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Abstract

Objective: Intestinal farnesoid X receptor (FXR) plays a critical role in alcohol-associated liver 

disease (ALD). We aimed to investigate whether alcohol-induced dysbiosis increased intestinal 

miR194 that suppressed Fxr transcription, and whether Lactobacillus rhamnosus GG-derived 

exosome-like nanoparticles (LDNPs) protected against ALD through regulation of intestinal 

miR194-FXR signaling in mice.

Methods and results—Binge-on-chronic alcohol exposure mouse model was utilized. In 

addition to the decreased ligand-mediated FXR activation, alcohol feeding repressed intestinal Fxr 
transcription and increased miR194 expression. This transcriptional suppression of Fxr by miR194 

was confirmed in intestinal epithelial Caco-2 cells and mouse enteriods. The alcohol feeding-

reduced intestinal FXR activation was further demonstrated by the reduced FXR reporter activity 

in fecal samples and by the decreased FGF15 mRNA in intestine and protein levels in the serum, 
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which caused an increased hepatic bile acid synthesis and lipogeneses. We further demonstrated 

that alcohol feeding increased-miR194 expression was mediated by taurine upregulated gene 

1 (Tug1) through gut microbiota regulation of taurine metabolism. Importantly, three-day oral 

administration of LDNPs increased bile salt hydrolase (BSH)-harboring bacteria that decreased 

conjugated bile acids and increased gut taurine concentration, which upregulated Tug1 leading to 

a suppression of intestinal miR194 expression and recovery of FXR activation. Activated FXR 

upregulated FGF15 signaling and subsequently reduced hepatic bile acid synthesis and lipogenesis 

and attenuated ALD. This protective effects of LDNPs were eliminated in intestinal FxrΔIEC 

and Fgf15−/− mice. We further showed that miR194 was upregulated, whereas BSH activity and 

taurine levels were decreased in fecal samples of patients with ALD.

Conclusion: Our results demonstrated that gut microbiota-mediated miR194 regulation 

contributes to ALD pathogenesis and to the protective effects of LDNPs through modulating 

intestinal FXR signaling.

Graphical Abstract

INTRODUCTION

Patients with alcohol-associated liver disease (ALD) often exhibit manifestations of 

cholestasis, a liver pathology characterized by accumulation of hepatic bile acids (BAs). 

Excess BAs can be toxic and can be an important causative factor in liver injury and 

hepatocyte death (1). BAs are end products of cholesterol catabolism and are made and 

released by the liver and stored in the gallbladder. Due to their detergent-like functions, 

BAs play critical roles in solubilization and absorption of cholesterol, dietary lipids, and fat-

soluble vitamins in the intestine. BAs can also act as signaling molecules through activation 

of several receptors, including farnesoid X receptor (FXR), Takada-G-protein receptor 5 

(TGR5), and sphingosine-1-phosphate receptor 2 (S1PR2) (2). FXR, highly expressed in the 

liver and intestine, is a BA-sensing nuclear receptor that regulates many biological functions, 

including BA homeostasis and lipogenesis.

BA synthesis is regulated by FXR in the liver and intestine. In the liver, BAs activate 

FXR and upregulate small heterodimer partner (SHP), which functions as a suppressor 

of gene expression of genes encoding cholesterol 7α-hydroxylase (Cyp7a1) and sterol 

Jiang et al. Page 2

Hepatology. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12α-hydroxylase (Cyp8b1), resulting in decreased BA de novo synthesis. In the intestine, 

BA-activated FXR upregulates fibroblast growth factor (FGF) 15/19 (mouse/human) and 

promotes FGF15/19 secretion into the portal vein, which leads to suppression of Cyp7a1 

transcription and BA synthesis. Global FXR knockout mice have increased hepatic BA 

levels and liver injury (3). However, hepatocyte-specific FXR deletion does not change the 

BA pool and the enzymes for BA de novo synthesis (4), suggesting that intestinal FXR is 

a major player in regulating hepatic BA synthesis. Indeed, administration of intestinal FXR 

agonists reduced hepatic BA levels in murine models of ALD (5, 6).

While the FXR ligand activation has been well-studied, how FXR gene expression is 

regulated remains incompletely understood. Previous research demonstrated that hepatic 

microRNA194 (miR194) regulates Fxr mRNA expression in a mouse model of non-

alcoholic fatty liver disease (NAFLD) (7). However, it is unclear whether miR194 regulates 

intestinal Fxr in ALD.

Probiotics have been used as interventions in the management of ALD in patients and in 

experimental animal models (8, 9). Our previous studies demonstrated that Lactobacillus 
rhamnosus GG (LGG) supplementation decreases hepatic BAs by increasing intestinal 

FXR–FGF15 signaling pathway–mediated suppression of BA de novo synthesis and 

enhancing BA excretion in mice, which have undergone bile duct ligation (BDL), and in 

multidrug resistance protein 2 knockout (Mdr2−/−) mice (10). Most recently, we found that 

LGG-derived exosome-like nanoparticles (LDNPs) were protective against ALD in a mouse 

model (11). However, whether LDNPs regulate BA homeostasis in ALD is unknown.

