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Development of Alcohol-Associated 
Hepatitis Is Associated With Specific 
Changes in Gut-Modified Bile Acids
Mark D. Muthiah ,1,2* Ekaterina Smirnova ,3* Puneet Puri,4 Naga Chalasani ,5 Vijay H. Shah ,6 Calvin Kiani,4 
Stephanie Taylor,4 Faridoddin Mirshahi,4 and Arun J. Sanyal4

The perturbations in bile acids (BAs) in alcohol-associated hepatitis (AH) and its relationship to disease severity is not 
well defined. The aims of this study were to define (1) the effects of heavy alcohol consumption on BAs and related 
microbiome, (2) the additional changes with AH, and (3) the relationship of these changes to disease severity. In this 
multicenter study, plasma and fecal BAs and related microbiome were interrogated in healthy individuals, heavy drink-
ing controls (HDCs) without overt liver disease, and AH. Compared to healthy controls, HDCs had increased glycine-
conjugated 7α and 27α primary BAs and increased secondary BA glycocholenic sulfate (multiple-comparison adjusted 
P  <  0.05 for all). Plasma-conjugated cholic and chenodeoxycholic acid increased in AH along with the secondary BAs 
ursodeoxycholic and lithocholic acid (P  <  0.001 for all), whereas deoxycholic acid decreased; however fecal concentra-
tions of both deoxycholic acid and lithocholic acid were decreased. Glycocholenic acid further increased significantly 
from HDCs to AH. HDCs and AH had distinct plasma and fecal BA profiles (area under the curve, 0.99 and 0.93, 
respectively). Plasma taurochenodeoxycholic acid and tauroursodeoxycholic acid were directly related to disease severity, 
whereas fecal ursodeoxycholic acid was inversely related. The fecal abundance of multiple taxa involved in formation of 
secondary BAs, especially deoxycholic acid (Clostridium cluster XIVa) was decreased in AH. Multiple genera containing 
taxa expressing 3α, 3β, 7α, and 7β epimerases were decreased with concordant changes in fecal BAs that required these 
functions for formation. Conclusion: There are distinct changes in BA-transforming microbiota and corresponding BAs 
in AH that are related to disease severity. (Hepatology Communications 2022;6:1073-1089).

Alcohol-associated hepatitis, part of the 
spectrum of alcohol-induced liver disease, 
has a high mortality rate.(1) The incidence 

of alcohol-associated hepatitis is increasing, and 
it is a leading cause for liver-related hospitaliza-
tions and deaths.(2,3) The specific factors driving 
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the onset and severity of alcohol-associated hep-
atitis are incompletely understood.(4,5) The high 
prevalence, variable course, and limited therapies 
for this condition underscore the need for bet-
ter understanding of the mechanisms driving the 
disease and identification of potential therapeutic 
targets.

A hallmark of alcohol-associated hepatitis is 
cholestasis and elevated circulating bile acids.(6) Bile 
acids have a multitude of biological effects impact-
ing metabolism, inflammation, and even oncogenesis. 
These are mediated both by their physicochemical 
properties and through specific receptors, e.g., the 
farnesoid X receptor, Takeda G protein receptor 5, and 
sphingosine 1 phosphate receptor 2.(7) Different bile 
acids have differential biological properties due to vary-
ing agonist activity at these receptors.(8) Hydrophobic 
bile acids with less hydroxyl groups are thought to be 
more toxic as they have a greater propensity to traverse 
the cell membrane.(9) Bile acids can also undergo gut 
microbial-dependent epimerization at the 3-, 7-, and 
12-carbon hydroxyl groups, modifying their hydro-
phobicity and consequently their cellular toxicity.(10) 
The potential effects of various forms of these bile 
acids have spurred efforts to better understand the 

differential changes in bile acids in alcohol-associated 
hepatitis and other liver diseases. An area of partic-
ular interest is the role of the intestinal microbiome 
in converting primary bile acids to secondary bile 
acids.(11) The microbiome itself is sensitive to bile acids 
with some microbiota dying in the presence of bile 
acids while others thrive and overgrow when specific 
bile acids are increased in their immediate environ-
ment.(12,13) We have previously described changes in 
both the fecal and circulating microbiome in alcohol-
associated hepatitis, but the changes in bile acids and 
the bile acid biome remain to be elucidated.(14,15)

Two recent studies have evaluated the bile acid 
profile in alcohol-associated hepatitis.(16,17) One study 
only evaluated 13 patients with alcohol-associated 
hepatitis and observed an increase in primary bile 
acids despite decreased de novo synthesis but did not 
address the differential changes in bile acid profiles 
and their linkage to the intestinal microbiome.(16) In 
another study, changes in bile acid profile and micro-
bial taxa were noted.(17) However, this study included 
a mix of patients with alcohol-associated hepatitis and 
alcohol-induced cirrhosis and was further limited by a 
lack of controls with heavy alcohol consumption but 
without overt liver disease, preventing assessment of 
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changes specifically due to alcohol-associated hepati-
tis. Thus, there is a need for more data to obtain clar-
ity on the changes in primary and secondary bile acids 
in alcohol-associated hepatitis and on its relationship 
to the bile acid biome.

