of tumor

necrosis factor a (TNFa) (A), interleukin 6 (IL6) (B), interferon y (IFNy) (C), C-C motif

chemokine ligand 2 (CCL2) (D), cluster of differentiation (CD)-14 (E), toll-like

receptor (TLR) 4 (F), and TLR2 (G) were quantitatively detected by realtime RT-PCR.

Lipopolysaccharide (LPS) in portal blood was measured using limulus amebocyte lysate

assay and the average values were plotted (H). The intestinal permeability based on

D-xylose absorption was plotted (I) (n = 5, *; vs. control, #; vs. EtOH, P < 0.05 by

ANOVA on ranks and Student-Neuman—Keuls post-hoc test). Error bars represent mean

+ SEM.
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Fig. 4. Rifaximin prevents oxidative stress induced by chronic-binge EtOH.

Experimental design is the same as in Fig.1. Representative photomicrographs of the

4-hydroxy-2-nonenal (4-HNE) stained liver tissues from each group are shown (Fig.

4A; original magnification: x100, scale bar: 100 um). The 4-HNE-positive area in the

field was measured morphometrically, and average percentages of 4-HNE-positive area

from 5 different animals are plotted. Five fields per animal were measured (B). Hepatic

expression of mRNA for heme oxygenase 1 (HO1) (C), NADPH oxidase 1 (NOX1) (D),

and NOX2 (E) was determined by RT-PCR. Hepatic expression of anti-cytochrome

P450 (CYP) 2E1 was detected by Western blotting (F). CYP2E1 activity in liver was

determined by monitoring the formation of para-nitro-catechol from para-nitro-phenol.

The average of para-nitro-catechol concentration increase per minute was plotted. (G; n

=5, *; vs. control, #; vs. EtOH, P < 0.05 by ANOVA on ranks and Student-Neuman—

Keuls post-hoc test). Error bars represent mean + SEM.
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Fig. 5. Rifaximin has no effect on the net amount of viable bacterial cells increased

by chronic EtOH feeding.

Experimental design is the same as in Fig.1, except that small intestinal contents were

collected prior to a single EtOH gavage. Viable bacterial cells were measured by colony

forming units (CFU) counted on aerobic culture plate (A) or anaerobic culture plate (B;

n =35, *; vs. control, #; vs. EtOH, P < 0.05 by ANOVA on ranks and Student-Neuman—

Keuls post-hoc test). Error bars represent mean + SEM.
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Fig. 6. Rifaximin induces taxonomic shifts in small intestinal bacterial communities

in chronic EtOH-fed mice.

Experimental design is the same as in Fig.5. Taxonomic composition of the small

intestinal bacterial communities in the phylum level (A) and the order level (B). Relative

abundance of Lactobacillales (C), Erysipelotrichales (D) and Bacteroidales (E) in small

intestinal microbiota at the order level (n = 3, *; vs. control, #; vs. EtOH, P < 0.05 by

ANOVA on ranks and Student—Neuman—Keuls post-hoc test). Error bars represent mean

+ SEM.
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Primer set Forward Reverse
ACCa GAAGTCAGAGCCACGGCACA GGCAATCTCAGTTCAAGCCAGTC
CCL2 GCATCCACGTGITGGCTCA CTCCAGCCTACTCAITGGGATCA
CD-14 CCTGGCACAGAATGCCCTAA CCTCTGTGAATTCTAAITGCGTCTC
FAS AGCACTGCCTTCGGTTCAGTC AAGAGCTGTGGAGGCCACTTG
GAPDH TGTGTCCGTCGTGGATCTGA ITGCTGITGAAGTCGCAGGAG
HO1 CTGGAGATGACACCTGAGGTCAA CTGACGAAGTGACGCCATCTG
IFNy CGGCACAGTCAITGAAAGCCTA GITGCTGATGGCCTGATTGTC
IL6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGITGITCATAC
NOX1 AAGCCATTGGATCACAACCTCAC ATCCATGGCCTGTTGGCTTC
NOX2 CCTTAGAGCACTCAAGGCTGGTTC CTTTGTCCCAGGGCAACAATTC
TLR2 GGACGTITGCTATGATGCCTITG ACGAAGTCCCGCTTGTGGAG
TLR4 TCCTGTGGACAAGGTCAGCAAC TTACACTCAGACTCGGCACTTAGCA
TNFa GTTCTATGGCCCAGACCCTCAC GGCACCACTAGITGGITGTCTITG
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