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Abstract

Background & Aims—Alcoholic liver disease is a leading cause of mortality. Chronic alcohol 

consumption is accompanied by intestinal dysbiosis, and development of alcoholic liver disease 
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requires gut-derived bacterial products. However, little is known about how alterations to the 

microbiome contribute to pathogenesis of alcoholic liver disease.

Methods—We used the Tsukamoto-French mouse model which involves continuous intragastric 

feeding of isocaloric diet or alcohol for 3 weeks. Bacterial DNA from the cecum was extracted for 

deep metagenomic sequencing. Targeted metabolomics assessed concentrations of saturated fatty 

acids in cecal contents. To maintain intestinal metabolic homeostasis, diets of ethanol-fed and 

control mice were supplemented with saturated long-chain fatty acids (LCFA). Bacterial genes 

involved in fatty acid biosynthesis, amounts of lactobacilli, and saturated LCFA were measured in 

fecal samples of non-alcoholic individuals and patients with active alcohol abuse.

Results—Analyses of intestinal contents from mice revealed alcohol-associated changes to the 

intestinal metagenome and metabolome, characterized by reduced synthesis of saturated LCFA. 

Maintaining intestinal levels of saturated fatty acids in mice resulted in eubiosis, stabilized the 

intestinal gut barrier and reduced ethanol-induced liver injury. Saturated LCFA are metabolized by 

commensal Lactobacillus and promote their growth. Proportions of bacterial genes involved in 

fatty acid biosynthesis were lower in feces from patients with active alcohol abuse than controls. 

Total levels of LCFA correlated with those of lactobacilli in fecal samples from patients with 

active alcohol abuse but not in controls.

Conclusion—In humans and mice, alcohol causes intestinal dysbiosis, reducing the capacity of 

the microbiome to synthesize saturated LCFA and the proportion of Lactobacillus species. Dietary 

approaches to restore levels of saturated fatty acids in the intestine might reduce ethanol-induced 

liver injury in patients with alcoholic liver disease.
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Introduction

Liver cirrhosis is the 10th leading cause of mortality in the United States; more than 40% of 

all cirrhosis-associated deaths are related to alcohol1. Alcoholic liver disease can progress 

from simple hepatic steatosis to cirrhosis and even hepatocellular carcinoma in some 

individuals2.

Chronic alcohol consumption is associated with qualitative and quantitative (overgrowth) 

dysbiotic changes in the intestinal microbiota3–7. Alcoholic dysbiosis is characterized by 

reduced proportions of commensal probiotic bacteria such as Lactobacillus species in animal 

models and humans with cirrhosis3, 8. A common and important feature of disease 

pathogenesis is leakiness of the intestinal barrier, resulting in translocation of microbial 

products such as lipopolysaccharide from the intestinal lumen to the liver9. Development of 

alcoholic liver disease depends on microbial translocation; mice that express nonfunctional 

toll-like receptor 4 are resistant to experimental alcoholic liver disease10. Furthermore, mice 

that are protected from bacterial overgrowth have decreased alcohol-induced liver disease 

despite leakier guts4, 11. Administration of the probiotic Lactobacillus rhamnosus GG to 

alcohol-fed mice restored intestinal integrity, decreased intestinal translocation of microbial 
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products, and reduced features of alcoholic liver disease12, 13, providing evidence that 

targeting dysbiosis improves disease.

Although alcohol-associated changes in the enteric microbiome and subsequent disruption 

of the intestinal barrier are required for development and progression of liver disease in 

animal models and humans14, 15, little is known about the mechanisms of this process. We 

used metagenomic and metabolomic analyses to investigate the effects of chronic ethanol 

administration on metabolism by the intestinal microbiota.