The present study was designed to investigate the how the intestinal Fxr gene is regulated 

and FXR is activated by alcohol in experimental ALD in mice. Our findings demonstrated 

that alcohol feeding increases intestinal miR194 through gut microbiota-mediated altered 

taurine metabolism, resulting in a suppressed Fxr gene expression and a decreased BA-

mediated FXR activation, which leads to BA accumulation and increased lipogenesis and 

injury in the liver, and this can be attenuated by LDNP treatment.

MATERIAL AND METHODS

Animal Study

Male C57BL/6J mice (8 weeks of age) were obtained from Jackson Laboratory (Bar 

Harbor, ME). All animal protocols were approved by the Institutional Animal Care and 

Use Committee of the University of Louisville. Fgf15−/− and FxrΔIEC mice (7 weeks of age) 

were used as previously described (12). They were maintained at 22°C with a 12-hour:12-

hour light/dark cycle and had free access to normal chow diet and sterile water.

Mice were fed the Lieber DeCarli Diet containing 5% alcohol (w/v) (Alcohol-fed, AF) or 

isocaloric maltose dextrin (Pair-fed, PF). For the AF groups, mice were initially fed the 

control Lieber-DeCarli liquid diet (Bio-Serve, Flemington, NJ) for 5 days to acclimate them 

to the liquid diet. The content of alcohol in the liquid diet was gradually increased from 

1.6% (w/v) to 5% (w/v) in the next 6 days and remained at 5% for the subsequent 10 days. 

Mice in PF group were fed isocaloric maltose dextrin in substitution for alcohol in the liquid 
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diet. On experimental Day 10, a bolus of EtOH (5 g/kg body weight) was given to AF 

mice by gavage 9 hours before harvesting, while mice in PF groups received a gavage of 

isocaloric maltose dextrin (10D+1B model). LDNPs were administered to mice in the last 3 

days by daily gavage of 200 μL of LDNPs (50 μg protein content).

Statistical Analysis

Statistical analyses were performed using the statistical computer package GraphPad Prism, 

version 9 (GraphPad Software Inc., San Diego, CA). Results are expressed as means ± 

SEM. Statistical comparisons were made using two-way analysis of variance (ANOVA) with 

Bonferroni’s post hoc test, one-way ANOVA with Tukey’s post hoc test, or Student t test, 

where appropriate. Differences were considered to be significant at p≤0.05. Significance is 

noted as *p≤0.05, **p≤0.01, ***p≤0.001 between groups.

Please see additional methods in the Supporting Information.

RESULTS

LDNP Treatment Reversed Alcohol-induced Fatty Liver and Liver Injury

Three-day LDNP treatment protected against alcohol-induced liver injury in mice with 

NIAAA binge-on-chronic alcohol feeding model (Fig. 1A–1C). We further showed that 

LDNPs’ effect on the reduction of liver fat accumulation is, at least in part, by inhibiting 

lipogenesis. Hepatic mRNA and nuclear levels of Srebp-1c was significantly increased by 

alcohol (Fig. 1D &1E)). The Srebp-1c target lipogenesis genes, Acc, Fasn and Scd-1, were 

markedly increased by alcohol feeding and decreased by LDNP treatment (Fig. 1F).

Alcohol Feeding and LDNP Treatment Altered Hepatic BA Metabolism and Intestinal FXR-
FGF15 Signaling Pathway

To investigate the involvement of BA metabolism in the effects of alcohol and LDNP 

treatment, liver and circulating BA levels were determined. Hepatic, serum (Fig. 2A) 

and fecal BAs were significantly increased in AF mice and were markedly reduced by 

LDNP treatment (Fig. 2A). In the liver, the relative proportion of lithocholic acid (LCA), 

which is the most toxic BA in liver (13), was increased by alcohol (Fig. S1B). Serum 12α-

Hydroxylated BA, which can induce hepatic steatosis (14), was significantly upregulated 

by alcohol (Fig. S1C). Importantly, alcohol feeding caused a robust elevation of the serum 

7α-hydroxy-4-cholesten-3-one (C4) level, a surrogate marker of BA synthesis (Fig. 2A). 

