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fat-1 versus WT mice that may contribute to a reduced in-
flammatory response. Finally, these data correlated with a 
significant reduction in liver injury.  Our study suggests 
that -3 PUFA enrichment or treatment with resolvins can 
attenuate the disruption in intestinal homeostasis caused by 
EtOH consumption and systemic inflammation with a con-
comitant reduction in liver injury.—Warner, D. R., J. B. 
Warner, J. E. Hardesty, Y. L. Song, T. N. King, J. X. Kang, C-Y. 
Chen, S. Xie, F. Yuan, M. A. I. Prodhan, X. Ma, X. Zhang, 
E. C. Rouchka, K. R. Maddipati, J. Whitlock, E. C. Li, G. P. 
Wang, C. J. McClain, and I. A. Kirpich. Decreased -6:-3 
PUFA ratio attenuates ethanol-induced alterations in intesti-
nal homeostasis, microbiota, and liver injury. J. Lipid Res. 
2019. 60: 2034–2049.
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Abstract  Ethanol (EtOH)-induced alterations in intestinal 
homeostasis lead to multi-system pathologies, including liver 
injury. -6 PUFAs exert pro-inflammatory activity, while -3 
PUFAs promote anti-inflammatory activity that is mediated, 
in part, through specialized pro-resolving mediators [e.g., 
resolvin D1 (RvD1)]. We tested the hypothesis that a de-
crease in the -6:-3 PUFA ratio would attenuate EtOH-
mediated alterations in the gut-liver axis. -3 FA desaturase-1 
(fat-1) mice, which endogenously increase -3 PUFA levels, 
were protected against EtOH-mediated downregulation of 
intestinal tight junction proteins in organoid cultures and in 
vivo. EtOH- and lipopolysaccharide-induced expression of 
INF-, Il-6, and Cxcl1 was attenuated in fat-1 and WT RvD1-
treated mice. RNA-seq of ileum tissue revealed upregulation 
of several genes involved in cell proliferation, stem cell re-
newal, and antimicrobial defense (including Alpi and Leap2) 
in fat-1 versus WT mice fed EtOH. fat-1 mice were also resis-
tant to EtOH-mediated downregulation of genes important 
for xenobiotic/bile acid detoxification. Further, gut microbi-
ome and plasma metabolomics revealed several changes in 
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The gastrointestinal tract is the tissue of first contact with 
ingested ethanol (EtOH), and excessive consumption can 
lead to numerous deleterious effects, including loss of gut 
barrier integrity, inflammation, and pathological changes 
in the gut microbiota composition and function (1). These 
intestinal alterations induced by EtOH as well as bidirec-
tional communication between the gut and other organs, 
for example, the liver, play important roles in the patho-
genesis of alcohol-induced multi-organ pathology, includ-
ing alcoholic liver disease (ALD). A large body of both 
preclinical animal and human studies indicates that in the 
case of EtOH-mediated intestinal barrier dysfunction and 
increased permeability, the liver is exposed to a plethora of 
gut microbiota-derived products that contribute to hepatic 
inflammation and to the development of alcohol-related 
liver injury (2). The gut microbiota is also an integral part 
of the bile acid (BA) enterohepatic circulation, and EtOH-
mediated changes in BA metabolism may be a mechanistic 
link between EtOH-induced alterations in the gut micro-
biota and impaired host phenotype, including intestinal 
and liver damage (3).

Previous work from our group and others underscores 
the importance of different types of dietary fat in EtOH-
associated pathologies. For example, a diet high in -6 
PUFAs exacerbated EtOH-induced intestinal permeability, 
endotoxemia, and liver injury in mice (4). We also showed 
that a diet high in -6 PUFAs combined with excessive alco-
hol intake resulted in intestinal inflammation (5) and gut 
microbiota alterations, specifically a prominent reduction 
in Bacteroidetes and an increase in the gram-negative Pro-
teobacteria and the gram-positive Actinobacteria phyla (6). 
However, the effects of dietary -3 PUFAs on alcohol-
mediated tissue and organ alterations are not clear and are 
somewhat controversial (7). Recent promising studies dem-
onstrated that both dietary -3 PUFA supplementation and 
an endogenous increase in -3 PUFAs with a consequent 
decrease in the -6:-3 PUFA ratio in transgenic -3 FA 
desaturase-1 (fat-1) mice (due to endogenous conversion 
of -6 to -3 PUFAs by the fat-1 gene, which encodes an -3 
PUFA desaturase) attenuated acute alcohol-induced liver 
injury (8, 9). It has also been shown that fat-1 mice have 
reduced metabolic endotoxemia and systemic low-grade 
inflammation in response to a diet high in -6 PUFAs (10) 
and are protected from high fat/high sucrose diet-induced 
intestinal permeability and alterations in intestinal tight 
junctions (11). Further, endogenous conversion of -6 to 
-3 PUFAs in fat-1 mice can modulate the gut microbiota 
(10), and transplantation of feces from fat-1 mice to WT 
littermates prevented obesity and associated metabolic dis-
orders (12). Evidence suggests that -3 PUFA supplemen-
tation can alter gut microbial composition in humans (13) 
and may induce an increase in several beneficial taxa, in-
cluding the butyrate-producing Roseburia, Bifidobacterium, 
and Lactobacillus (14). Studies showing reduced intestinal 
inflammation by -3 PUFA supplementation, both in pa-
tients and in animal models, suggest anti-inflammatory and 
pro-resolving properties of -3 PUFAs and their derivatives 
in the gut (15). Supplementation with -3 PUFAs resulted 
in significant improvement of metabolic risk factors and 

liver steatosis in patients with nonalcoholic liver disease 
(16), and substitution of the -6 PUFA, linoleic acid, with 
-3 PUFAs prevented Western diet-induced nonalcoholic 
steatohepatitis (17). Many of the benefits of increased -3 
PUFAs can be attributed to the class of bioactive metabolites 
collectively termed specialized pro-resolving mediators 
(SPMs), which includes resolvins, protectins, and maresins,  
that have been shown to limit the inflammatory response 
in a number of models of disease [reviewed in (18)].

Despite promising studies suggesting beneficial effects 
of -3 PUFAs and their metabolites in a variety of patho-
logical conditions (19–21), there is still limited evidence 
for their beneficial effects on alcohol-mediated tissue/
organ damage. Given that the Western diet is heavily reliant 
on -6 PUFA-rich sources (e.g., corn oil and soybean oil) at 
the expense of -3 PUFA-rich food (e.g., oily fish), leading 
to an increase in the -6:-3 PUFA ratio, which contributes 
to numerous deleterious health effects (22), it is essential 
to investigate the role of modulation/decrease of the 
-6:-3 PUFA ratio as a potential dietary preventative/ther-
apeutic approach in different pathological conditions, in-
cluding alcohol-induced multi-organ pathology. Further 
compounding the problem of excessive -6 PUFA intake is 
the observation that the rise in obesity rates mirrors that of 
soybean oil consumption (23). Obesity has been linked to 
exacerbation of ALD (24). The objective of the current 
study was to investigate the impact of a decreased -6:-3 
PUFA ratio due to endogenous -3 PUFA enrichment 
on EtOH-induced alterations in intestinal homeostasis, 
gut microbiota, BA metabolism, and associated liver in-
jury in transgenic fat-1 mice subjected to chronic EtOH 
administration.