The goal of the current study was to character-
ize the plasma and fecal bile acids in patients with 
alcohol-associated hepatitis, to identify distinct profiles 
from heavy alcohol consumption alone versus alcohol-
associated hepatitis, and to correlate bile acid profiles 
to changes in the fecal microbial ecology. We aimed to 
further distinguish changes in bile acid profiles between 
patients with moderate and severe alcoholic-associated 
hepatitis (MAH, SAH, respectively). The specific 
objectives were to define (1) the effect of heavy alcohol 
consumption on the bile acid profiles and their relation-
ship to the fecal microbiome, (2) changes in bile acids 
and related microbial taxa and function in alcohol-
associated hepatitis, and (3) the relationship of changes 
in bile acid profiles with disease severity and outcomes.

Patients and Methods
The study included three clinical sites (Virginia 

Commonwealth University [VCU], Indiana 
University, and Mayo Clinic) involved in the 
Translation of Rehabilitation Engineering Advances 
and Technology (TREAT) consortium for the study 
of alcohol-associated hepatitis. Whereas patients with 
alcohol-associated hepatitis and controls with heavy 
alcohol consumption but without overt liver disease 
were enrolled at all sites, healthy controls were only 
enrolled at VCU. All participants provided informed 
consent, and the study was approved by the institu-
tional review board at each center.

PATIENT POPULATION
Alcohol-associated hepatitis was defined by the 

sudden onset of jaundice with hepatomegaly, using the 
ratio of aspartate aminotransferase to alanine amino-
transferase >1 in an individual with a history of heavy 
alcohol consumption (>5 units daily) within 6  weeks 
of diagnosis.(18) Patients with other comorbid liver dis-
eases, active gastrointestinal bleeding, sepsis, as well as 
those receiving antibiotics or ursodeoxycholic acid at 
the time of diagnosis were excluded from this analysis. 
Patients prescribed lactulose or rifaximin for hepatic 

encephalopathy were also excluded. Alcohol-associated 
hepatitis was considered to be MAH or SAH based 
on the Model for End-Stage Liver Disease (MELD) 
score ≤20 versus those with higher levels.(19)

Heavy drinking controls were defined by a his-
tory of heavy alcohol consumption (>5 units daily) 
without overt evidence of liver disease (normal liver 
enzymes, normal liver function, and absence of jaun-
dice or hepatomegaly). Healthy controls were partic-
ipants without an alcohol use disorder (Alcohol Use 
Disorders Identification Test score <7) or liver disease. 
These individuals were asymptomatic, had a normal 
physical examination, had normal liver enzymes and 
functions, and an absence of sonographic evidence 
of liver disease or a controlled attenuation parameter 
score <250 dB/second and liver stiffness measurement 
<6 kPa on FibroScan.(15)

PLASMA SAMPLE COLLECTION 
AND METABOLITE 
IDENTIFICATION

Plasma and serum were collected under fasted con-
ditions and spun down within 60 minutes in all cases 
and stored at −70°C until they were withdrawn for 
this study. Samples were transported to Metabolon 
for analyses on dry ice. All samples were thawed only 
once at the time of analysis for this study. Sample pro-
cessing and metabolite identification are described in 
the Supporting Materials.

STOOL SAMPLE COLLECTION, 
FECAL METABOLITE, 
AND MICROBIAL TAXA 
IDENTIFICATION

A standardized approach to fresh stool collection 
was established, and a standard operating procedure 
was put in place. This was based on a study of the 
stool microbiome.(20) All clinical personnel involved 
in stool collection were formally trained and also pro-
vided written resources and a video on YouTube as 
additional resources. Approximately 500  mg of feces 
was divided and transferred into and empty tube and 
another containing 10  mL of RNA later. This was 
then shaken thoroughly, taking care to avoid spill-
age. The tubes were placed in Ziplock bags packed 
with ice for transportation to the laboratory. Stool 
samples were transported on dry ice from the clinical 
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research unit at VCU to the principal investigator’s 
laboratory where they were stored at −70°C until they 
were analyzed. Fecal microbial composition was eval-
uated by 16S pyrosequencing and metabolomic anal-
yses using liquid chromatography–mass spectrometry, 
as described.(14) Samples for bile acid analysis were 
transported to Metabolon for analyses on dry ice. All 
samples were thawed only once at the time of analysis 
for this study. Fecal and plasma samples for bile acids 
were processed by the same laboratory using the same 
methods. A more detailed description of these meth-
ods is provided in the Supporting Materials.