Alcohol-fed mice had elevated hepatic mRNA expression and protein levels of Cyp7a1, the 

major enzyme in the classic BA synthesis pathway (Fig. 2A & 2B). Importantly, LDNP 

treatment significantly reduced all of them (Fig. 2A & 2B). mRNA levels of additional P450 

enzymes involved in BA synthesis, such as Cyp8b1 and sterol 27-hydroxylase (Cyp27a1), 
were not altered by alcohol exposure or by LDNP treatment (Fig. S2A). However, mRNA 

expression of oxysterol 7α-hydroxylase (Cyp7b1) was decreased by alcohol and further 

reduced after LDNP treatment (Fig. S2B). Additionally, as shown in Fig S2C and S2D, 

we also observed the alterations in those BA transporters by alcohol feeding and LDNP 

treatment.
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Hepatic mRNA expression of Fxr remained unchanged by alcohol feeding or LDNP 

treatment groups (Fig. 2C). However, we found that hepatic levels of chenodeoxycholic acid 

(CDCA) and deoxycholic acid (DCA), potent FXR agonists, were significantly decreased 

in alcohol-fed mice, but were not altered by LDNP treatment (Fig. S3A). In addition, 

no changes were found for hepatic cholic acid (CA) (FXR agonist) and T-α/βMCA 

(FXR antagonists) concentrations in the liver (Fig. S3). SHP is an orphan receptor and is 

regulated by FXR and by FGF15 derived from the intestine (15). Alcohol feeding decreased 

hepatic Shp mRNA expression, which was markedly increased by LDNP treatment (Fig. 

2C). Consistent with previous studies (16, 17), we showed that nuclear Shp levels were 

substantially reduced by alcohol and increased by LDNP (Fig. 2D). Additionally, the 

specificity of Shp antibody was verified by liver Shp KO mice as shown in Fig. S3B. Taken 

together, these data suggest that LDNP treatment suppressed BA synthesis in alcohol-fed 

mice through a hepatic SHP-CYP7A1-mediated pathway.

It is known that intestine-derived FGF15 plays a pivotal role in hepatic BA (18). To 

understand the effects of LDNPs on BA metabolism in ALD, we measured intestinal FXR-

FGF15 signaling. Alcohol feeding caused a significant reduction of circulating Fgf15 protein 

levels, which was restored by LDNP treatment (Fig. 2E). Similarly, mRNA levels of Fgf15 
in ileal tissues were decreased by alcohol exposure and increased by LDNP treatment (Fig. 

2E). Ileal mRNA and protein levels of Fxr were significantly reduced by alcohol exposure 

and normalized by LDNP treatment (Fig. 2F). These results suggest that alcohol exposure 

reduced the ileal FXR-FGF15 signaling pathway, which was restored by LDNP treatment. 

The activation of intestinal FXR-FGF15 signaling could contribute to the beneficial effects 

of LDNPs on the inhibition of BA synthesis in the liver in ALD.

Alcohol Feeding Increased Ileal miR194 Expression

To evaluate how the Fxr gene is regulated at the transcriptional level, we performed a 

miRNA microarray assay in ileal samples (Fig. S4). Among the changed miRNAs, we 

observed that alcohol feeding markedly upregulated miR194 and miR192 (Fig. 3A), which 

suppressed Fxr gene expression by binding 3′-UTR of the Nr1h4 gene (Fxr) (7). We 

further confirmed the ileal upregulation of miR194 and miR192 by real-time qPCR (Fig. 

3B). Notably, alcohol exposure significantly increased hepatic miR192 levels, but not 

miR194 (Fig. 3B), implying that the action of alcohol on miR194 regulation is likely 

intestine-specific. Recent studies showed that serum exosomal miR192 is a biomarker of 

ALD (19). Consistent with this study, we found that alcohol feeding increased serum 

exosomal miR192, but not miR194 levels (Fig. 3C), further suggesting a local regulation 

of ileal miR194 by alcohol. We also found that the expression of both pri-miR194–2 and pri-
miR194–1 in the ileum was increased by alcohol feeding, but the increase of pri-miR194–2 
was more pronounced (Fig.3C), which is the major contributor to the expression of miR194 

in the gastrointestinal tract (20). These results suggest partial transcriptional regulation 

of miR194 expression in the intestine by alcohol. Interestingly, intestinal mucus-derived 

exosomes contain miR194, and it was significantly increased by alcohol feeding (Fig. 

S5A). However, the crypt-derived exosomal miR194 was unchanged (Fig. S5B), indicating 

that alcohol upregulates miR194 in the intestinal epithelium. Importantly, LDNP treatment 

significantly reduced the alcohol-upregulated mature miR194 and pri-miR194–2 in the 
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ileum (Fig. 3D). miRNAs are normal constituents of murine and human feces, and most 

fecal miRNAs are derived from host gut epithelial cells (21). Fecal miRNAs have been 

used as biomarkers for screening and diagnosis of multiple intestinal diseases (22). Thus, 

we performed a miRNA microarray assay in fecal samples. As shown in Fig. S6A–B, 

alcohol feeding induced a significant dysregulation of fecal miRNA expression. Similarly, 

the fecal miR194 level was also significantly elevated by alcohol (Fig. S6C). These data 

unambiguously demonstrate that alcohol exposure increases intestinal epithelium-derived 

miR194 expression, which is suppressed by LDNP treatment.