MATERIALS AND METHODS

Animals and experimental setup
Animal studies were approved by and performed in accordance 

with the guidelines of the University of Louisville Institutional Ani-
mal Care and Use Committee (protocol number 15423 to I.A.K.). 
Transgenic fat-1 mice were maintained as heterozygotes. Expres-
sion of the the fat-1 gene is driven by the chicken -actin promotor 
and the cytomegalovirus enhancer (25). To produce mice for the 
experiments described herein, heterozygous fat-1 male mice were 
mated to female WT C57BL/6J mice that were bred in-house (sup-
plemental Fig. S1A). Age and sex-matched fat-1+/ and WT litter-
mates were used for all experiments. For simplicity, fat-1 will be 
used throughout to indicate heterozygous mice. Mice were geno-
typed by PCR (supplemental Fig. S1B) and primers to Gdf5 were 
used as a positive control (see supplemental Table S1 for se-
quences). Mice were housed in a temperature-controlled room 
(23.9°C) with a 12 h light-dark cycle in a specific pathogen-free 
animal facility accredited by the Association for Assessment and 
Accreditation of Laboratory Animal Care.

All mice were maintained on autoclaved laboratory rodent 
chow diet (5010; LabDiet, St. Louis, MO) and had ad libitum ac-
cess to food and water. At 8–10 weeks of age, male fat-1 mice and 
their WT littermates were placed on control (maltose dextrin) or 
EtOH-containing Lieber-DeCarli liquid diets (BioServ, Flemington, 
NJ; catalog numbers F1259SP and F1258SP, respectively). The 
mice were fed for 6 weeks with a step-wise increase in EtOH 
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concentration (0, 1, and 2% for 2 days each, 4% and 5% for 1 
week each, and then 6% for 3 weeks). Lipopolysaccharide [LPS; 
LPS-EB Ultrapure from InvivoGen, San Diego, CA (p/n tlrl-3pelps)] 
was given to a subgroup of EtOH-treated mice 24 h prior to eutha-
nasia (5 mg/kg ip) to mimic human alcoholic hepatitis in which 
systemic inflammation and infection are major contributors to 
morbidity and mortality (26). Additionally, a subset of EtOH+LPS-
treated mice received resolvin D1 (RvD1; Cayman Chemical, Ann 
Arbor, MI) treatment (500 ng ip on each of the final 5 days of the 
experiment). The experimental design is presented in supple-
mental Fig. S1C. The control and EtOH-containing diets were 
prepared fresh each day, and food consumption was monitored 
daily. There was no significant difference in food intake between 
WT and fat-1 mice. The control pair-fed (PF) groups received the 
same amount of isocaloric food (maltose dextrin-containing di-
ets) that EtOH-fed animals consumed in the previous day.

Intestinal tissue PUFA analysis
FA profiles in intestinal samples were analyzed by gas chroma-

tography in Dr. J. Kang’s laboratory as described previously (27). 
Briefly, tissue samples were ground to powder under liquid nitro-
gen and subjected to total lipid extraction and FA methylation 
by 14% boron trifluoride-methanol reagent (Sigma-Aldrich, 
St. Louis, MO) at 100°C for 1 h. FA methyl esters were analyzed 
using a fully automated HP5890 gas chromatography system 
equipped with a flame-ionization detector (Agilent Technolo-
gies, Palo Alto, CA). The FA peaks were identified by comparing 
their relative retention times with the commercial mixed stan-
dards (NuChek Prep, Elysian, MN), and area percentages for 
all resolved peaks were analyzed by using a PerkinElmer M1 
integrator.

Histopathological and immunohistochemical analysis of 
the intestinal tissue

Formalin-fixed paraffin-embedded samples of ileum were sec-
tioned, stained with H&E, and evaluated by light microscopy. The 
ileum was chosen for analysis because it is the region that has the 
highest degree of gut barrier permeability in response to alcohol 
feeding (4). For morphometric analysis, complete villus-crypt struc-
tures were randomly selected from H&E-stained sections, and vil-
lus height, width, and crypt depth were measured using ImageJ 
software (National Institutes of Health). Villus length was mea-
sured from the tip to the base of the villus, villus width was mea-
sured at the base of the villus, and the crypt length was measured 
from the bottom of the crypt to the opening of the crypt (28).

For immunohistological analyses, intestinal sections were 
stained for the tight junction protein, ZO1 (Invitrogen, Camarillo, 
CA; catalog number 61-7300), Paneth cells (anti-lysozyme;  
Abcam, Cambridge, MA; ab36362), and goblet cells (Alcian Blue 
8GX; Sigma-Aldrich). Neutrophil accumulation was assayed by 
chloroacetate esterase (CAE) staining using a commercially avail-
able kit (Sigma-Aldrich). Quantification of CAE staining was per-
formed by counting CAE-positive cells in a random series of 20–30 
digital images per section (200× field) in a blinded approach; the 
number of CAE-positive cells were then summed and averaged to 
obtain an estimate for each mouse (n = 3–8 animals per group).

Isolation of intestinal crypts and crypt-villus organoid 
culture

Isolation of intestinal crypts and subsequent organoid culture 
were largely performed as previously described (29, 30) using 
commercially available reagents (StemCell Technologies, Van-
couver, Canada). In brief, mice were humanely euthanized by 
CO2 asphyxiation and the entire length of the small intestine was 
removed and the lumen flushed thoroughly with cold PBS. The 
intestine was then opened longitudinally and the mucosal layer 

was collected by gently scraping the luminal aspect with a glass 
microscope slide. The mucosa was washed and processed accord-
ing to the manufacturer’s instructions (StemCell Technologies). 
Isolated crypts (200–400 per well) were suspended in Matrigel 
(BD Biosciences, San Jose, CA) and plated in 24-well plates pre-
warmed to 37°C. The crypts were grown with crypt niche growth 
factors in IntestiCult growth media (StemCell Technologies). The 
organoid cultures were maintained at 37°C in a humidified atmo-
sphere containing 5% CO2.

For experiments evaluating organoid growth, crypts were iso-
lated from the small intestines of naïve WT and fat-1 mice, and the 
resulting organoids were cultured in triplicate and treated with 
50 mM of EtOH. Growth was analyzed by measuring the cross-
sectional area of representative organoids every 24 h (>10 in each 
condition). In a second series of experiments, intestinal organ-
oids were established from the experimental WT and fat-1 mice 
fed control or EtOH-containing diets. Total RNA was isolated us-
ing the RNeasy kit (Qiagen, Valencia, CA), and cDNA was synthe-
sized and amplified using the Nugen Ovation PicoSL WTA System 
V2 (San Carlos, CA). Changes in gene expression were analyzed 
by quantitative (q)RT-PCR using PerfeCTa SYBR Green Fast Mix 
(Quanta Biosciences, Beverly, MA) on the Applied Biosystems 
7900HT platform (Foster City, CA). Primers are presented in sup-
plemental Table S1.

Cytokine measurement in intestinal tissue
Ileum samples were homogenized in PBS + 0.05% Tween-20 

supplemented with protease and phosphatase inhibitors (Halt™; 
Thermo Fisher, Waltham, MA), in tubes filled with 1.5 mm zirco-
nium beads (Benchmark Scientific, Edison, NJ). Following cen-
trifugation at 20,000 g, supernatants were collected and protein 
concentrations were determined by the BCA method (Pierce™ 
BCA protein assay kit, Thermo Fisher). Six hundred micrograms 
were analyzed on the V-PLEX immunoassay pro-inflammatory 
panel 1 plate and data were collected on the MESO Sector S 600 
instrument and analyzed with Discovery Workbench, v. 4.0 (Meso-
Scale Discovery, Rockville, MD).

RNA isolation and real-time qRT-PCR
Total RNA from intestinal and liver tissues was isolated with 

Trizol reagent (Thermo Fisher) as described by the manufac-
turer, and any contaminating genomic DNA was removed by di-
gestion with DNase I (Thermo Fisher). cDNA was synthesized 
with qScript cDNA Supermix (Quanta Biosciences, Beverly, MA) 
and a cDNA equivalent of 10 ng RNA (or 0.1 ng for 18S rRNA) 
was analyzed in each quantitative (q)PCR reaction. qRT-PCR as-
says were performed with PerfeCTa SYBR Green Fast Mix 
(Quanta Biosciences) on the Applied Biosystems 7900HT plat-
form (Foster City, CA). Primers are presented in supplemental 
Table S1.