Materials and Methods

Alcohol feeding

Male C57BL/6J mice (age 8 weeks) were purchased from Jackson Laboratory. All mice 

received humane care in compliance with institutional guidelines. Continuous intragastric 

infusion of ethanol was performed as previously described3, 4, 16. In brief, mice were 

anesthetized by injection of ketamine and xylazine, and underwent surgical implantation of a 

long-term gastrostomy catheter made of Tygon and silastic tubings with Dacron felt under 

sterile conditions. The use of a swivel allows free movement of the mouse in a micro-

isolator cage. After 1 week acclimatization period during which mice were given intragastric 

infusions of a control diet, ethanol infusion was initiated at 22.7g/kg/day on days 1 and 2, 

24.3 g/kg/day on days 3 and 4, 26 g/kg/day on days 5 and 6, and 27.5 g/kg for day 7. For 

mice fed ethanol for 3 weeks, the dose increased to 29.2 g/kg/day for days 9–14 and 30.9 

g/kg/day for week 3. At the initial ethanol dose, total caloric intake was set at 533 Cal/kg; 

the percentages of calories from ethanol, dietary carbohydrate (dextrose), protein 

(lactalbumin hydrolysate), and fat (corn oil) were 29%, 13%, 23%, and 35%, respectively. A 

vitamin, salt, and trace mineral mix was included at the recommended amounts by the 

Committee on Animal Nutrition of the National Research Council (AIN-76A, 4.42 g/L and 

15.4 g/L, respectively; Dyets Inc.). Mice were individually caged and control mice received 

an isocaloric amount of dextrose instead of ethanol.

For fatty acids supplementation experiments, the total caloric intake was reduced by 30%, to 

373 Cal/kg; the percentage of calories from ethanol, dietary carbohydrate (dextrose), and 

protein (lactalbumin hydrolysate) were 29%, 13%, and 23%, respectively. Liquid diets were 

also supplemented with a small amount of corn oil (5% of total calories) to avoid deficiency 

in essential fatty acids. Most of the dietary fat component was fed via pellets in an isocaloric 

amount, because saturated fatty acids have a wax-like consistency at room temperature and 

cannot be provided as liquid diet. The unsaturated fatty acid [USF] group received pellets 

made of corn oil (#401150; Dyets Inc.), whereas the saturated fatty acid [SF] group received 

pellets made of hydrogenated soy glyceride (#D404363; Dyets Inc.). Corn oil contains 

predominately unsaturated fatty acids (60% polyunsaturated fatty acids [linoleic acid] and 

26% monounsaturated fatty acids [oleic acid]; Supplemental Table 1). 80-S hydrogenated 

soya glyceride contains mostly saturated fatty acids (12% palmitic acid and 85% stearic 

acid; Supplemental Table 2). Comparable amounts of USF and SF pellets were consumed by 

mice in both groups (Supplemental Figure 1). Following 3 weeks of intragastric alcohol 

feeding and dietary supplementation with fatty acids, single-caged mice were sacrificed for 

analysis.
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Other materials and methods are described in the Supplementary Materials and Methods 

section.

Results

Chronic administration of ethanol inhibits biosynthesis of saturated fatty acids by the 
intestinal microflora

We first determined the effect of chronic alcohol intake on the intestinal metagenome. We 

used individually housed mice given intragastric infusion of ethanol-containing diet as a 

model of alcohol-induced liver disease. This model is ideal for well-controlled microbiomic 

and metabolic studies, because the same liquid diet is administered to all mice at the same 

rate, with the same amount of calories and volume. Control mice received infusion of an 

isocaloric amount of diet with dextrose instead of ethanol. Mice continuously fed ethanol for 

3 weeks developed severe liver injury and steatosis as described by us3.

The cecal microbiota from mice fed ethanol for 3 weeks had a lower proportion, compared 

with controls, of bacterial genes involved in the biosynthesis of saturated fatty acids 

including malonyl CoA:ACP acyltransferase (FabD; [EC:2.3.1.39]), 3-oxoacyl-[acyl-carrier-

protein] synthase II (FabF; [EC:2.3.1.179]) and 3-oxoacyl-[acyl-carrier protein] reductase 

(FabG; [EC:1.1.1.100]), determined by metagenomic sequencing (Figure 1A). Quantitative 

(q)PCR confirmed these results (Figure 1B). To further explore whether ethanol reduces 

saturated fatty acid biosynthetic gene abundance independently from the host, we performed 

ex vivo analysis by incubating cecal contents from control mice with ethanol under 

anaerobic conditions. Ethanol decreased the abundance of fabF, fabG and fabD genes 

(Supplemental Figure 2A), suggesting that ethanol exerts a direct effect on the microbiota. 

We further assessed bacterial gene expression on the transcriptional level. The mRNA level 

of all three fab genes showed a similar reduction as the genomic DNA after ethanol 

incubation (Supplemental Figure 2B), suggesting that ethanol changes microbial 

communities rather than having a direct inhibitory effect on bacterial gene transcription. 