To further investigate the effect of miR194 on FXR expression, human intestinal epithelial 

Caco-2 cells were transfected with 100 nM miR194 mimic for 24 hours. As shown in 

Fig. 3E, FXR mRNA levels were suppressed by miR194 mimic. Moreover, the mRNA 

levels of FXR- target gene, FGF19, were also reduced by miR194 mimic (Fig. 3E). Next, 

we examined the effect of miR194 on Fxr expression in mouse 3D intestinal organoids 

(23) (Fig. S6D). The organoid culture was transfected with 100 nM miR194 mimic or 

anti-miR194 inhibitor for 48 hours. miR194 mimic reduced, and miR194 inhibitor increased 

intestinal Fxr mRNA and protein levels (Fig. 3F). Similar results were obtained for Fgf15 
mRNA and serum Fgf15 proteins (Fig. 3F). We also performed an ex vivo ileal culture 

experiment to examine the effect of miR194 on the Fxr-Fgf15 pathway. As shown in Fig. 

S7, miR194 mimic significantly reduced Fxr and Fgf15 mRNA expression in this ex vivo 
study. These data demonstrate that miR194 suppresses FXR gene expression in the intestinal 

tissue. In addition, alcohol or LDNPs had no direct effects on the expression levels of 

miR194, FXR and FGF15 in Caco-2 cells (Fig. S8), indicating that the effects of alcohol 

and LDNPs observed in vivo may be regulated indirectly through mediators such as the 

modification of microbiota.

Alcohol Feeding Decreased Fecal Taurine Concentrations and TUG1 Expression

Previous studies (24) demonstrated that miR194 was regulated by taurine-upregulated 

gene 1 (TUG1), a long non-coding RNA, which is upregulated by taurine. TUG1 
induced an epigenetic regulator that enhances zeste homolog 2 (EZH2)-associated promoter 

methylation, and can directly bind to and act as a biological sponge to reduce miR194 

expression (25). Our results showed that ileal TUG1 expression was significantly decreased 

by alcohol and increased after LDNP administration (Fig. 4A). Similarly, fecal taurine 

concentrations were also reduced by alcohol feeding and restored by LDNP treatment (Fig. 

4A). The reduction of fecal taurine concentration by alcohol feeding was also demonstrated 

in other alcohol feeding models (26). Notably, taurine treatment increased TUG1 expression 

and reduced miR194 levels in mouse 3D intestinal organoids (Fig. 4B). Moreover, taurine 

pre-treatment restored ileum TUG1 and suppressed miR194 levels in alcohol-fed mice (Fig. 

4C).

Free taurine is released from tauro-BA by gut bacteria and choloylglycine hydrolase (bile 

salt hydrolase, BSH, classified as EC 3.5.1.24) and BSH is responsible for the deconjugation 

(deamidation) of conjugated (amidated) BAs (Fig. 4D). Of note, deltaproteobacteria convert 

sulfonated taurine (2-aminoethanesulfonate) to ammonia, acetate, and sulfite via taurine-

pyruvate aminotransferase (EC 2.6.1.77 encoded by TPA). Previous studies have identified 
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that B. wadsworthia use taurine as a substrate (27). Therefore, alcohol feeding caused-gut 

bacterial dysbiosis may contribute to the taurine regulation of intestinal miR194.

To evaluate gut microbiota alteration, we performed 16s metagenomics analysis in murine 

fecal samples. Fig. S9A is a snapshot for the α-rarefaction curves for the number 

of observed OTUs indicating that the PF group had the highest number of observed 

OTUs while AF group had the smallest number of observed OTUs. Principal covariant 

analysis (PCoA) showed that the mean distances between PF, AF and AF+LDNP were 

significantly different (p < 0.05) (Fig. S9B). At the phylum level, alcohol feeding led to 

a remarkable increase in the abundance of Proteobacteria and Firmicutes and a decrease 

in Bacteroidetes and Verrucomicrobia. Interestingly, Akkermansia muciniphila, a Gram-

negative intestinal commensal belonging to Verrucomicrobia phylum, has been shown to 

promote barrier function partly by enhancing mucus production (28). Importantly, LDNP 

treatment prevented the ethanol-induced expansion of the Proteobacteria and the ethanol-

decreased Verrucomicrobia (Fig. S9C).

Importantly, our results showed that bacterial genomic DNA encoding BSH was 

significantly reduced by alcohol feeding but not altered after LDNP treatment (Fig. 4E). 

Fecal BSH activity was markedly reduced after alcohol feeding and significantly increased 

by LDNP treatment (Fig. 4E). Streptococcus and Lactobacillus, the well-defined BSH-

containing bacterial genera (29), were decreased by alcohol, and increased after LDNP 

treatment (Fig. 4E). Additionally, the bacterial genomic DNA encoding TPA was increased 

by alcohol feeding and decreased by LDNP, although without statistical significance (Fig. 