RNA-seq analysis and bioinformatics
RNA-seq analysis was performed in the ileal segments of the 

intestine by the University of Louisville Center for Genetics in Mo-
lecular Medicine Core facility, and bioinformatic analysis was con-
ducted by the National Institutes of Health-funded Kentucky 
Biomedical Research Infrastructure Network Bioinformatics Core 
according to the protocols presented in the supplemental Materi-
als and Methods.

Gut microbiota analysis
DNA extraction of fecal samples, bacterial 16S rRNA gene am-

plification, and sequence analysis was performed as previously 
described (31, 32) with modifications shown in the supplemental 
Materials and Methods.
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Fecal BA analysis
BA analysis from fecal samples was performed by the Wayne 

State University Lipidomic Core facility (supported by National 
Institutes of Health Grant S10RR027926) according to the proto-
col presented in the supplemental Materials and Methods.

Serum BA analysis
Total serum BA concentrations were determined using the 

Mouse Total Bile Acids Assay Kit from Crystal Chem (Elk Grove 
Village, IL).

Blood plasma metabolomic analysis
Blood metabolomic analysis was performed by the University of 

Louisville Metabolomic Core Facility according to the protocol 
presented in the supplemental Materials and Methods.

Measurement of blood alcohol levels
Plasma blood alcohol levels were measured using the Enzy-

Chrom™ EtOH assay kit (BioAssay Systems, Hayward, CA).

Assessment of liver injury
Plasma levels of alanine aminotransferase (ALT; a marker of 

liver injury) were determined using the ALT/GPT Reagent 
(Thermo Fisher) according to the manufacturer’s instructions 
and using normal and abnormal serum for controls (Data Trol™; 
Thermo Fisher). Hepatic triglycerides (TGs) were measured as 
previously described (33). For histological evaluation of liver in-
jury, 5 m sections were prepared from formalin-fixed paraffin-
embedded liver tissue and were stained with H&E.

Statistical analysis
The data were expressed as mean value ± SEM. Differences 

among multiple groups were analyzed by two-way ANOVA fol-
lowed by post hoc multiple comparisons tests. Differences be-
tween two groups were tested by the unpaired two-tailed Student’s 
t-test. A P-value of <0.05 was considered statistically significant. 
The correlation between various characteristics was assessed 
using Pearson correlation analysis. Statistical analysis was per-
formed using GraphPad Prism 5.01 software for Windows (Graph-
Pad Software, Inc., La Jolla, CA).

Additional protocols and procedures are described in supple-
mental Materials and Methods.

RESULTS

Intestinal -6:-3 PUFA ratio and EtOH-mediated 
alterations in the FA composition in WT and fat-1 mice

Analysis of intestinal FA composition revealed that fat-1 
mice compared with WT littermates showed a markedly de-
creased -6:-3 PUFA ratio in the ileal segments with a ra-
tio of 8:1 and 7:1 in fat-1 PF and EtOH-fed, respectively, 
and 14:1 and 20:1 in WT PF and EtOH-fed, respectively 
(Fig. 1A). Interestingly, while total -3 PUFAs were ele-
vated in fat-1 as compared with WT in both PF and EtOH-
fed animals (Fig. 1B), -6 PUFA levels were similar between 
genotypes in PF animals. However, EtOH consumption 
markedly increased total -6 PUFAs in WT mice, resulting 
in significantly higher -6 PUFA levels in WT-EtOH versus 
WT-PF and fat-1-EtOH animals (Fig. 1C). Further analysis 
revealed elevated levels of linoleic acid (an -6 PUFA) in 
WT-EtOH-fed mice, while EPA (an -3 PUFA) was below 
detectible levels in these mice (supplemental Table S2). 

There were no noticeable effects of EtOH on the -3 PUFA 
DHA in either WT or fat-1 mice, although fat-1 mice had 
significantly higher DHA levels compared with WT-PF 
littermates.

Effects of a decreased -6:-3 PUFA ratio on  
intestinal morphology and homeostasis

Histological evaluation of intestinal sections indicated 
that varying the content of essential FAs in WT and fat-1 
mice had no effects on the overall structure of the ileum 
tissue morphology in PF mice (Fig. 1D). EtOH feeding re-
sulted in increased villus length in WT mice compared with 
WT-PF and fat1-EtOH littermates, while there were no dif-
ferences in crypt height between the experimental groups 
(supplemental Fig. S2A, B).

Using small intestine organoids, we determined whether 
a decrease in tissue -6:-3 PUFA ratio would benefit intes-
tinal stem cell (ISC) growth, proliferation, and function. 
We observed that crypts derived from naïve fat-1 mice 
yielded substantially larger organoids and increased early 
organoid growth within 4 days in culture compared with 
crypts obtained from naïve WT littermates. EtOH treat-
ment did not significantly affect the formation and growth 
of organoids derived from either fat-1 or WT mice (Fig. 1E, 
F). Although, it has been previously shown that EtOH can 
inhibit the growth and budding of mouse ileal organoids 
after 5 days of culture (29), we did not observe this effect 
with longer time course (after 7 days in culture, data not 
shown) possibly due to differences in the establishment of 
the cultures or growth medium. In organoids derived from 
the ileum of mice fed either control or EtOH-containing 
diets, we observed a significant increase in the expression 
of the ISC markers, Lgr5 and Bmi1, in fat-1 compared with 
WT mice, both in EtOH- and control diet-fed animals (Fig. 
1G, H). Expression of Muc2, a goblet cell and mucus pro-
duction marker, was elevated in fat-1 mice, both in EtOH-
fed and PF mice, compared with WT littermates (although 
this increase was not significant, Fig. 1I), which was con-
sistent with a similar goblet cell distribution in the ileal 
tissue of the WT and fat-1 animals (supplemental Fig. S2C). 
Compared with WT, intestinal organoids derived from 
fat-1 experimental mice had upregulated bactericidal per-
meability-increasing protein (Bpi1), an antibacterial and 
endotoxin-neutralizing molecule (Fig. 1J). Expression of 
intestinal tight junction proteins, Ocln and Zo1, was similar 
in fat-1 and WT PF mice, while significantly higher in fat-1-
EtOH compared with WT-EtOH littermates (Fig. 1K, L), 
which was consistent with higher ZO1 protein levels in the 
ileal tissue of fat-1-EtOH versus WT-EtOH experimental 
animals (Fig. 1M). However, there were no appreciable 
EtOH-induced changes in LPS and CD14 (circulating 
markers of intestinal permeability) in either PF or EtOH-
fed fat-1 and WT littermates (supplemental Fig. S3A, B).

The impact of the differential -6:-3 PUFA ratio on 
the intestinal mucosa transcriptome responses to EtOH 
challenge

To gain deeper insight into the impact of the -6:-3 
PUFA ratio on intestinal mucosa transcriptome responses 
to EtOH challenge, we performed an RNA-seq analysis of 
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intestinal mucosal epithelial tissue (ileal segments) isolated 
from WT and fat-1 mice (n = 3–5). Although the liver is the 
primary tissue responsible for EtOH metabolism, the gut is 
also an important, albeit quantitatively lower, first-line loca-
tion for EtOH detoxification (34). There are several meta-
bolic pathways/enzymes involved in EtOH metabolism, 
including alcohol dehydrogenases (Adhs), a family of de-
hydrogenases/reductases responsible for oxidation of 
EtOH to acetaldehyde. Adh1 (expressed both in the liver 
and the intestine) and Adh6 [almost exclusively expressed 
in the small intestine (35)] were the most abundantly ex-
pressed genes in both WT and fat-1 PF control animals with 
significantly higher levels in fat-1 mice (Fig. 2A). EtOH ad-
ministration resulted in downregulation of these genes 
to similar levels in both genotypes. The enzymes of the al-
dehyde dehydrogenase (Aldh) family further catalyze the 
oxidation and detoxification of aldehydes, including ac-
etaldehyde, to carboxylic acids. The most abundantly ex-
pressed Aldhs in the intestines were Aldh1b1, Aldh9a, Aldh2, 
and Aldh1a1. Several Aldhs were significantly higher in fat-
1-PF compared with WT-PF mice, including Aldh1a1, I Al-
dh1a7, and Aldh3b1. Interestingly, expression of Aldh1a1 

was upregulated while Aldh9a was downregulated by EtOH 
administration in both WT and fat-1 mice. The levels of 
Aldh1b1 and Aldh2 (the major enzyme for the acetaldehyde 
oxidation) were similar in all experimental groups. Al-
though we did not evaluate the EtOH-metabolizing system 
in the liver, it is most likely that there were no significant 
differences in expression of these genes between WT and 
fat-1 EtOH-fed animals, as blood alcohol levels were simi-
lar in WT and fat-1 mice on the EtOH-supplemented diet 
(Fig. 2B).