STATISTICAL ANALYSIS
Statistical data analysis was performed using R 

software. Individual metabolite compound mea-
surements in stool and plasma were first normal-
ized using median scaling to set the median equal 
to 1(21); missing values were then imputed with the 
minimum, and final intensity data were log trans-
formed to reduce the skewness. To assure the sta-
bility of reported results toward the median-scaling 
normalization procedure, sensitivity analyses were 
performed by reproducing all analyses using abso-
lute concentrations. To detect statistically significant 
differences between each group of interest (healthy 
controls and heavy drinking controls; heavy drinking 
controls and alcohol-associated hepatitis; and MAH 
and SAH), Welsh’s unpaired two-sample t test was 
performed using the R function t_test() in package 
rstatix. Multiple-testing correction was performed 
using Benjamini-Hochberg correction implemented 
in R function adjust_pvalue(). Total primary, second-
ary, conjugated, and unconjugated bile acid values 
were obtained by summing measures for correspond-
ing compounds. Correlation between bile acids and 
microbial genera was calculated using the cor() func-
tion in R. Microbial genera discriminating between 
AH and heavy drinking control groups was identi-
fied according to described methods.(14) Predictive 
models were built using random forest models by 
function randomForest() in the R package ran-
domForest. The optimal number of bile acids used 
at each split of the random forest (parameter mtry) 
was determined using 5-fold cross-validation crite-
ria by the R function train() in package caret. Mean 
decrease Gini was used to rank variable importance 
in random forest models. Overall predictive ability of 

the random forest model was accessed using the area 
under the receiving operating characteristic curve 
through the R function roc() in the package pROC. 
Association between continuous MELD score and 
individual metabolites was accessed using univariate 
regression models (function lm() in R) with MELD 
score as an outcome and each metabolite as a single 
predictor. Association between individual bile acid 
compounds in stool and plasma with demographic 
covariates (age, sex, and body mass index [BMI]) 
was performed using the multivariate linear regres-
sion model with bile acids as a response and demo-
graphic covariates as predictors.

LINKING BILE ACID CHANGES TO 
FECAL MICROBIOME

The microbial taxa expressing critical enzymes 
involved in fecal microbial bile acid transformations 
were first identified from existing databases using an 
assembly of gut organisms through reconstruction and 
analysis resource.(22,23) The species were then identified 
to genus from the National Center for Biotechnology 
Information taxonomy browser. The differentially abun-
dant taxa in alcohol-associated hepatitis study popula-
tion were mapped to this list of bile acid-metabolizing 
microbiota to define the relationships between bile 
acid-metabolizing microbiota and the changes in bile 
acid composition in alcohol-associated hepatitis.

Results
STUDY COHORT

In total, 59 subjects had available plasma (20 
healthy controls, 12 heavy drinking controls, 11 
MAH, 16 SAH), while 49 subjects had available 
stool (20 heavy drinking controls, 8 MAH, 21 
SAH). The distribution of patients with stool and 
plasma samples was similar across study groups for 
all demographic characteristics except white blood 
count. The healthy controls and heavy drinking con-
trols were younger than those with MAH and SAH. 
Race, sex, and BMI distributions were not signifi-
cantly different across study groups. The groups of 
heavy drinking controls and patients with MAH and 
SAH were comparable in terms of average alcohol 
consumption. The patients with alcohol-associated 
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hepatitis had lower hemoglobin, albumin, and 
platelets. White blood count for the patients with 
alcohol-associated hepatitis who donated stool sam-
ples was significantly higher, while for the patients 
with alcohol-associated hepatitis who donated 
plasma samples, white blood count was higher but 
not significantly different. The patients with alcohol-
associated hepatitis had significantly higher interna-
tional normalized ratio, MELD, Child-Pugh, and 
discriminant function scores. A detailed breakdown 
of patient demographics is provided in Table 1.