4F). However, the taurine-consuming bacteria species, B. wadsworthia, was significantly 

increased by alcohol and reduced by LDNP treatment (Fig. 4F).

Taken together, these results suggest that alcohol feeding causes intestinal dysbiosis that 

decreases gut taurine concentration, which in turn, results in a reduced TUG1 expression and 

consequently, an increased miR194 expression, and this dysregulation can be reversed by 

LDNP treatment.

Alcohol Feeding Altered BA Profile and FXR Activity

Liver-derived BAs flow into the intestine from the gallbladder and undergo de-conjugation 

and detoxification by gut bacteria. Conjugated and deconjugated BAs often possess different 

FXR agonism activities (30). As shown in Fig. 5A, isodeoxycholic acid (iso-DCA, * 

labeled), a BA that is formed via epimerization of DCA by intestinal bacteria and inhibits 

FXR activity (31), was the major form of BA in feces. Iso-DCA levels were increased in 

AF mice and reduced by LDNP treatment. Similarly, LCA (^ labeled)was also increased 

by alcohol feeding. ω-muricholic acid (ω-MCA, ^^ labeled), which is the second most 

abundant form of BAs in the feces and acts as an FXR agonist in intestine (32), was 

decreased by alcohol feeding. 12-ketolithocholic acid and cholic acid-7-sulfate (CA7S) were 

also decreased by alcohol feeding. Importantly, LDNP treatment had minimal effect on the 

BA profile in PF mice, but markedly reversed the changes in AF mice.

Fecal total BA profiling is shown in Fig. S10A. Interestingly, the tauro-BA/total BA ratio 

was slightly increased by alcohol and decreased by LDNP treatment (Fig. 5B). Previous 
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research showed that tauro-BA down-regulated intestinal FXR-FGF15 signaling (33). Next, 

we analyzed the selected BAs that reportedly have FXR ligand activity. Fecal levels of CA 

and DCA were significantly decreased in alcohol-fed mice, and this effect was reversed 

by LDNPs. Alcohol feeding increased, and LDNPs decreased, LCA levels. There was 

no significant effect on fecal CDCA and T-α/βMCA levels by either alcohol or LDNP 

treatment (Fig. 5B).

Most gut microbiota-manipulated BAs are reabsorbed by the intestine into the circulation. 

We thus measured the serum BA profile. In contrast to fecal BAs, the major forms of BAs 

in the serum were DCA and CDCA. TCA levels were low in PF mice but dramatically 

increased by alcohol-feeding and decreased by LDNPs (Fig. 5C, * labeled). Tauro-BA 

accounted for about 20% of the total BA in the serum of PF mice, and that was increased 

to 40% by alcohol feeding. LDNP treatment significantly reduced the tauro-BA/total BA 

ratio in both PF and AF mice (Fig. 5D). Alcohol-increased tauro-BAs may contribute to the 

decrease in free taurine, as demonstrated previously (Fig. 4A).

Serum total BA levels were significantly increased by alcohol and decreased by LDNPs 

(Fig. 2A). This was mainly due to the changes in conjugated BAs, since the unconjugated 

BA level was insignificantly altered by either alcohol or LDNPs (Fig. S10B). Interestingly, 

serum FXR agonists, DCA and CDCA, were reduced by alcohol feeding and restored by 

LDNP treatment. The levels of CA, another FXR agonist, were low and not altered by 

alcohol or LDNP treatment. Interestingly, T-α/βMCA, FXR antagonist, was increased by 

alcohol feeding but markedly reduced by LDNP treatment (Fig. 5D).

To further determine FXR activity, we transfected HEK293 cells with an FXR expressing 

plasmid and an FXR luciferase reporter plasmid. The cells were treated with fecal 

supernatants or serum samples, and FXR agonist CDCA was used as a positive 

controlSerum (Fig. 5E left panel) and fecal supernatants (Fig. 5E right panel) from PF 

mice also had significantly increased FXR-luciferase activity, which was markedly reduced 

in alcohol feeding samples. Importantly, LDNP treatment improved the alcohol-suppressed 

FXR-luciferase activity (Fig. 5E).

Taken together, in addition to the transcriptional regulation, alcohol feeding causes 

dysregulation of BAs that reduced FXR activation, and LDNP treatment positively modified 

gut microbiota and BA metabolism that led to an increased FXR activity in ALD mice.

Intestinal FXR Deficiency Abolished the Protective Effects of LDNP against Alcohol-
induced Liver Injury

Our results demonstrated that LDNPs increased intestinal FXR activity in alcohol-fed mice. 