Further analysis revealed that there were a total of 94 
genes that were differentially regulated between fat-1 and 
WT EtOH-fed mice (80 upregulated and 14 downregulated, 
Fig. 2C, D). The complete list of differentially expressed 
genes is presented in supplemental Table S3 and organized 
by biological function as determined from published litera-
ture. Twenty-five of the genes were involved in immune 
function [e.g., Toll-like receptor (Tlr)2, Tlr5, and Nos2], 
while 14 are important for lipid metabolism or transport 
(e.g., Abca12, Acot2, and Mgll). There were a number of 
genes differentially expressed in fat-1 versus WT mice that 
are involved in cell proliferation and ISC renewal, and 

Fig.  1.  Effects of EtOH and endogenous conversion of tissue -6 to -3 PUFAs on intestinal morphology and homeostasis. A–C: Ileum tis-
sue -6:-3 PUFA ratio and total -6 and -3 PUFAs (n = 3–5). The full panel of FAs is presented in supplemental Table S2. D: Representative 
images of stained intestinal sections with H&E or Alcian blue, 200× magnification. E, F: Effect of EtOH on small intestine-derived organoids 
from naïve WT and fat-1 mice cultured for 4 days, 100× magnification (n = 5). Expression of growth and proliferation markers (G–H), mucus 
production (I), bacteriocidal activity (J), and tight junction genes (K–L) in intestinal organoids from WT or fat-1 mice fed control or EtOH 
diets cultured for 10 days (n = 3). *P < 0.05. M: immunohistochemistry/confocal imaging of ZO-1 expression (200× magnification).
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are potentially important for tissue repair (e.g., Adra2a, 
Pla2g10, and Plet1). Interestingly, the expression of trypto-
phan hydroxylase-1 (Tph-1; which synthesizes serotonin) 
was significantly increased as well as several other novel 
genes. For example, the prion protein gene (Prnp), the E3 
ubiquitin protein ligase and ulcerative colitis (UC)-linked 
gene (Rnf186), and cystathionine  synthase (Cbs) were all 
increased in fat-1 versus WT mice.

Inflammation and antimicrobial response to LPS 
challenge in mice chronically fed EtOH

To assess the role of increased -3 PUFAs and a con-
comitant decrease in the -6:-3 PUFA ratio in intestinal 
inflammation, we investigated the intestinal mucosa pro-
inflammatory responses to LPS challenge in a setting of 
chronic EtOH pre-exposure. Intestinal inflammation was 
significantly lower in fat-1 compared with WT mice in re-
sponse to EtOH+LPS treatment, and was characterized by 
reduced numbers of neutrophils and mononuclear cells 
(Fig. 3A, B). This was also accompanied by markedly de-
creased levels of the pro-inflammatory cytokines, INF- 
(Fig. 3C) and IL-6, in EtOH+LPS fat-1 versus WT mice 
(Fig. 3D). IL-1 and TNF levels were similar in both 
fat-1 and WT EtOH+LPS-treated mice (Fig. 3E, F). Al-
though CXCL1 protein levels were equally induced in 
fat-1 and WT mice, Cxcl1 gene expression was significantly 
downregulated in EtOH+LPS fat-1 mice compared WT lit-
termates (Fig. 3G, H). Gene expression levels of Il-1, 
Tnf-, and Il-6 were consistent with their protein levels 
(Fig. 3H). Given that -3 PUFAs are precursors to SPMs 
that actively promote the resolution of inflammation, 
we tested the effect of the DHA-derived resolvin, RvD1, 
on intestinal inflammation caused by EtOH+LPS chal-
lenge. RvD1 treatment significantly decreased intestinal 

neutrophil infiltration induced by EtOH+LPS (Fig. 3I) in 
parallel with decreased IL-6 and CXCL1 protein levels, 
while TNF levels were moderately reduced, but IL-1 levels 
were unchanged (Fig. 3J).

In order to maintain intestinal homeostasis and pro-
mote host defense against pathogens, different epithelial 
cells (mainly Paneth cells, a highly specialized popula-
tion of intestinal cells located at the crypt base) produce 
a diverse array of antimicrobial peptides (AMPs). In our 
experiment, the number of Paneth cells was not observ-
ably different between the experimental groups; how-
ever, LPS administration resulted in redistribution of 
lysozyme staining (a marker of Paneth cells) in both WT 
and fat-1 EtOH+LPS-treated mice (Fig. 3K). Accordingly, 
the expression of genes encoding lysozymes, such as Lyz1 
and Lyz2, was not altered by any of the experimental 
conditions. There were also no significant differences 
between WT and fat-1 mice in the expression of other 
AMPs, including defensin and C-type lectin families, in 
response to EtOH or EtOH+LPS treatments (supplemen-
tal Fig. S4). In line with a previously reported study (10), 
expression of intestinal alkaline phosphatase (Alpi), a 
glycosylphosphatidylinositol-linked protein expressed pri-
marily in mucosal epithelia (36) and an important factor 
in inflammatory resolution in the mucosa (37), was sig-
nificantly upregulated in fat-1-PF compared with WT-PF 
littermates (Fig. 3L). EtOH treatment resulted in Alpi 
downregulation in both genotypes. Notably, LPS admin-
istration elevated Alpi expression in fat-1 but not WT 
mice, resulting in significantly higher Alpi levels in fat-1 as 
compared with WT EtOH+LPS-treated littermates. The 
expression of another AMP, liver-enriched antimicrobial 
peptide 2 (Leap2), followed a similar trend as that for Alpi 
(Fig. 3M).

Fig.  2.  Differential gene expression in WT versus fat-1 
mice. A: Effects of modulation of the -6:-3 PUFA 
ratio on EtOH-metabolizing enzymes in the intestine. 
Data are presented as gene expression levels of the 
corresponding group. Lowercase letters indicate statis-
tically significant changes between groups (a: fat-1-PF 
vs. WT-PF; b: WT-PF vs. WT-EtOH; c: fat-1-PF vs. fat-1-
EtOH; P < 0.05). B: Plasma EtOH levels (n = 6–10). 
Venn diagram (C) and graphical representation (D) 
of total number of genes differentially expressed in 
the EtOH groups.
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Compositional and structural shift of gut microbiota in 
WT and fat-1 mice caused by chronic EtOH feeding and 
LPS challenge