Phylogenetic analysis of fab genes derived from metagenomic assemblies lacked 

representation in certain clades of Bacteroides, Clostridium, and Akkermansia spp., 

suggesting that some phylotypes were more sensitive to the effects of ethanol; therefore, 

reducing the copy number of these genes in the intestine (Supplemental Figure 2C).

Targeted metabolomic studies using tandem mass spectrometry determined the 

concentrations of the free saturated fatty acids C2:0 to C18:0 in cecal contents. With the 

exception of C10:0, which was lower in ethanol-fed mice, the concentrations of saturated 

short-chain fatty acids (SCFA; C2:0–C6:0) and medium-chain fatty acids (MCFA; C7:0–

C12:0) did not differ significantly between control and alcohol-fed mice. In contrast, 

concentrations of almost all saturated long-chain fatty acids (LCFA; C13:0–C18:0) were 

markedly decreased in ethanol-fed mice, compared with control mice (Figure 1C; 

Supplemental Figure 3).

In control and ethanol-fed mice, the concentrations of SCFA were the highest, when 

absolute amounts of all saturated fatty acids were compared. Although there was a slight, 

but not significant increase in the total level of SCFA following ethanol feeding (which is 
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due to an increase in acetate as metabolite from ethanol), the total amount of LCFA was 

significantly lower in ethanol-fed mice than in control mice (Figure 1D). Palmitic acid 

(C16:0) and stearic acid (C18:0) are the predominant LCFA in cecal contents of mice; levels 

of both are significantly reduced following 3 weeks of alcohol administration (Figure 1E). 

These data support our results from metagenomic analyses and indicate that bacterial 

synthesis of LCFA is greatly reduced after alcohol ingestion.

Fatty acids from diet or synthesized by the host could contribute to the differences observed 

in our studies. However, ethanol-fed mice and controls, fed isocaloric diets, received the 

exact same amount of fat via the gastric feeding tube. Furthermore, expression levels of 

genes involved in the synthesis of fatty acids (Srebp1, Fasn, Acc1, and Scd1) were similar 

between groups in tissues collected along the entire intestinal tract (Supplemental Figure 4). 

Therefore, difference in host gene expression patterns cannot account for differences 

observed in luminal levels of saturated fatty acid.

Additional support for bacteria-induced changes comes from the analysis of pentadecanoic 

acid (C15:0) and heptadecanoic acid (C17:0), which are LCFA produced by only bacteria17. 

Although the levels of pentadecanoic and heptadecanoic acid are low in intestines of control 

mice, ethanol feeding was associated with significantly lower intestinal levels (Figure 1F). 

Therefore, we observed clear functional differences in the ability of the microbiota to 

synthesize saturated LCFA following chronic administration of ethanol to mice.

Dietary supplementation of saturated LCFA reduces features of ethanol-induced liver 
disease in mice

Our findings suggested that chronic alcohol intake reduces the capacity of the intestinal 

microflora to synthesize saturated LCFA, resulting in lower intestinal levels of palmitic and 

stearic acid. We therefore investigated whether dietary supplementation to restore intestinal 

levels of palmitic and stearic acid, which are saturated LCFA, could prevent the 

development of ethanol-associated liver disease in mice. The diets of ethanol-fed and control 

mice were supplemented with 12% palmitic acid and 85% stearic acid (the saturated fatty 

acid [SF] group), which mimic intestinal levels of LCFA in control mice. Calories from fat 

were predominantly derived from unsaturated fatty acids oleic acid (27%) and linoleic acid 

(60%) in the unsaturated fatty acid [USF] group. The SF and USF groups were pair-fed and 

received equal amount of calories from fat.

Ratios of liver to body weight did not differ between SF and USF groups of ethanol-fed 

mice (Supplemental Figure 5). However, the SF group developed less-severe ethanol-

associated liver disease; these mice had reduced levels of liver injury (based on level of 

alanine aminotransferase [ALT]) and hepatic steatosis than mice in the USF group (Figure 

2A, B). This was confirmed by measurement of hepatic triglyceride levels (Figure 2C, D). 

Ethanol administration caused hepatic oxidative stress, indicated by increased levels of 

thiobarbituric acid-reactive substances (TBARS) in ethanol-fed vs control mice; hepatic 

oxidative stress was reduced in ethanol-fed mice given palmitic and stearic acid (Figure 2E). 