We thus hypothesized that the lack of intestinal FXR would diminish the protective effects 

of LDNPs. To test this hypothesis, we used intestinal epithelial cell-specific Fxr knockout 

mice (FxrΔIEC). The knockout efficiency of FXR was tested as shown in Fig. S11A. FxrΔIEC 

and Fxrfl/fl mice were fed Lieber DeCarli liquid diet in a binge-on-chronic alcohol feeding 

model as described in Fig 1, and LDNPs were given to the mice once daily for the last 

three days. Agreeing with previous studies (12), alcohol feeding increased hepatic fat 

accumulation and liver injury in the FxrΔIEC mice compared to Fxrfl/fl mice (Fig. 6A–C). 
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Importantly, the beneficial effects of LDNP treatment on alcohol-induced fatty liver and 

liver injury were diminished in the FxrΔIEC mice but not Fxrfl/fl mice (Fig. 6A–C). LDNP 

treatment was no longer effective on the reduction of BA levels in the serum and liver 

in the FxrΔIEC mice (Fig. 6D). Liver Cyp7a1 mRNA and protein levels and serum Fgf15 

protein levels were also unchanged by LDNPs (Fig. 6E–F & S12). Taken together, these 

data indicate that intestinal FXR plays a major role in the beneficial effects of LDNP on 

alcohol-induced liver injury.

Protective Effect of LDNPs Against Alcohol-Induced Liver Injury was Diminished in Fgf15 
KO Mice

We further examined the effects of LDNPs in FXR-FGF15 pathways in Fgf15−/− mice. 

FGF15 is an endocrine hormone mainly expressed in the intestine in mice, while human 

FGF19 is expressed in both intestine and liver under disease conditions (34, 35). Thus, using 

whole-body knockout of Fgf15 is appropriate to dissect the role of Fgf15 in liver pathology 

in mice. The KO efficiency of Fgf15 was validated as shown in Fig. S11B. Notably, the 

protective effects of LDNPs against alcohol-induced liver steatosis and injury, the beneficial 

effects of LDNPs on BA reduction in the serum and liver, and Cyp7a1 mRNA expression 

in WT mice were completely abolished in the Fgf15−/− mice (Fig. 7A–F). Taken together, 

those data indicate that intestinal FXR-FGF15 signaling is required for the beneficial effects 

of LDNPs against alcohol-induced liver injury.

Patients with Alcohol-Associated Hepatitis had Elevated Fecal Bile Acids and miR194 but 
Decreased Taurine Levels and BSH Activity

We further examined the miR194-FXR signaling in samples from patients with AH. 

Agreeing with previous studies (1), serum BA concentrations in AH patients were 

significantly higher than in healthy controls (data not shown). Fecal levels of total BAs 

were also significantly increased in AH patients (Fig. 8A). Importantly, fecal miR194 level 

was elevated in AH patients compared to healthy controls (Fig. 8B). We further showed 

fecal taurine concentration was lower in AH patients compared to healthy controls, and it 

negatively correlated with AST level (Fig. 8C & 8D). Additionally, patients’ fecal BSH 

activity was also significantly decreased and negatively correlated with serum AST level 

(Fig. 8E & 8F). Previous research demonstrated a gut dysbiosis in the AH patients (36) and 

in experimental ALD in mice (37). The dysregulated taurine homeostasis may be a result 

of decreased BSH-harboring bacteria, such as Lactobacillus, which contributes to the FXR 

activation.

DISCUSSION

Cholestasis is a frequent feature of ALD, and the accumulation of toxic BAs is the major 

contributor (38). Reducing hepatic BA overload is a therapeutic goal in the management 

of ALD (39). Clinical studies have demonstrated that patients with AH have an increased 

BA synthesis even in the face of cholestasis and increased BA levels (40, 41). BA synthesis 

is regulated by hepatic and intestinal FXR signaling. Although it is well-known that BAs 

are endogenous ligands of FXR, how intestinal FXR is regulated at the transcriptional level 

in ALD is unknown. In this study we showed that intestinal miR194 suppressed intestinal 
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Fxr mRNA expression in alcohol-fed mice. Alcohol feeding increased intestinal miR194 

and decreased intestinal Fxr expression which led to a decreased FXR-FGF15 signaling in 

the enterohepatic axis. We confirmed that miR194 suppressed FXR gene expression in an 

intestinal epithelial Caco-2 cell line, a mouse intestinal organoid culture and ex vivo ileum 

tissue culture, and we showed that miR194 mimic inhibited, whereas miR194 inhibitor 

increased, FXR mRNA expression. In line with previous studies (1), we found that alcohol 

feeding significantly changed BA profiles in both feces and serum samples. Both the fecal 

and serum BAs that have potential FXR antagonistic activity were increased, while those 

BAs that activate FXR were decreased by alcohol feeding. The combinatorial effects of 

alcohol-induced transcriptional suppression and BA-mediated inhibition of FXR contribute 

to the defective enterohepatic FXR-FGF15 signaling that is critical in the regulation of 

hepatic BA homeostasis and lipogenesis in ALD.