Because dysregulation of intestinal homeostasis and sus-
ceptibility to inflammation are often associated with altera-
tions in the gut microbiome, we investigated how bacterial 
communities were impacted by chronic EtOH administra-
tion and evaluated the effects of tissue modulation of the 
-6:-3 PUFA ratios on these alterations. At the phylum 
level, Firmicutes and Bacteroidetes accounted for the major pro-
portion of the bacterial population in all groups regardless 
of genotype or treatment (Fig. 4A). Six weeks of either con-
trol or EtOH-containing diet consumption resulted in sig-
nificant changes in the gut microbiota in both genotypes. 
Importantly, the gut microbial communities of EtOH-fed 
mice clustered separately from naïve (baseline control) or 
PF mice (experimental control), indicating a unique im-
pact of EtOH on the gut microbiome (Fig. 4B). EtOH 
treatment resulted in a shift in the Firmicutes:Bacteroidetes 
ratio (due to increased Bacteroidetes and decreased Fir-
micutes) in both WT and fat-1 mice compared with control 
PF littermates (Fig. 4C). WT and fat-1 EtOH-fed mice were 
differentially enriched with Verruomicrobiaceae, Clostridia-
ceae, Coriobacteriaceae, Peptostreptococcaceae, Prevotellaceae, 
and several operational taxonomic units (OTUs) in the Bac-
teroidales order, whereas Lachnospiraceae, Leuconastocaceae, 

and Pseudomonadales were depleted in response to EtOH 
challenge compared with control diet feeding in both gen-
otypes (Fig. 4D, supplemental Fig. S5A, B). Lactobacillaceae 
and Erysipelotrichaceae were depleted in EtOH-fed mice 
compared with PF mice in WT but not fat-1 animals. Fur-
ther analysis revealed several Lachnospiraceae, Ruminococca-
ceae (short-chain FA producers), and Bacteroidales OTUs 
that were differentially enriched in EtOH-fed fat-1 mice, 
although microbiome diversity and richness were compa-
rable between these two groups (data not shown). LPS 
challenge in EtOH-fed mice induced a modest shift in gut 
microbial community structure in both WT and fat-1 mice 
without significant changes in microbial diversity and rich-
ness. LEfSe analysis revealed a significant expansion of En-
terobacteriaceae and Erysipelotrichaceae in response to LPS 
challenge in WT mice, whereas several Ruminococcaceae and 
Bacteroidales OTUs were depleted as a result of LPS chal-
lenge in both WT and fat-1 animals (Fig. 4E). Importantly, 
Porphyromonadaceae:Barnesiella and Lachnospiraceae were dif-
ferentially enriched (increased) in EtOH-fed fat-1 mice in 
response to LPS challenge, but not in EtOH-fed WT mice 
(supplemental Fig. S5C, D).

We further analyzed selected bacterial taxa with roles 
known to be important in EtOH-induced multi-organ pa-
thology. Specifically, Lactobacillus, a beneficial taxa for ALD 
(38), was significantly reduced in WT mice in response to 

Fig.  3.  Increased -3 PUFAs reduced LPS-mediated intestinal inflammation in mice chronically fed EtOH. A, B: CAE-stained intestine sec-
tions and quantification of CAE-positive cells (n = 6–18 mice). C–G: Ileal pro-inflammatory cytokine expression determined by immunoassay: 
INF- (C), IL-6 (D), Il-1 (E), TNF- (F), and CXCL1 (G). H: Ileal mRNA levels of pro-inflammatory genes (n = 3–11 mice). I: Quantification 
of CAE-positive cells in the EtOH+LPS group treated with RvD1 (n = 12–14). J: Effects of RvD1 treatment on EtOH+LPS-induced pro-
inflammatory cytokines (n = 9–10). K: Immunohistochemistry for lysozyme expression in the intestine. L, M: Ileal expression of antimicro-
bial genes (n = 3–5).
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EtOH alone and in response to EtOH+LPS, while levels of 
this bacteria were not affected by EtOH in fat-1 mice (Fig. 
4F). Considering that metabolites of gut microbiota, such 
as short-chain FAs, are the primary energy source for intes-
tinal epithelial cells, we analyzed Roseburia, a butyrate-
producing bacteria, which was enriched (although not 
significantly) in fat-1-PF compared with WT-PF animals, 
and similarly decreased in both genotypes in EtOH- and 
EtOH+LPS-treated animals. In line with a previous report 
(39), EtOH feeding resulted in increased abundance of 
Akkermansia, and this effect was independent of the geno-
type. The abundance of Parabacteroides was increased by 
EtOH+LPS in fat-1 mice. Other genera, such as Barnesiella, 
were significantly increased, while Alistipes were decreased 
by EtOH+LPS challenge in both genotypes. The abun-
dance of the Oscillibacter genus was not affected in any ex-
perimental condition.

Impact of -6:-3 ratio modulation on the plasma 
metabolome following EtOH administration and LPS 
challenge

The intestinal microbiota communicates with the host via 
numerous microbial metabolites (40). The blood metabo-
lome, a net result of metabolic activity of the gut microbi-
ota and metabolic changes in several tissues, communicates 
signals between multiple organs, including the gut and the 

liver. Therefore, we conducted a plasma metabolomic analy-
sis to characterize metabolic phenotypes and identify key 
differences between WT and fat-1 experimental mice. Prin-
cipal component analysis demonstrated that WT and fat-1 
mice differed in overall plasma metabolite composition 
in PF, EtOH-fed, and EtOH-fed+LPS-challenged groups 
(Fig. 5A). These changes are schematically presented in 
Fig. 5B. Overall, 18 plasma metabolites had significant dif-
ferences between WT and fat-1 PF animals, including butyric 
acid, which was significantly lower in WT; however, this dif-
ference was lost in EtOH-fed mice. Chronic EtOH feeding 
resulted in minimal differences between WT and fat-1 mice 
(there were seven differentially expressed metabolites), 
while LPS administration produced the majority of observed 
metabolomic differences (37 differentially expressed metab-
olites). Statistically significant changes belonged to multiple 
metabolic pathways, including amino acid, carbohydrate, 
lipid, xenobiotic, and microbial metabolism among others. 
Specifically, EtOH-treated WT mice compared with fat-1 
littermates had higher levels of cytosine, cysteine-S-sulfate, 
l-5-hydroxy-tryptophan, arachidonic acid (AA), and cis-
aconitate, while exhibiting lower levels of glutamine and 
pantothenic acid. Compared with EtOH+LPS-treated fat-1 
mice, WT counterparts revealed increased levels of  
several lipid compounds such as AA, 9-hexadecenoic acid 
(a trans-isomer of palmitoleic acid), and a phospholipid 

Fig.  4.  Effects of endogenous -6:-3 PUFA modulation on EtOH-associated gut microbiota alterations. A: Pie charts of taxonomic com-
position of bacterial community at the phylum levels in stool samples from WT and fat-1 experimental mice. Statistically significant changes 
(P < 0.05) between groups are shown: *WT-PF versus WT-EtOH; §fat1-PF versus fat-1-EtOH; #WT-EtOH versus WT-EtOH-LPS; †fat-1-EtOH 
versus fat-1-EtOH-LPS. B: Principal component analysis of gut microbiota composition based on unweighted UniFrac. P = 0.001, PER-
MANOVA analysis. C: Firmicutes:Bacteroidetes ratio in experimental groups. D, E: Cladograms showing the taxa most differentially associated 
with EtOH or post-EtOH LPS treatment in WT and fat-1 mice. Circle sizes in the cladogram plot are proportional to bacterial abundance. 
The circles represent phyla, genus, class, order, and family going from the inner to the outer circle. F: Selected bacteria at the genus levels 
in WT and fat-1 experimental mice. For each analysis, n = 5–10 mice per group.
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O-phosphoethanolamine. Molecules involved in carnitine 
metabolism, such as acetyl-l-carnitine and glutaryl-l-carni-
tine, were elevated in WT-EtOH+LPS-treated as compared 
with fat-1-EtOH+LPS-treated mice. The most prominent 
alterations between EtOH+LPS-treated fat-1 and WT mice 
were observed in protein degradation and amino acid me-
tabolism. Compared with fat-1 mice, WT animals treated 
with EtOH+LPS revealed reduced levels of tryptophan, 
creatine, threonine, methionine, and glutamic acids. Sev-
eral acetylated amino acids and dipeptides, including 
O-acetylserine, phenylacetylglycine, n-acetyl-l-glutamine, 
and 2-aminoadipic acid, were increased in WT-EtOH+LPS 
versus fat-1-EtOH+LPS mice, while the levels of n-acety-
lornithine were reduced. WT-EtOH+LPS mice also exhib-
ited increased levels of urea and uridine, as well as several 
molecules belonging to dietary components and microbial 
metabolites, such as N8-acetylspermidine and 3-hydroxy-
benzoic acid.