Immunohistochemical analysis of 4-hydroxynonenal (4-HNE), a marker for oxidative stress, 

confirmed these results (Figure 2F). Mice in the SF group showed a significantly reduced 
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hepatic gene expression of chemokines including Ccl2, Ccl3 and Cxcl2 after alcohol feeding 

compared with USF mice (Supplemental Figure 6).

Fecal total triglyceride content was similar between ethanol-fed SF and USF groups, 

indicating that there was no fat malabsorption (Supplemental Figure 7). Cecal 

concentrations of palmitic and stearic acid were, as expected, higher in the SF group, 

confirming adequate supplementation (Supplemental Figure 8). Total plasma levels of 

palmitic and stearic acid were slightly lower in the SF than the USF group (Supplemental 

Figure 9), as were plasma levels of total triglycerides (data not shown), indicating that 

systemic lipid profiles were similar between groups.

To determine how LCFA feeding affects ethanol-induced liver injury, we investigated 

intestinal absorption and hepatic metabolism of ethanol. Plasma levels of ethanol were 

comparable between the SF and USF groups following 3 weeks of intragastric ethanol 

administration (Supplemental Figure 10A). Alcohol dehydrogenase (Adh) and cytochrome 

p450 enzyme 2E1 (CYP2E1) are main hepatic enzymes that metabolize ethanol and convert 

it to acetaldehyde4. Levels of Adh mRNA level did not differ significantly between the SF 

and USF groups (Supplemental Figure 10B). Microsomal CYP2E1 protein was similarly 

upregulated in both groups following ethanol administration (Supplemental Figure 10C). 

These results demonstrate that the ability of palmitic and stearic acid to reduce ethanol-

associated liver disease does not involve changes in fat absorption or intestinal absorption or 

hepatic metabolism of alcohol. We propose that these LCFA restore intestinal metabolic 

homeostasis to prevent alcohol-associated liver disease.

Saturated LCFA prevent alcohol-induced gut leakiness

Development of alcoholic liver disease involves increased translocation of microbial 

products from the intestinal lumen to the liver, facilitated by a disruption of the epithelial 

barrier18. Following ethanol administration, levels of gut-derived and translocated 

Escherichia coli proteins increased significantly in liver tissues from USF but not SF mice 

(Figure 3A, B). Plasma endotoxin levels were significantly lower in alcohol-fed SF mice 

than alcohol-fed USF animals (Supplemental Figure 11). These results indicate that ethanol 

feeding increases bacterial translocation, and that palmitic and stearic acid block this 

process. Changes in levels of tight junction proteins contribute to paracellular leakage; we 

compared levels of intestinal tight junction proteins in small intestine tissues of mice from 

both groups. Following ethanol administration, levels of occludin decreased in ethanol-fed 

vs control mice. However, ethanol-fed mice in the SF group had significantly higher levels 

of occludin than those of the USF group (Figure 3C, D). Claudin-2 forms pores to increase 

barrier leakiness19. Levels of claudin-2 increased following ethanol feeding of USF mice, 

but not SF mice (Figure 3E, F).

We investigated whether increased cell death of small intestinal enterocytes contributed to 

bacterial translocation, but did not find a significant increase in apoptosis of the lining 

epithelial cells between control and alcohol mice in both groups (Supplemental Figure 12A). 

The morphology of intestinal villi was normal in all groups (Supplemental Figure 12B). 

Alcohol induces intestinal inflammation which could contribute to increased intestinal 

permeability20. SF feeding reduced intestinal inflammation as characterized by lower gene 
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expression of Ccl2 and TNFα in the ileum (Supplemental Figure 13A, B). The number of 

TNFα+ monocytes and macrophages was significantly decreased in the ileum of SF mice as 

compared to USF mice following alcohol feeding (Supplemental Figure 13C–F). Therefore, 

the difference between ethanol-fed USF and SF groups appeared to be stabilized gut barrier, 

reduced intestinal inflammation and reduced microbial translocation in the SF group. These 

factors might protect the SF mice from ethanol-induced liver injury.

To investigate whether saturated LCFA have a direct effect on intestinal epithelial tight 

junctions, we used differentiated intestinal epithelial cells to functionally analyze tight 

junction dynamics. Acetaldehyde, a product of ethanol metabolism, disrupts tight junctions. 