ALCOHOL-ASSOCIATED 
HEPATITIS IS ASSOCIATED WITH 
SIGNIFICANT CHANGES IN TOTAL 
PRIMARY AND SECONDARY BILE 
ACIDS

The total primary plasma bile acid levels were 
not significantly different in heavy drinking controls 
compared to healthy controls (Fig. 1A). The total 
primary bile acid levels in plasma were, however, sig-
nificantly elevated in both MAH and SAH compared 
to either healthy controls or heavy drinking controls 
(multiple-comparison adjusted [mca] P  <  0.001 for 
all comparisons; Table 2 and Fig. 1A). The total sec-
ondary bile acid levels in plasma were not different 
across groups (Fig. 1A). The increase in primary 
bile acids in plasma in alcohol-associated hepatitis 
groups was reflected in an increase in the relative 
proportion of primary bile acids and a decrease in 
secondary bile acids (Fig. 1B). This was accompa-
nied by an increase in 7-alpha-hydroxy-3-oxo-4-ch
olestenoic acid (7-HOCA) in both MAH and SAH 
groups (Fig. 1C) compared to healthy controls and 
heavy drinking controls, indicating the possibility 
of increased bile acid synthesis in alcohol-associated 
hepatitis even in the face of cholestasis and increased 
bile acid levels.

In stool, in SAH compared to heavy drinking con-
trols, a modest nonsignificant increase in primary 
bile acids was noted while secondary bile acid lev-
els decreased significantly (mca P  =  0.018; Fig. 1D). 
These contributed to a decrease in the proportion of 
secondary bile acids among all measured bile acids in 
this group (Fig. 1E).

The increase in total plasma bile acids in both 
MAH and SAH was due to an increase in conju-
gated bile acids (mca P < 0.001 for each comparison; 

Fig. 1F,G). However, the fecal concentrations of con-
jugated bile acids were not significantly different in 
those with alcohol-associated hepatitis compared to 
either healthy controls or heavy drinking controls 
(Fig. 1H). There was a borderline significant decrease 
in fecal concentrations of unconjugated bile acids in 
SAH (mca P  =  0.069 vs. heavy drinking controls; 
Fig. 1H). However, the proportion of unconjugated 
bile acids in stool was decreased but similar between 
MAH and SAH (Fig. 1I).

CHANGES IN INDIVIDUAL BILE 
ACIDS IN PLASMA DUE TO HEAVY 
ALCOHOL CONSUMPTION

To characterize the effect of alcohol consump-
tion on the plasma bile acids, the levels of plasma 
bile acids of individuals with heavy alcohol con-
sumption who had not developed alcohol-associated 
hepatitis were compared to healthy controls. The 
glycine-conjugated 7α and 27α primary bile acids 
were increased in plasma of heavy drinking controls 
compared to healthy controls (Fig. 2). Specifically, 
the abundance of glycochenodeoxycholate (mca 
P  =  0.005), glycochenodeoxycholate sulfate (mca 
P  =  0.022), and glycocholate (mca P  <  0.001) was 
increased in heavy drinking controls compared to 
healthy controls. The levels of deoxycholate were 
decreased, while those of taurochenodeoxycholate, 
tauroursodeoxycholate, and sulfated glycocholenate 
sulfate* were increased significantly based on unad-
justed P values in heavy drinking controls, but these 
were not significant following correction for multi-
ple comparisons.

CHANGES IN INDIVIDUAL 
CIRCULATING BILE ACIDS WITH 
DEVELOPMENT OF ALCOHOL-
ASSOCIATED HEPATITIS

In order to identify changes in bile acids spe-
cifically with alcohol-associated hepatitis and not 
just alcohol exposure, the bile acid profiles in the 
combined alcohol-associated hepatitis groups were 
compared to those in heavy drinking controls. 
Multiple primary and secondary bile acids were 
significantly different in plasma of patients with 
alcohol-associated hepatitis (Fig. 2). Conjugated 
primary 7α bile acids (glycocholate, taurocholate) 
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and 27α bile acids (taucochenodoxycholate, glyco-
chenodeoxycholate) were significantly increased in 
alcohol-associated hepatitis (mca P  < 0.001 for all). 
There was also a highly significant increase in glu-
curonidated glycochenodeoxycholate and sulfated 
glycochenodeoxycholate bile acids in plasma (mca 
P < 0.001 for both).