Alterations in fecal BAs and related metabolic pathways in 
WT and fat-1 mice

One of the essential functions provided by the gut micro-
biota is modulation of gastrointestinal metabolites, includ-
ing their synthesis, digestion, fermentation, and secondary 
metabolism. Among these metabolites are BAs. EtOH-in-
duced alterations in BA metabolism has been found in hu-
mans and in multiple animal models (41–44). We next 
examined the impact of decreased -6:-3 PUFA ratio on 
selected BAs under the EtOH+LPS experimental condi-
tion. There were no significant differences in fecal levels of 
primary BAs [cholic acid, ursodeoxycholic acid (UDCA), 
or chenodeoxycholic acid (CDCA)] or in the levels of sec-
ondary BAs (deoxycholic acid) in either genotype in PF 

mice or in response to EtOH+LPS treatment. Notably, the 
secondary BA, lithocholic acid (LCA), a product of micro-
bial metabolism of UDCA and CDCA via 7-dehydroxylation 
(45, 46), was the only BA markedly elevated by EtOH+LPS 
in WT compared with WT-PF as well as in fat-1-EtOH+LPS-
treated mice (Fig. 6A). Measurement of total BA concen-
trations in serum revealed a significant increase in both 
WT and fat-1 EtOH+LPS-treated mice with no differences 
between genotypes (supplemental Fig. S6).

Given the importance of BA enterohepatic circulation, 
we measured the relative expression of genes involved in 
BA metabolism in both the intestine and in the liver. In the 
intestine, expression of Fgf15 (FGF19 in humans), which is 
involved in a negative feedback loop of BA synthesis in the 
liver, was upregulated by EtOH and EtOH-LPS in WT but 
not in fat-1 mice (Fig. 6B). Intestinal expression of genes of 
BA reabsorption and export (Osta, Ostb, and Asbt) were 
similar between genotypes and not affected in any treat-
ment group (Fig. 6C). In the liver, genes associated with 
the major pathways of BA synthesis (Cyp7a1, Cyp27a1, and 
Cyp8b) were similarly downregulated in response to 
EtOH+LPS treatment in both WT and fat-1 mice (Fig. 6D), 
while markers of BA transport (Abcb11) and reuptake 
(Slc10a1) were equally overexpressed as compared with 
control animals (Fig. 6E, F). Several nuclear receptors, in-
cluding Fxr, pregnane X receptor (Pxr), and constitutive 
androstane receptor (Car), are all involved in the regula-
tion of BA synthesis and in protection against the cytotoxic 
effects of BAs by increasing the expression of binding pro-
teins, transporters, and enzymes that detoxify BAs (47). 
Expression of Fxr, which represses BA synthesis in the liver 
and activates Fgf15 in the intestine, was upregulated by 
EtOH in the intestine but not in the liver in either genotype. 

Fig.  5.  Impact of -6:-3 PUFA ratio modulation on plasma metabolome alterations associated with EtOH administration and LPS chal-
lenge. A: Partial least squares-discriminant analysis. B: Plasma metabolites significantly differentially enriched in experimental groups.
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EtOH+LPS treatment further increased intestinal Fxr in 
WT but not in fat-1 mice (Fig. 6G, H). Interestingly Pxr, 
which is an LCA receptor, was differentially modulated by 
LPS treatment in the intestine (upregulated) and the liver 
(downregulated) after EtOH treatment. Compared with 
PF control animals, expression of Car was downregulated 
in EtOH- and EtOH+LPS-treated groups in both WT and 
fat-1 genotypes. Notably, expression of Car was significantly 
higher in the intestines of fat-1 mice compared with 
EtOH+LPS-treated WT mice.

Hydroxylation and sulfation, key pathways for the con-
version of BAs to more hydrophilic and less toxic com-
pounds, are important mechanisms to prevent BA-induced 
tissue/organ damage. Hydroxylation occurs predomi-
nantly via Cyp3a11 (CYP3A4 in humans) both in the intes-
tine and in the liver (48, 49), and sulfation via specific 
sulfotransferases, predominately in the liver. We measured 
the relative expression of major genes involved in these 
pathways in the intestine (Fig. 7A) as well as in the liver 
(Fig. 7B). Expression of Cyp3a11, Cyp2b10, and Sult1b1 was 
significantly higher in the intestines but not in the livers of 
fat-1 PF mice compared with WT PF littermates. EtOH feed-
ing significantly decreased intestinal but not liver Cyp3a11 
levels in both genotypes. Intestinal and liver Sult1b1 levels 
were similarly significantly reduced by EtOH in fat-1 and 
WT animals, while Sult1a1 expression was significantly in-
creased in the intestines and decreased in the livers of 
both genotypes. Interestingly, compared with EtOH alone, 
EtOH+LPS administration significantly induced intestinal 
Cyp3a11, Cyp2b10, and Sult1b1 in fat-1 mice, while expression 

of these genes was further decreased by EtOH+LPS in WT 
littermates. This pattern was not observed in the livers, 
where expression of Cyp3a11 and Sult1b1 were equally 
decreased in WT and fat-1 mice in response to EtOH+LPS 
administration.

Decreased -6:-3 PUFA ratio resulted in the  
attenuation of liver injury associated with EtOH  
and LPS administration

We next sought to determine whether the effects of a 
decreased -6:-3 PUFA ratio on the gut was associated 
with attenuation of liver pathology caused by EtOH con-
sumption and LPS challenge. EtOH alone moderately in-
creased plasma ALT levels (a marker of liver injury) in WT 
but not in fat-1 mice. Further, compared with WT, fat-1 
mice had significantly decreased ALT levels in response to 
EtOH+LPS treatment (Fig. 8A), but there were no differ-
ences in hepatic TG accumulation, and the degree of ste-
atosis was similar in both genotypes (Fig. 8B, C). We next 
performed multiple correlation analyses to evaluate the 
potential link between markers of liver injury, intestinal in-
flammation, and the gut microbiota. ALT levels were posi-
tively correlated with intestinal CXCL1 levels (Fig. 8D), 
and the frequency of the bacteria genera Oscillibacter (Oscil-
lospiraceae family in the phylum Firmicutes) and Parabacteroi-
des (Porphyromonadaceae family in the phylum Bacteroidetes) 
in WT but not in fat-1 mice subjected to EtOH+LPS treat-
ment (Fig. 8E). Negative correlation was noted between 
liver TG levels and the genus Alistipes (Rikenellaceae family 
in the phylum Bacteroidetes) in EtOH+LPS-treated fat-1 mice.

Fig.  6.  Effects of modulation -6:-3 PUFA ratio on EtOH- and LPS-mediated alterations in fecal BA profiles and related metabolic path-
ways. A: Fecal primary and secondary BA concentrations (n = 3–7). Expression of genes related to BA detoxification in the ileum (RNA-seq) 
(B) and in the liver (C) as determined by qRT-PCR in WT and fat-1 mice. Expression of genes involved in BA synthesis (D), transport (E), 
and reuptake (F) in the liver. G, H: Expression of Nr1h4/Fxr, Nr1i2/Pxr, and Nr1i3/Car in the ileum and liver, respectively (n = 3–5). CA, 
cholic acid, DCA, deoxycholic acid.
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DISCUSSION

In this study, we showed that reduction in the -6:-3 
PUFA ratio in fat-1 mice produced changes that attenuated 
many of the toxic effects of EtOH and EtOH+LPS on the 
intestine and was associated with reduced liver injury. 