We analyzed tight junction function in cultured Caco-2 cells by measuring transepithelial 

electrical resistance (TEER). Incubation of cells with acetaldehyde along with unsaturated 

fatty acids (oleic acid and linoleic acid) or saturated fatty acids (palmitic acid and stearic 

acid) did not restore TEER after acetaldehyde exposure (Supplemental Figure 14). The 

ability of the saturated LCFA palmitic and stearic acid to stabilize the intestinal barrier in 

mice therefore does not appear to involve direct stabilization of intestinal epithelial cell tight 

junctions.

Eubiosis is restored following supplementation with saturated LCFA

Our findings indicate that dietary supplementation with saturated LCFA protects the liver 

through its effects in the intestine. Chronic ethanol administration results in intestinal 

bacterial overgrowth and dysbiosis, which are associated with intestinal inflammation and 

dysfunction of the intestinal barrier20. To determine whether saturated LCFAs affect the 

composition of the intestinal microbiome, we analyzed changes in the microflora by 16S 

ribosomal RNA (rRNA) gene sequencing.

Comparisons of bacterial 16S rRNA data sets demonstrated that in the USF group, the 

microbiota of ethanol-fed mice clustered separately from that of control mice, based on 

principal component analysis (PCA); these findings are consistent with previous 

publications3. However, in the SF group, the microflora of ethanol-fed and control mice did 

not cluster separately. In fact, the microbiota of ethanol-fed mice in the SF group overlapped 

significantly with that of the control mice in the USF group (Figure 4A, Supplemental 

Figure 15). These findings indicate that dietary supplementation with saturated LCFA 

prevents changes in the composition of intestinal microbiota following chronic ethanol 

exposure. These findings were confirmed using qPCR with 16S rRNA-specific primers.

We found that ethanol administration results in intestinal bacterial overgrowth, reduced 

proportions of the phylum Firmicutes, increased numbers of the phylum Bacteroidetes, and 

reduced proportions of Lactobacillus species and Lactobacillus rhamnosus. These findings 

are consistent with previous reports that chronic ethanol administration induces dysbiosis in 

mice3. Here, we report that administration of saturated LCFA reverses most of these effects 

(Figure 4B–F), to restore intestinal eubiosis.
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Lactobacillus metabolizes saturated LCFA

Lactobacillus species have important roles in the pathogenesis of alcoholic liver disease. The 

probiotic Lactobacillus rhamnosus GG prevents ethanol-induced steatohepatitis in 

rodents12, 13. Prebiotics increase numbers of commensal Lactobacillus species and reduce 

ethanol-induced liver damage in mice3. However, ethanol does not affect the growth of 

Lactobacillus rhamnosus GG in culture (Figure 5A), so the lower levels of lactobacilli 

observed in the intestines of mice after chronic ethanol feeding is not a direct effect. 

Lactobacilli might, however, metabolize saturated fatty acids. Accordingly, the lower levels 

of saturated fatty acids in the intestine after chronic ethanol administration might limit the 

proliferation of lactobacilli.

To test this hypothesis, Lactobacillus rhamnosus GG were cultured, anaerobically, in 

medium containing either stearic acid (the saturated fatty acid given to the SF group) or 

linoleic acid (the unsaturated fatty acid given to the USF group). Consistent with our 

hypothesis, medium containing stearic acid increased proliferation of Lactobacillus 

rhamnosus GG, compared with linoleic acid (Figure 5B). Stable isotope tracing studies 

provided further support for the concept that Lactobacillus species requires saturated LCFA 

in vivo. Only actively metabolizing and dividing microbes incorporate heavy isotope tracers 

into their DNA. Mice were gavaged with 13C-labeled palmitic acid once daily for 3 

consecutive days, and DNA that contained 13C was extracted from luminal contents of 

whole small intestine and cecum. Analysis by qPCR showed strong amplification of 

Lactobacillus genomic DNA, indicating that Lactobacillus species metabolizes palmitic acid 

in vivo. Other intestinal bacteria such as Akkermansia, Enterococcus, Prevotella and 

Clostridium cluster XI also had some ability to metabolize palmitic acid, but at a much 

lower level than lactobacilli (Figure 5C).