Although the 7α primary bile acids were increased, 
their secondary gut-derived metabolites deoxycholate 
(unadjusted P = 0.032; mca P = 0.090) and its taurine-
conjugated form taurodeoxycholate (mca P  =  0.034) 
and its glycine-conjugated form glycodeoxycho-
late (mca P  =  0.034) were all decreased in alcohol-
associated hepatitis. However, glycocholenate sulfate* 
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FIG. 1. Plasma and stool bile acid profile comparison in each disease group. (A) Boxplots of total primary and secondary plasma bile 
acids; the y-axis labels are displayed on the original scale even though the data are log10 transformed. (B) Proportion of total primary and 
secondary plasma bile acids. (C) Boxplot of 7-HOCA in plasma; the x-axis labels are displayed on the original scale even though the data 
are log10 transformed. (D) Boxplots of total primary and secondary stool bile acids; the y-axis labels are displayed on the original scale even 
though the data are log10 transformed. (E  ) Proportion of total primary and secondary stool bile acids. (F) Boxplots of total conjugated 
and unconjugated plasma bile acids; the y-axis labels are displayed on the original scale even though the data are log10 transformed. (G) 
Proportion of total conjugated and unconjugated plasma bile acids. (H) Boxplots of total conjugated and unconjugated stool bile acids; 
the y-axis labels are displayed on the original scale even though the data are log10 transformed. (I) Proportion of total conjugated and 
unconjugated stool bile acids. Horizontal segment endpoints in each plot represent the significant results for comparison between groups 
used in the two sample t test (e.g., between HDC and SAH); *P ≤ 0.1; **P ≤ 0.05; ***P ≤ 0.001.
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(mca P  =  0.001) and taurocholenate sulfate (mca 
P < 0.001) were significantly increased. In contrast to 
the decrease in deoxycholate, glycine-conjugated sec-
ondary bile acid glycolithocholate was increased (mca 
P  =  0.048) as were the sulfated forms of glycolitho-
cholate (mca P  =  0.043) and taurolithocholate (mca 
P  <  0.001). Among other gut-modified secondary 
bile acids, tauroursodeoxycholate (mca P < 0.001) was 
increased and isoursodeoxycholate (mca P = 0.005) was 
decreased in patients with alcohol-associated hepatitis.

CHANGES IN INDIVIDUAL FECAL 
BILE ACIDS WITH DEVELOPMENT 
OF ALCOHOL-ASSOCIATED 
HEPATITIS

Multiple primary and secondary bile acids were sig-
nificantly different in stool of patients with alcohol-
associated hepatitis compared to heavy drinking 
controls (Fig. 2). Most fecal bile acids were decreased, 
and only conjugated primary bile acids remained 
increased. Further, all the bile acids that were decreased 
in stool of patients with alcohol-associated hepatitis 
were gut derived. Specifically, among secondary bile 
acids derived from cholic acid, deoxycholate (mca 
P  <  0.001), glycodeoxycholate (mca P  <  0.001), and 
taurodeoxycholate (mca P  =  0.042) were decreased 
while glycocholenate sulfate* (mca P  =  0.029) and 
taurocholenate sulfate (mca P = 0.006) were increased 
in patients with alcohol-associated hepatitis. The 
27α primary bile acids glycochenodeoxycholate-
glucuronide (mca P = 0.029), glycochenodeoxycholate 
sulfate (mca P = 0.042), and taurochenodeoxycholate 
(mca P = 0.028) were increased in alcohol-associated 
hepatitis. The related secondary bile acids lithocholate 

(mca P < 0.001), dehyrdolithocholate (mca P < 0.001), 
isoursodeoxycholate (mca P = 0.002), and ursodeoxy-
cholate (mca P  =  0.029) were significantly decreased 
in alcohol-associated hepatitis. As noted in plasma, 
all of the measurable sulfated bile acids in stool were 
increased in alcohol-associated hepatitis compared to 
heavy drinking controls.

Sensitivity analysis based on individual stool and 
plasma bile acid absolute concentrations revealed 
identical results (Supporting Figs. S4 and S5).

RELATIONSHIP OF CHANGES 
IN BILE ACIDS WITH VARYING 
SEVERITY OF ALCOHOL-
ASSOCIATED HEPATITIS

To interrogate the differences in plasma and 
stool bile acids with increasing severity of alcohol-
associated hepatitis, we compared the patients with 
MAH and SAH. While no statistically significant 
changes were detected in MAH versus SAH, we 
observed that most bile acids that had statistically 
significant differences in either (1) healthy controls 
to heavy drinking controls or (2) heavy drinking con-
trols to alcohol-associated hepatitis comparisons were 
decreased in SAH compared to MAH (Fig. 3A). We 
further investigated the association between continu-
ous MELD score as an indicator of disease severity 
and the concentration of individual microbial metab-
olites in univariate regression models in patients with 
alcohol-associated hepatitis. Among all plasma bile 
acids, taurochenodeoxycholate (P = 0.022, R2 = 0.192) 
and tauroursodeoxycholate (P  =  0.030, R2  =  0.174) 
had a significant positive association with an increase 
in MELD score (Fig. 3B,C; Supporting Table S1). 