Because there were no differences in the expression of in-
testinal EtOH-metabolizing genes between fat-1 and WT 
mice, the differential effects identified are due to other 
mechanisms as discussed below. Our results demonstrated 
that endogenous -3 PUFA enrichment and reduction in 
the -6:-3 PUFA ratio preserved intestinal tight junction 

Fig.  7.  BA detoxification gene expression. Expression of genes involved in the metabolic inactivation of BA in the ileum (A) (RNA-seq, 
n = 3–5) and liver (B) (qPCR, n = 5–10). *P < 0.05, one-way ANOVA.

Fig.  8.  Decreased -6:-3 PUFA ratio resulted in the improvement of liver injury associated with EtOH and LPS administration. Serum 
ALT levels (A), representative H&E-stained liver sections (400×) (B), liver TGs (C), correlation between intestinal CXCL1 protein expression 
and ALT (D), and heat map to illustrate Spearman correlations of the relative abundance of microbiome at the genus levels and parameters 
of liver injury WT and fat-1 mice in the EtOH+LPS group (n = 5, statistical significance indicated as *P < 0.05) (E). The r values are repre-
sented by gradient colors, where red and blue cells indicate positive and negative correlations, respectively; *P < 0.05. F: Model showing po-
tential mechanism by which decreased tissue -6 PUFA and increased -3 PUFA results in a specific changes in intestinal homeostasis, the 
gut microbiota, and BA metabolism that coordinate to ameliorate liver injury in mice chronically fed EtOH and challenged with LPS. A–E: 
n = 3–12 mice per group.
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protein expression in both intestinal organoids and as de-
termined in vivo by RNA-seq analysis. One potential mech-
anism is through downregulation of Nos2 expression. In 
addition to its well-established role in innate immunity, 
iNOS has also been demonstrated to disrupt intestinal 
tight junctions (50). A reduced -6:-3 PUFA ratio also 
positively impacted ISC growth and proliferation, shown in 
organoid cultures and in vivo. The expression of several 
genes were increased in fat-1 versus WT mice that have 
been demonstrated to regulate proliferation of intestinal 
cells [e.g., adrenoceptor 2A (Adra2a)] and renewal of the 
colonic mucosa in mice [e.g., aldo-keto reductase family 1 
B8 (Akr1b8)]. Finally, the expression of Tph1 was also sig-
nificantly upregulated in fat-1 mice. TPH1 synthesizes 
5-hydroxytryptamine (5-HT) (serotonin) in the gut and 
although the role of 5-HT in gut health is controversial, it 
was recently shown that mice with enhanced uptake of 
5-HT in the intestine had increased mucosal growth (51).

There were several other interesting observations re-
lated to intestinal health and disease revealed by RNA-seq 
analysis of the intestinal mucosa, including Plet1 with 46-
fold induction in fat-1 mice versus WT. Zepp et al. (52) re-
cently demonstrated that IL-17A-mediated induction of 
Plet1 expression was necessary for tissue repair following 
dextran sulfate sodium (DSS)-induced colitis. In a series of 
reports in mouse models of colitis, a number of other genes 
have been demonstrated to be beneficial. For example, cel-
lular prion protein (PrPC, encoded by Prnp) and Rnf186, 
were elevated in fat-1 mice, and each has been demon-
strated to protect mice from DSS-induced colitis (53, 54). 
The expression of Toll-like receptor genes (Tlr2 and Tlr5) 
was upregulated in fat-1 versus WT mice, and Choteau et al. 
(55) demonstrated that Tlr2 knockout mice had greater 
intestinal dysfunction and inflammation when compared 
with WT mice.

One of the most significant findings from this study is 
that endogenous -3 PUFA enrichment and RvD1 treat-
ment attenuated EtOH-mediated intestinal inflammation. 
Altering the -6:-3 PUFA ratio has also proven beneficial 
in other mouse models. For example, fat-1 mice were 
protected from DSS-induced colitis (56), and many SPMs, 
including RvD1, are effective in mouse models of inflam-
matory bowel disease [reviewed in (57)]. In humans, the 
role of -3 PUFAs in intestinal inflammation is not well-
established, but there is evidence for beneficial effects in 
UC and Crohn’s disease [reviewed in (58)]; however, the 
role of SPMs has not been investigated, but there is evi-
dence that patients with UC had low levels of DHA-derived 
SPMs compared with patients in remission (59). Based 
upon these studies and on our results, treatment with RvD1 
and other SPMs may be an effective treatment strategy, 
alongside -3 PUFA supplementation, to treat inflamma-
tory disorders of the intestine.

The intestine, among other organs exposed to environ-
mental factors, produces a number of protective factors, 
including AMPs. Gut AMPs protect the host from patho-
gens and control intestinal inflammation by either enzymatic 
(alkaline phosphatase and soluble phospholipase A2) or 
nonenzymatic mechanisms [e.g., defensins, cathelecidins, 

and C-type lectins (REG3 family)] (60). Although there 
were no differences in the expression of defensins between 
fat-1 and WT mice challenged with LPS, fat-1 mice had sig-
nificantly higher intestinal expression of two antimicrobial 
genes, Leap2 and Alpi. LEAP2, despite the name, is most 
highly expressed in the small intestine (61), and though 
there is evidence that LEAP2 has antimicrobial activity in 
vitro, its in vivo role is less clear. In contrast, much more is 
known about the function of ALPI. ALPI is an important 
defense mechanism in the intestine because it can inacti-
vate LPS and regulate the microbiota [reviewed in (62)]. 
Interestingly, the expression of Alpi can be induced by the 
EPA-derived SPM, resolvin E1 (37). Another novel finding 
from this study was the observation of increased expression 
of a “non-classical” antibacterial and endotoxin-neutraliz-
ing molecule, Bpi1, in fat-1 mouse-derived intestinal organ-
oids. Bpi is transcriptionally upregulated by lipoxins (63) 
and exerts a potent (nanomolar) and selective bioactivity 
against gram-negative bacterial species.