To link dysbiosis with intestinal barrier function, we tested the effects of supernatant from 

lactobacilli cultures on differentiated intestinal epithelial cells. Supernatant from cultures of 

Lactobacillus rhamnosus GG maintained in MRS broth, protected monolayers of polarized 

Caco-2 cells against barrier disruption by acetaldehyde (Figure 5D). These findings indicate 

that ethanol-induced intestinal dysbiosis is characterized by lower proportions of 

Lactobacillus species, possibly because levels of saturated fatty acids are reduced. 

Lactobacilli produce factors that maintain tight barrier function in intestinal epithelial cells.

Alcohol abuse changes the intestinal metagenome and metabolome in humans

To determine how our findings relate to humans, we amplified bacterial genes involved in 

fatty acid biosynthesis in fecal samples of non-alcoholic volunteers and patients with active 

alcohol abuse (Supplemental Table 3). Although fabD could not be amplified from human 

feces, the proportions of the genes fabF and fabG were significantly lower in feces from 

patients with active alcohol abuse than controls (Figure 6A). Levels of lactobacilli have been 

reported to be reduced in fecal samples from patients with liver disease8. We therefore 

measured amounts of fecal lactobacilli and LCFA. Total levels of LCFA, C15:0 and C17:0 

(two LCFA produced by only bacteria) are significantly correlated with those of lactobacilli 

in fecal samples from patients with active alcohol abuse but not in controls (Figure 6B). 

These findings support a model in which chronic alcohol abuse reduces the capacity of the 
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microbiome to synthesize saturated fatty acids, leading to reductions in intestinal 

Lactobacillus species.

Discussion

Ethanol-induced liver disease is associated with intestinal dysbiosis in animal models and 

humans3, 7. A prominent feature of alcohol abuse is disruption of the intestinal barrier, 

leading to translocation of microbial products to the liver. The mechanisms by which 

alcohol disrupts the intestinal barrier to contribute to alcoholic liver disease are not known. 

We used metagenomic and metabolomic analyses to investigate the roles of the microbiota 

in a mouse model of alcoholic liver disease. Chronic ethanol administration reduced the 

capacity of intestinal bacteria to synthesize saturated LCFA in mice and humans. Dietary 

supplementation with saturated LCFA and hence restoration of metabolic homeostasis 

reduced ethanol-induced liver damage in mice. It restored eubiosis by preventing ethanol-

induced overgrowth of intestinal bacterial and by increasing intestinal levels of probiotic 

lactobacilli. These bacteria appear to produce factors that promote intestinal barrier function.

Mice that are protected from bacterial overgrowth were reported to have lower systemic 

levels of bacterial products and decreased ethanol-induced liver disease, despite leakier 

guts4. Similarly, rats fed Lactobacillus rhamnosus GG, which increases the load of health-

associated bacteria in the intestine and restores eubiosis, develop less-severe liver disease 

following ethanol administration13. Our findings support the concept that restoration of 

eubiosis protects against alcohol-induced liver disease.

Saturated fatty acids do not act directly on the intestine to stabilize its barrier. Instead, we 

showed that commensal lactobacilli metabolize saturated LCFA, in vivo and in cultured 

cells, to promote their expansion. Saturated fatty acids were reported to serve as vitamin B 

substitute and promote growth of Lactobacillus species21. Chronic ethanol intake might 

therefore decrease levels of Lactobacillus species by reducing intestinal levels of saturated 

fatty acids. Interestingly, in contrast to LCFA, SCFA do not seem to be beneficial for 

alcoholic liver disease. Although supplementation with butyrate protects from intestinal tight 

junction disruption, it does not prevent steatohepatitis after chronic alcoholic feeding22.

Lactobacillus might protect against liver damage by directly stabilizing the mucosal barrier. 