How is intestinal miR194 regulated in mice with experimental ALD? Ethanol at 

physiological concentrations had no effect on miR194 expression in Caco-2 cells and 

ileal organoids, indicating an indirect regulation that likely involved gut microbiota. 

We demonstrated that alcohol-caused gut dysbiosis decreased gut taurine concentration 

thatconsequently caused a reduction of TUG1 expression resulting in the upregulation of 

miR194. This taurine-depended regulation of TUG1 and miR194 was further demonstrated 

in ileal organoids and in mice. We further demonstrated that fecal taurine concentrations, 

along with miR194, were reduced in AH patients and were negatively correlated with 

serum AST levels. Previous studies have demonstrated that taurine supplementation reduced 

experimental ALD (42). Our study provided further mechanistic insights into the protective 

role of taurine. Altering gut microbiota to increase intestinal taurine availability, thereby 

suppressing miR194-mediated reduction of FXR-FGF15 signaling is a plausible strategy for 

inhibition of ALD development and progression.

Management of ALD is challenging. Previous studies demonstrated that the administration 

of probiotics to animals (8) or humans with ALD was beneficial (9). Probiotic treatment 

restricted the growth of harmful bacteria, prevented gut leakiness and attenuated liver 

injury. Our recent studies further showed that the supernatant from the probiotic, LGG, 

was effective in the prevention of ALD in animal models (43). We further showed that 

the effect of the supernatant was mediated by probiotic-derived nanoparticles (LDNPs) 

through intestinal AhR-IL22 pathway (11). In this study, we further showed that LDNP 

administration suppresses the alcohol-induced intestinal miR194 expression and BA 

dysregulation, and subsequently increases intestinal FXR-FGF15 signaling and suppresses 

BA synthesis.

In addition to Fxr transcriptional regulation, gut microbiota changes by alcohol and LDNPs 

play a critical role in the BA transformation that regulates FXR ligand activity. Interestingly, 

T-α/βMCA, a significant FXR antagonist, were increased by alcohol and decreased by 

LDNPs in serum. Of note, a previous study showed that chronic alcohol feeding decreased 

tauro-BAs (5). The discrepancy may be a result of different alcohol feeding models. In 

addition, it is unknown how FXR activity was changed in above-mentioned study (5). 

Different BA species and abundance can have a profound impact on FXR activation. 

Jiang et al. Page 10

Hepatology. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Importantly, the alteration of FXR activities by alcohol and LDNP treatment was confirmed 

by FXR reporter assay.

The regulation of intestinal miR194-mediated FXR-FGF15 signaling by LDNPs causes 

a reduction of BA de novo synthesis. Gut-derived FGF15 binds hepatic FGFR4 and 

starts a signaling cascade resulting in a phosphorylation of SHP that promotes its nuclear 

translocation and subsequent activation. The regulation of SHP activation not only inhibits 

Cyp7a1 to suppress BA de novo synthesis but also inhibits lipogenesis resulting in 

attenuation of fatty liver. We further demonstrate that the inhibitory effects of LDNPs on 

fatty liver and BA accumulation in mice with ALD require intestinal FXR and FGF15. 

Intestinal epithelial FXR knockout and FGF15 depletion abolished the beneficial effects of 

LDNPs.

As with most studies, the present study has some limitations. We used the 10D+1B mouse 

model. Human ALD has a broad spectrum, and various animal models recapitulate different 

stages of human ALD, although animal models that mimic severe ALD are still lacking. 

The results in the present study need to be evaluated in different models of ALD. Second, 

the reduction of intestinal FXR and FGF15 and elevation of miR194 by alcohol need to be 

validated in intestinal specimens from patients with ALD.

In conclusion, the current study provides a novel mechanism by which intestinal 

miR194 regulates FXR activation in ALD, and LDNP treatment inhibits ALD through 

intestinal miR194-FXR-FGF15 signaling pathway (Fig. 8E). We demonstrate that alcohol 

consumption causes gut dysbiosis that leads to a reduced gut taurine concentration, and 

consequently a decreased TUG1 expression and an increased miR194 expression. Increased 

intestinal miR194 leads to reduced FXR transcription and dysregulated BA profiles that, in 

turn, lead to decreased FXR ligand activation, which reduces intestinal FGF15 expression. 