Our results provide evidence that tissue -3 PUFA en-
richment favorably modulates intestinal microbiota. It is 
well-documented that alcohol consumption resulted in 
alterations of the intestinal microbiota in humans and 
rodents (64); therefore, modulation of gut microbial com-
position is an attractive therapeutic approach for alcohol-
related pathologies, including liver disease. We previously 
showed that a diet enriched in saturated FAs prevented gut 
microbiota changes induced by EtOH and a diet enriched 
in -6 PUFA, linoleic acid, further attenuated intestinal 
and liver damage (6). In the present study, we observed 
significant EtOH-induced changes in both WT and fat-1 
mice; however, modulation of the -6:-3 PUFA ratio did 
not produce marked changes in the intestinal microbiome 
(in  or  diversity, or phyla composition) between fat-1 
and WT mice. Our data are in agreement with studies dem-
onstrating the lack of significant changes in microbial di-
versity associated with -3 PUFA supplementation (14). 
However, our results are in some disagreement with the 
study by Kaliannan et al. (10) that demonstrated significant 
differences in gut microbiota in fat-1 compared with WT 
mice, including significantly lower levels of Proteobacteria 
in fat-1 mice, which we did not observe in our study. This 
discrepancy can potentially be explained by environmental 
differences in the mouse facilities between our institutions 
(e.g., animal husbandry practices, bedding, water, etc.). 
This effect was convincingly demonstrated recently in a study 
where mice from the same vendor were fed the same Lieber-
DeCarli EtOH diet but housed in two different institutions 
in France, which produced drastically different outcomes 
attributed to differences in the gut microbiome due to dif-
ferences in animal husbandry between these two institu-
tions (43). Nevertheless, there were several individual taxa 
that revealed differences associated with modulation of the 
-6:-3 PUFA ratio. Thus, an important observation in our 
study was that the EtOH-induced drop in Lactobacillus in 
WT mice was prevented in fat-1 mice. A decrease in Lactoba-
cillus was associated with alcohol consumption in humans 
and in rodents (65, 66). Lactobacillus species exert multiple 
beneficial properties [e.g., production of antimicrobial 
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substances (67)], and treatment with Lactobacillus rhamno-
sus Gorbach Goldin, for example, resulted in improvement 
of intestinal barrier function and subsequent protection 
against alcohol-induced endotoxemia and liver injury in 
mice (38, 68, 69). In addition, many species of lactic acid 
bacteria, e.g., Lactobacillus plantarum, possess enzymes in-
volved in saturation metabolism of PUFAs generating mul-
tiple FA species, such as hydroxy, oxo, conjugated, and 
partially saturated trans-FAs (70). Some of these unique 
lipid species exert specific physiological functions. For in-
stance, 10-Hydroxy-cis-12-octadecenoic acid, a gut micro-
bial metabolite of linoleic acid, attenuated intestinal 
epithelial barrier dysfunction and ameliorated intestinal 
inflammation in DSS-induced colitis in mice by the sup-
pression of TNFR2 upregulation (71). In line with the ob-
servation that -3 PUFA supplementation was associated 
with an increase in abundance of the butyrate-producing 
genera Roseburia (14), we also observed elevated levels (also 
not significant) of Roseburia in fat-1 mice as compared with 
WT littermates. Despite the relatively small changes in Rose-
buria, it most likely had functional consequences, as the 
blood butyric acid, an energy source for enterocytes and an 
important epigenetic modulator of gene expression, was 
significantly higher in fat-1 mice, but only in the PF ani-
mals. Butyrate supplementation attenuated EtOH-induced 
intestinal barrier and liver injury (72). In addition to butyr-
ate production, Roseburia metabolizes linoleic acid via con-
jugated linoleic acids to vaccenic acid in humans and 
animals (73), and both of these compounds are considered 
to be beneficial for health (74).

Metabolomic analyses of plasma from fat-1 and WT mice 
revealed several interesting findings. -6 PUFA-derived AA 
was elevated in the blood of WT relative to fat-1 mice (both 
EtOH alone and EtOH+LPS exposures). AA and its me-
tabolites can be pro-inflammatory, and we have recently 
demonstrated that many AA metabolites were upregulated 
in mice fed a diet high in -6 PUFAs and EtOH and were 
associated with increased liver inflammation (75). Trypto-
phan metabolism is a critical function of the gut microbiota 
that regulates many host functions, including metabolism 
and immunity (76). Blood tryptophan was diminished 
in WT mice relative to fat-1 mice exposed to EtOH+LPS, 
while the toxic tryptophan metabolite 3-indoxyl sulfate 
(I3S) was increased. I3S is an aryl hydrocarbon receptor 
(AhR) ligand (77) that can promote systemic inflamma-
tion through immune cell activation (78). Because fat-1 
mice had reduced levels of I3S, this may be one mechanism 
by which fat-1 mice are protected from EtOH+LPS-induced 
intestinal inflammation. These data also revealed lower 
concentrations of nicotinamide in WT mice exposed to 
EtOH+LPS relative to fat-1 mice. Nicotinamide is an NAD+ 
precursor and the metabolism of EtOH decreases the 
NAD+:NADH ratio in the liver disrupting energy metabo-
lism leading to fatty liver (79). fat-1 mice maintain levels of 
NAD+ precursors, which could elicit protection through 
preservation of tissue REDOX status. We also found de-
creased levels of methionine but increased levels of cysta-
thionine in the EtOH-fed and LPS-challenged WT mice. 
Interestingly, a recent study by Yang et al. (80) found 

increased levels of these two amino acids in human  
patients with alcoholic cirrhosis.

Important roles for EtOH-mediated alterations in BA 
profile and metabolism have been reported in clinical and 
experimental studies (81, 82). Our data demonstrated that 
the profile of BAs was similar between WT and fat-1 PF and 
EtOH+LPS-treated mice. Similar expression of genes in-
volved in BA synthesis (e.g., Cyp7a1, Cyp27a1, and Cyp8b1) 
in the livers of WT and fat-1 mice may explain the compa-
rable levels of BA in these animals. LCA, the most lipophilic 
secondary BA, was the only BA that was significantly ele-
vated by EtOH+LPS in WT mice but not in fat-1 mice. In-
creased LCA levels were also observed in actively drinking 
cirrhotic patients (44). At physiological levels, LCA, may 
prevent TNF- release from colonic epithelial cells in vitro 
and protect against colonic inflammation in a DSS-induced 
colitis animal model (83). However, high LCA concentra-
tions are toxic, particularly to the liver, as serious liver dam-
age was noted in mice exposed to LCA (84). The expression 
of a number of genes important for BA detoxification was 
increased in fat-1 mice, suggesting that they are able to re-
sist the generalized downregulation of the detoxification 
pathway in response to LPS. Finally, we found that the ex-
pression of Nr1h4/Fxr was induced by EtOH; however, LPS 
challenge did not further increase its expression in fat-1 
mice, as was found in WT mice. Conversely, the expression 
of Nr1i3/Car was decreased by EtOH, but increased to a 
greater extent in fat-1 mice versus WT mice in the 
EtOH+LPS group. Interestingly, this pattern was specific to 
the intestine. It was recently shown that inhibition of intes-
tinal FXR protected mice from nonalcoholic liver disease 
(85). In addition, NR1I3/CAR has been demonstrated to 
play a role in reducing intestinal damage in mice treated 
with DSS (86).

In our study, we used a multi-pronged approach to in-
vestigate alterations in the intestinal homeostasis caused 
by EtOH. While this design has significant strengths and 
advantages, we acknowledge that there are some limita-
tions in our study. For example, the RNA-seq analysis was 
performed on total ileal mucosa RNA. Thus, with some of 
the genes identified, we cannot identify the specific cell 
type responsible for the differential expression, particu-
larly with genes of the immune system. Therefore, future 
studies using single-cell sequencing would be useful in elu-
cidating the role of the various cells of the gut. Neverthe-
less, these data provide a solid foundation upon which to 
further investigate the effect of -3 PUFAs on intestinal 
homeostasis.

There are several important implications to our find-
ings. First, that modest changes in the -6:-3 PUFA ratio 
can lead to significant changes in the response of the intes-
tine to EtOH with respect to attenuation of inflammation 
suggests that dietary factors can have a profound effect. 
Second, this effect is mediated not only by changes in the 
expression of the inflammatory pathway but also through 
the induction of AMP gene expression and subsequent 
changes in the microbiota. Indeed, AMPs are emerging as 
a therapeutic treatment for a number of diseases (87). In 
addition to these effects seen in fat-1 mice, additional 
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pathways are involved, including that by which some hepa-
totoxic BAs (e.g., LCA) are detoxified through hydroxyl-
ation and conjugation in both the intestine (88) and liver 
(89). Furthermore, the effects of -3 PUFAs on the associ-
ated liver injury may be mediated by other factors, includ-
ing plasma metabolites and intrinsic changes in the -6:-3 
PUFA ratio in the livers of fat-1 mice. It is also possible that 
some of the changes observed in fat-1 mice are secondary 
to an overall attenuation in inflammation and protection 
of the liver from EtOH-induced damage mediated by other 
mechanisms. In conclusion, our results provide the basis 
for a model in which a decreased tissue -6:-3 PUFA ratio 
leads to specific changes in intestinal homeostasis, the gut 
microbiota, BA metabolism, and the plasma metabolome 
that coordinate to reduce intestinal inflammation and as-
sociated liver damage in the context of chronic EtOH ex-
posure and LPS challenge (summarized in Fig. 8F).

The authors thank Marion McClain for manuscript editing. The 
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Yin for their contributions to this project.
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