TABLE 2. TOTAL PRIMARY AND SECONDARY BILE ACIDS COMPARISONS WITH SIGNIFICANCE VALUES 
(ADJUSTED FOR MULTIPLE COMPARISONS) FOR THE TOTAL PRIMARY AND SECONDARY BILE ACIDS 

PAIRWISE GROUP COMPARISONS (ARROWS INDICATE DIRECTION OF CHANGE)

Comparison

Plasma Stool

Total Primary Total Secondary Total Primary Total Secondary

Estimate P Value Estimate P Value Estimate P Value Estimate P Value

HDC–HC ↑ 0.216 0.3259 ↓ −0.064 0.984 — — — —

MAH–HC ↑ 1.413 <0.001 ↑ 0.299 0.366 — — — —

SAH–HC ↑ 1.523 <0.001 ↑ 0.241 0.456 — — — —

MAH–HDC ↑ 1.197 <0.001 ↑ 0.305 0.291 ↑ 0.316 0.520 ↓ −0.101 0.906

SAH–HDC ↑ 1.305 <0.001 ↑ 0.305 0.364 ↑ 0.270 0.430 ↓ −0.502 0.018

SAH–MAH ↑ 0.108 0.853 ↓ −0.058 0.990 ↑ 0.047 0.985 ↓ −0.402 0.215
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Among all stool bile acids, ursodeoxycholate sulfate 
(1) had a significant negative association with an 
increase in MELD score (P = 0.049, R2 = 0.136) (Fig. 
3D). Glycoursodeoxycholate (P  =  0.073, R2  =  0.114) 
and glychodeoxycholate (P  =  0.102, R2  =  0.096) had 
a borderline significant negative association with an 
increase in MELD score (Supporting Table S2). These 
results show that these bile acids are associated with 
disease severity as measured by the MELD score in 
the population of patients with alcohol-associated 

hepatitis; however, the low R2 values limit the clinical 
potential of these findings.

PLASMA AND FECAL BILE ACID 
SIGNATURES OF ALCOHOL-
ASSOCIATED HEPATITIS

Plasma and stool bile acids discriminated between 
alcohol-associated hepatitis and heavy drinking con-
trols in random forest models (plasma area under the 

FIG. 2. Significant differences in stool and plasma bile acids in comparisons of HDCs versus HCs and AH versus HDCs; the y-axis labels 
are displayed on the original scale even though the data are log10 transformed. Horizontal segment endpoints in each plot represent the 
significant results for comparison between individual metabolites in the two sample t test; *P ≤ 0.1; **P ≤ 0.05; ***P ≤ 0.001.
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curve [AUC], 0.991; stool AUC, 0.936) (Fig. 4A,B). 
Increase in bile acids is expected in hepatic disorders, 
which limits the diagnostic value of these models. 
However, these results indicate the high quality of 
the random forest models fit and allow identifying a 
combination of key bile acids that accurately discrim-
inate patients with alcohol-associated hepatitis from 
heavy drinking controls. Taurochenodeoxycholate, 
glycocholate, taurocholate, tauroursodeoxycholate, and 

taurolithocholate 3-sulfate were the top five plasma 
bile acids associated with alcohol-associated hepatitis 
(Fig. 4C). Deoxycholate, glychodeoxycholate, litho-
cholate, dehyrdolithocholate, and isoursodeoxycholate 
were the top five stool bile acids diagnostic of alcohol-
associated hepatitis (Fig. 4D). The bile acid profile 
was not, however, able to discriminate between MAH 
and SAH (plasma AUC, 0.574; stool AUC, 0.446) 
(Supporting Fig. S1).

FIG. 3. Alternations in bile acids due to severity of AH. (A) Boxplots of the plasma and stool bile acids that have significant differences 
across all three pairwise comparisons (HDC vs. HC, AH vs. HDC, and SAH vs. MAH); the y-axis labels are displayed on the original 
scale even though the data are log10 transformed. (B) Association between MELD score and taurodeoxycholate in plasma. (C) Association 
between MELD score and tauroursodeoxycholate in plasma. (D) Association between MELD score and ursoodeoxycholate in stool.
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RELATIONSHIP OF CHANGES 
IN FECAL BILE ACIDS AND THE 
MICROBIOME

Bile acids can affect microbiota by either increas-
ing the growth of taxa that thrive in the presence of 
bile acids or decreasing the abundance of taxa sensi-
tive to the antibiotic effects of bile acids. These would 
be expected to be reflected in the composition and 
correlations of specific taxa and specific bile acids.

Within the heavy drinking controls, a positive 
correlation between multiple bile acids and the bile 

acid-metabolizing genus Ruminococcus 2 (Lachnospiraceae 
family), Peptostreptococcus (Peptostreptococeae family), and 
Anaerofilium (Ruminococcaceae family) was noted, while 
a negative correlation between Blautia (Lachnospiraceae 
family) and dehydrolithocholate was also seen. Several 
members of Lachnospiraceae (e.g., genus Anaerostipes) 
and Coriobacteriaceae (e.g., genus Slackia) were related 
to ursodeoxycholate levels (Fig. 5A). Importantly, 
no relationships between taxa related to the family 
Enterobacteriaceae and bile acids were observed.