This defective enterohepatic FXR-FGF15 signaling results in an increased hepatic BA 

synthesis and lipogenesis and liver injury. Of note, we administrated LDNPs only in the 

last three days of our model, suggesting a treatment potential for LDNP in ALD and other 

BA-associated liver diseases.
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Figure 1. LDNP treatment reversed alcohol-induced liver injury.
(A) Experimental design of animal treatment. (B) Representative microphotographs of 

H&E-stained mouse liver sections. (C) Hepatic TG levels, liver to body weight ratio and 

serum ALT and AST levels. (D) Hepatic mRNA levels of Srebp-1c. (E) Nuclear (n-Srebp1) 

and cytoplasmic (c-Srebp1) protein levels of liver Srebp1c. (F) Liver Acc, Fasn and SCD1 
mRNA levels. n = 3–5/group.
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Figure 2. BA synthesis regulation by alcohol and LDNPs.
(A) Liver BA levels, serum BA levels, serum C4 levels and hepatic Cyp7a1 mRNA levels. 

(B) Hepatic protein expression of Cyp7a1. (C) Hepatic mRNA expression of Fxr and Shp. 

(D) Nuclear (nShp) and cytoplasmic (cShp) protein expression of liver Shp. (E) Serum 

Fgf15 levels and ileum mRNA expression of Fgf15. (F) Ileum mRNA and protein expression 

of Fxr. n = 3–5/group.
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Figure 3. The effects of alcohol and LDNPs on intestinal microRNA expression and validation of 
miR194 regulation of FXR.
(A) Heat map of the most upregulated miRNAs by a microRNA array assay. (B) Validation 

of two dysregulated miRNAs (miR194 and miR192) in ileum samples by RT-q-PCR and 

hepatic miR194 and miR192 expressions. (C)Serum exosomal miR194/192 levels and ileum 

Pri-miR194–1/2 mRNA expression. (D) Ileum miR194 and Pri-miR194–2 expression. (E) 

miR194 mimic on FXR and FGF19 expressions in human Caco-2 cells (F) miR194 mimic 

and inhibitor on Fxr (upper panel) and FGF15 (lower panel) mRNA and protein expression 
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in mouse intestinal organoids. iMAX: lipofectamine RNAiMAX. Data are expressed as 

mean ± SEM. n = 3–5/group.
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Figure 4. Alcohol Feeding Increased miR194 Expression though Taurine-TUG1 pathway.
(A) Ileum TUG1 mRNA levels and fecal taurine concentration. (B) Effect of taurine on 

Tug1 (left panel) and miR194 (right panel) expressions in mouse intestinal organoids. 

Organoids were stimulated with taurine (150 mM) or PBS for 72 hours. (C) Ileum Tug1 
(left panel) and miR194 (right panel) levels under taurine treatment. Mice were treated as 

described in the Fig 1, and taurine was added to the drinking water or diet at a dose of 2g/kg 

bw/mouse for total 25 days. (D) Conjugated bile acid metabolism in intestine. (E) OTUs 
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of BSH, fecal BSH activity and Lactobacillus/Streptococcus levels. (F) OTUs of TPA (left 

panel) and fecal B. wadsworthia change (right panel). n = 3–8/group.
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Figure 5. Effects of alcohol and LDNP on FXR activity.
(A) Fecal bile acid composition ratios. (B) Fecal tauro-BA/total BA ratios and selected fecal 

BA concentrations. (C) Serum BA composition ratios. (D) Serum tauro-BA/total BA ratios 

and selected serum BA concentrations. (E) Luciferase reporter assay of FXR activities of 

fecal extracts (left panel) and serum (right panel). Luciferase reporter assay was performed 

in HEK293 cells transfected with FXR expression plasmid, FXR reporter plasmid, and 

β-galactosidase expression plasmid. Cells were stimulated with CDCA (20 μM) alone, fecal 

supernatant or serum for 6 hours. n = 3–5/group.
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Figure 6. The beneficial effect of LDNPs was abolished in FxrΔIEC mice.
(A) Representative microphotographs of H&E-stained mouse liver sections. (B) Hepatic TG 

levels. (C) Serum ALT and AST levels. (D) Serum and liver BA levels. (E) Hepatic mRNA 

expressions of Cyp7a1. (F) Hepatic protein levels of Cyp7a1. n = 3–5/group.
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Figure 7. The beneficial effect of LDNPs was abolished in Fgf15 KO mice.
(A) Representative microphotographs of H&E-stained mouse liver sections. (B) Hepatic TG 

levels. (C) Serum ALT and AST levels. (D) Serum and liver BA levels. (E) Hepatic mRNA 

expressions of Cyp7a1. (F) Hepatic protein levels of Cyp7a1. n = 3–5/group.
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Figure 8. Fecal levels of miR194, bile acids and taurine in AH patients.
Stool samples were lyophilized before analyses. (A) Fecal bile acids and miR194 levels. 

(C) Fecal taurine concentrations and correlations between fecal taurine concentrations and 

serum AST levels. (D) Fecal BSH activity and correlation between BSH activity and serum 

AST levels. (E) A proposed model of LDNPs prevention against ALD through modulation 

of intestinal miR194-FXR-FGF15 signaling.
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