We observed that supernatant from Lactobacillus rhamnosus GG cultures protected 

monolayers of Caco-2 cells from tight junction disruption by acetaldehyde—the first 

metabolite of alcohol, which has been shown to induce intestinal leakage18. Lactobacillus 

casei Shirota restore neutrophil phagocytic capacity in alcoholics with cirrhosis23. L. 

rhamnosus GG downregulates LPS-induced proinflammatory mediators and decrease 

systemic inflammation in rats24. These antiinflammatory effects may be related to inhibition 

of NFκB activation in intestinal epithelial cells25. It is therefore feasible that lactobacilli 

exert their beneficial effect by inhibition of intestinal inflammation, which we have observed 

in SF mice. Another important potential protective mechanism of lactobacilli is through 

reducing oxidative stress. Alcohol ingestion results in hypoxia of intestinal epithelial cells, 

which in turn can cause intestinal integrity dysfunction through hypoxia-inducible factor 

(HIF) modulation. Lactobacillus rhamnosus GG increased HIF expression, attenuated 
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alcohol-induced oxidative stress and maintained intestinal integrity12. Restoring intestinal 

levels of Lactobacilli might also suppress intestinal bacterial overgrowth. Lactobacilli 

secrete lactic acid to reduce intestinal pH26. A more acidic environment reduces the growth 

of the commensal microbiota27 and lowers the amount of luminal bacterial products that can 

translocate to the liver.

Intestinal permeability increases following chronic alcohol administration. Subsequently, 

bacterial products translocate from the intestinal lumen to extraintestinal spaces including 

the systemic circulation and liver. As shown in our study, SF mice showed lower plasma 

endotoxin and less E.coli proteins in the liver following ethanol feeding. LPS binds to TLR4 

on parenchymal and non-parenchymal liver cells resulting in hepatic inflammation and 

hepatocyte death28, 29. TLR4 is a crucial mediator of experimental alcoholic liver disease10. 

Stabilizing the gut barrier and decreasing translocation of bacterial products inhibits hepatic 

expression of inflammatory mediators as shown in our study. Other bacterial products might 

translocate from the gut to the liver as well, and bind to hepatic TLRs which contribute to 

alcoholic liver disease. Overall, we propose that probiotic lactobacilli use saturated fatty 

acids for growth. Lactobacilli, in turn, stabilize the mucosal barrier to prevent translocation 

of microbial products that contribute to development of liver disease. Blocking translocation 

of bacterial ligands from the intestine to extraintestinal organs or blocking hepatic TLR 

signaling inhibits alcoholic liver disease, and these are established pathways resulting in 

alcoholic liver disease (Figure 6C).

Our findings indicate that alterations in metabolism by the intestinal microbiota contribute to 

the pathogenesis of alcoholic liver disease. Although studies have described the protective 

effects of different dietary mixtures of fats containing saturated fatty acids30–35, their 

relevance to human disease and mechanisms were not determined. We demonstrate the 

mechanisms by which alcohol disrupts the intestinal microbiome and its metabolome to 

contribute to liver disease. Diets or agents designed to increase intestinal concentrations of 

saturated LCFA or their production by the intestinal microbiome might be developed to treat 

alcohol-induced liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

4-HNE 4-hydroxynonenal

Adh1 alcohol dehydrogenase 1

ALT alanine aminotransferase

CYP2E1 cytochrome p450 enzyme 2E1

E.coli Escherichia coli

LCFA long chain fatty acids

MCFA medium chain fatty acids

SCFA short chain fatty acids

TBARS Thiobarbituric Acid Reactive Substances

TEER transepithelial electrical resistance

VDAC1 Voltage-dependent anion-selective channel protein 1
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Figure 1. Chronic ethanol administration reduces bacterial biosynthesis of saturated LCFA
C57BL/6 mice were fed intragastric isocaloric (control) or alcohol diets for 3 weeks. (A) 

Fatty acid synthesis pathway: Metagenomic sequencing revealed a reduced proportion of 

bacterial genomic DNA (shown in red) containing genes involved in biosynthesis of 

saturated fatty acids. (B) Fold changes in genomic DNA containing malonyl CoA:ACP 

acyltransferase (fabD), 3-oxoacyl-[acyl-carrier-protein] synthase II (fabF) and 3-oxoacyl-

[acyl-carrier protein] reductase (fabG), based on real-time PCR (n = 5). (C) Z value of each 

single fatty acid in the cecum of control (n = 3) and ethanol fed mice (n = 7). (D) Levels of 

saturated short-, medium-, and long-chain fatty acids in the cecum of control (n = 3) and 

ethanol-fed mice (n = 7). (E and F) Total levels of saturated LCFA, C15:0 and C17:0, in the 

cecum of control and ethanol-fed mice (n = 3 for control; n = 7 for ethanol). *p<0.05.
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Figure 2. Supplementation of saturated fatty acids reduces ethanol-induced liver disease
C57BL/6 mice were fed saturated fatty acids (SF) or unsaturated fatty acids (USF) and 

received an intragastric isocaloric (n=3) or ethanol-containing (n=6–7) diet for 3 weeks. (A) 