In contrast, numerous Enterobacteria, such as 
Citrobacter, Enterobacter, and Puralibacter, were 

FIG. 4. Plasma and stool metabolites predictive model of alcoholic hepatitis. (A) ROC curve for the predictive model of AH using plasma 
metabolites. Larger AUROC curve value corresponds to stronger predictive ability of the model to discriminate patients with HDC from 
AH. (B) ROC curve for the predictive model of AH using stool metabolites. Larger AUROC value corresponds to stronger predictive 
ability of the model to discriminate patients with HDC from AH. (C) Plasma metabolites variable importance plot in the classification 
model of HDC versus AH; longer bars correspond to higher importance of that metabolite. (D) Stool metabolites variable importance 
plot in the classification model of HDC versus AH; longer bars correspond to higher importance of that metabolite. Abbreviation: 
AUROC, area under the receiver operating characteristic curve.
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positively correlated with several fecal bile acids in 
alcohol-associated hepatitis. Of these, Citrobacter was 
most strongly correlated with glycine conjugates of both 
cholic and chenodeoxycholic acid. The levels of these 
specific bile acids in stool were also strongly correlated 
with families Actinomycetaceae, Bifidobacteriaceae, 
Camobacteriaceae, Prevotellaceae, Pseudomonaceae, 
Propionibacteriaceae, and Veillonellaceae. Other novel 
relationships seen principally in alcohol-associated 
hepatitis included a positive correlation between 
members of the Erysipelotrichaceae (e.g., Turicibacter) 

and Fusobacteriaceae and Veillonellaceae on one hand 
and several fecal bile acids on the other.

CHANGES IN RELATIONSHIPS 
BETWEEN FECAL BILE ACIDS 
AND THE MICROBIOME IN MAH 
VERSUS SAH

Mostly positive correlations between micro-
biota and fecal bile acids were noted in both 
MAH and SAH (Fig. 5B). A striking exception 

FIG. 5. Correlation heatmaps between stool metabolites that are significant compared between HDC versus AH with stool microbiome. 
Family level classifications are boxed in gray on the x axis, while genus level is unboxed on the x axis. (A) Correlation heatmaps for 
patient groups with HDC and AH. (B) Correlation heatmaps for patient groups with MAH and SAH. Only correlations >0.4 are shown. 
Abbreviations: P, primary bile acids; S, secondary bile acids.
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was Bacteroidaceae (genus Bacteroides), which was 
inversely related to bile acid levels in both MAH 
and SAH. This was accompanied by an inversion 
of the Firmicutes to Bacteroides ratio in alcohol-
associated hepatitis compared to heavy drinking 
controls.(14) Strong positive correlations between 
multiple genera in Lachnospiraceae and multiple 7α 
and 27α bile acids were seen in MAH and weakened 
or disappeared in SAH. The linkages of microbiota 
to glycocholate sulfate, glycochenodeoxycholate sul-
fate, and glucuronides noted in alcohol-associated 
hepatitis above were found to be present mainly in 
the SAH group, with the exception of Streptoccaceae 
and Staphylococcaceae where such a relationship was 
only noted for MAH.

FUNCTIONAL CORRELATES OF 
CHANGES IN THE BILE ACID 
BIOME ARE LINKED TO ALTERED 
BILE ACID PROFILE IN ALCOHOL-
ASSOCIATED HEPATITIS

The intestinal microbiome also affects the bile 
acid profile by conversion of primary bile acids to 
secondary bile acids. To interrogate how changes 
in the microbiome related to changes in bile acids 
with heavy alcohol consumption and in alcohol-
associated hepatitis, we first screened the microbial 
taxa that had a differentially altered abundance in 
alcohol-associated hepatitis(14) to identify those that 
were involved in bile acid metabolism (Table 3). All 
bile acid-metabolizing taxa that were differentially 
abundant were decreased in alcohol-associated hep-
atitis compared to heavy drinking controls, with the 
exception of Fusobacteriaceae Fusobacterium, which 
was increased.

Fecal levels of the secondary bile acids deoxycholate 
and lithocholate were decreased in alcohol-associated 
hepatitis compared to heavy drinking controls. 
Concordant to this reduction, there was a reduction 
in Clostridium cluster XIVa, which contains the spe-
cies Clostridium hylemonae and C. scindens, which are 
known to be critically related to the 7α dehydroxyl-
ation of the primary bile acids cholic acid to deoxy-
cholate and chenodeoxycholate to lithocholate.