Plasma levels of ALT. (B) Representative H&E stained liver sections. (C) Hepatic levels of 

triglyceride. (D) Representative Oil Red O-stained liver sections. (E) Hepatic levels of 

TBARS. (F) Representative liver sections stained for 4-HNE. *p<0.05.
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Figure 3. Saturated fatty acid supplementation suppresses alcohol-induced intestinal leakiness
C57BL/6 mice were fed saturated fatty acids (SF) or unsaturated fatty acids (USF) and 

received an intragastric isocaloric (n=3) or ethanol-containing (n=5–7) diet for 3 weeks. (A) 

Immunoblot analyses of hepatic tissues for E. coli. (B) Quantification of E. coli proteins 

normalized to α-tubulin. (C) Representative images of immunofluorescence analysis of 

occludin (green) in distal small intestine. Nuclei were stained with Hoechst (blue). (D) 

Immunoblot of occludin in the distal small intestine and quantification of occludin protein, 

normalized to β-actin. (E) Representative images of immunofluorescence analysis of 

claudin-2 (green) in distal small intestine. Nuclei were stained with Hoechst (blue). (F) 

Immunoblot of claudin-2 in the distal small intestine and quantification of claudin-2 protein, 

normalized to β-actin. *p<0.05.
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Figure 4. Supplementation of diet with saturated fatty acid reverses alcohol-induced dysbiosis
C57BL/6 mice were fed saturated fatty acids (SF) or unsaturated fatty acids (USF) and 

received intragastric isocaloric (n=2–3) or ethanol-containing (n=5–7) diets for 3 weeks. (A) 

Clusters of groups, based on 16S rRNA gene sequence analysis. Principal component 

analysis was performed on weighted and normalized P1 vs P2 UniFrac distances. PC: 

principal component. (B–F) Fold-differences between groups in proportions of the intestinal 

bacteria Firmicutes, Bacteroidetes, total Lactobacillus species and Lactobacillus (Lb.) 

rhamnosus in cecum of mice. *p<0.05.
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Figure 5. Lactobacillus rhamnosus metabolizes saturated fatty acids in vivo and prevents 
disruption of monolayers of Caco-2 cells by acetaldehyde
(A) Effect of ethanol on Lactobacillus rhamnosus growth in vitro (n = 3). (B) Effect of fatty 

acids on Lactobacillus rhamnosus growth in vitro (n = 4). (C) qPCR amplification of 

extracted C13-labeled DNA following gavage with unlabeled palmitic acid or [1-13C] 

palmitic acid in vivo (n = 5–6). (D) TEER of monolayers of polarized Caco-2 cells incubated 

with acetaldehyde in the absence or presence of supernatants from cultures of Lactobacillus 

rhamnosus (n = 10). *p<0.05.
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Figure 6. Alcohol abuse decreases bacterial genes that regulate fatty acid synthesis in humans
(A) Real-time PCR of genomic DNA for 3-oxoacyl-[acyl-carrier-protein] synthase II (fabF) 

and 3-oxoacyl-[acyl-carrier protein] reductase (fabG) in stool samples of healthy individuals 

(n = 6) and patients with alcohol abuse (n = 7–8). (B) Total fecal levels of LCFA, C15:0 and 

C17:0 were correlated with fecal amounts of Lactobacillus species in non-alcoholic 

individuals (left column; n= 6) and patients with active alcohol abuse (right column; n= 15). 

One patient sample was excluded from the analysis due to the very high amount of fecal 

lactobacilli and it was considered as true outlier. (C) Schematic representation of the 

proposed model: Chronic ethanol feeding reduced the capacity of intestinal bacteria to 

synthesize saturated LCFA in mice and humans. Dietary supplementation with saturated 

LCFA maintains eubiosis by preventing ethanol-induced overgrowth of intestinal bacterial 

and by increasing intestinal levels of probiotic lactobacilli. These bacteria appear to produce 

factors that promote intestinal barrier integrity. Reduced translocation of bacterial products 

decreases ethanol-induced liver damage in mice. *p<0.05.
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