Bile acids formed by epimerization at the 
7-hydroxy group (ursodeoxycholate, ursocholate, 
isoursodeoxycholic acid) were decreased in stool in 

alcohol-associated hepatitis and inversely related to 
the MELD score, as noted above. Ursodeoxycholate 
and ursocholate requires epimerization of the 
7-hydroxy group by 7α and 7β epimerases.(24) There 
was a reduction in genera containing taxa involved in 
this epimerization of the 7-hydroxy group in alcohol-
associated hepatitis; these included Clostridium clus-
ter XIVa (C. hylemonae, C. sciendens, C. symbiosum 
species) and Erysipelotrichaceae Holdemania species 
(Holdemania f iliformis species). The abundance of 
Fusobacteriaceae Fusobacterium (Fusobacterium varium 
species), which is also involved in 7-hydroxy epi-
merization, was higher in alcohol-associated hepatitis 
compared to heavy drinking controls.

The formation of isoursodeoxycholic acid involves 
further epimerization of the 3-hydroxy group of 
ursodeoxycholic acid by 3α and 3β hydroxysteroid 
dehydrogenases. There was also a reduction in taxa con-
taining these enzymes and involved in its formation, 
e.g., Clostridium cluster XIVa (C. symbiosum species), 
Coriobacteriaceae.unknown_gordonibacter (Gordonibacter 
pamelaeae species) and Erysipelotrichaceae Holdemania 
(Holdemania filiformis species) in alcohol-associated 
hepatitis compared to heavy drinking controls.

Discussion
The current study identified a novel and distinct 

plasma and fecal bile acid signature associated with 
heavy alcohol consumption and the development of 
clinically overt alcohol-associated hepatitis. It fur-
ther provides novel data on bile acid metabolism and 
changes in secondary and tertiary bile acid derivatives 
in alcohol-associated hepatitis and insights on the 
functional changes in the intestinal microbiome asso-
ciated with altered bile acid metabolism in alcohol-
associated hepatitis.

A key finding is the increase in plasma primary 
bile acids derived from both the 7α and 27α path-
ways along with an increase in 7-HOCA in alcohol-
associated hepatitis but not in heavy drinking controls. 
A previous study had also demonstrated an increase 
in primary bile acids in circulation but with markedly 
suppressed 7α-hydroxy-4-cholesten-3-one (C4).(16) 
The basis for this could be the small sample size of 
the prior study (n  =  9-15 per group) and the inclu-
sion of patients with cirrhosis. In the current study, 
7-HOCA measurements were available in all patients, 
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and the increase aligns with the observed increase in 
plasma primary bile acids. These indicate that, despite 
evidence of cholestasis, there was a possible increase 
in hepatic primary bile acid synthesis. However, C4 
levels were not available in our study. C4 is involved in 
the rate-limiting step in bile acid synthesis and would 
have provided greater evidence that hepatic synthesis 
of primary bile acids was truly increased.

A novel finding was the differential changes in sec-
ondary bile acids derived from the 7α versus the 27α 
pathways. Deoxycholate, derived from cholic acid and 
its conjugates, decreased in both stool and in plasma, 
indicative of decreased formation by the intestinal 
microbiome. On the other hand, lithocholate, derived 
from chenodeoxycholate and its conjugates, decreased 
in stool, but the level of its sulfated conjugates was 
significantly increased in plasma. One possible expla-
nation is that the uptake of lithocholate in alcohol-
associated hepatitis is increased and the liver attempts 
to detoxify this toxic bile acid by conjugation. The 
increased systemic exposure of lithocholate conju-
gates, particularly in SAH, is likely to be biologically 
relevant given the well-known cellular toxicity due to 
this molecule.(25)

Another novel finding is a decrease in the minor 
secondary bile acid ursodeoxycholate and related mol-
ecules (ursocholate and isoursodeoxycholate) in stool 
and an increase in tauroursodeoxycholate in plasma. 
The latter may reflect passive uptake of ursodeoxycho-
late from the intestine and its conjugation in the liver. 
The decrease in isoursodeoxycholate, which requires 
additional 3α and β epimerization of ursodeoxycho-
late, in alcohol-associated hepatitis provides further 
evidence of specific changes in the bile acid biome in 
alcohol-associated hepatitis. The biological properties 
of these molecules are not well established, and the 
current study provides a rationale for future studies to 
elucidate these properties.

The current study further provides evidence 
of functional linkages between the observed spe-
cific changes in the bile acid profile. Changes in 
the microbiome responsible for such changes pro-
vide novel insights on how bile acids are altered in 
alcohol-associated hepatitis. Using bioinformatic 
analyses regressing the differential expression of 
specific taxa in the current study to databases con-
taining the known function of specific taxa, a short 
list of taxa was identified. The specific bile acid-
metabolizing genes in these taxa are already known, 

allowing linkage of specific taxa to the specifically 
altered bile acids in alcohol-associated hepatitis. The 
observed changes in Clostridium cluster XIVa is par-
ticularly of interest because it contains C. hylemonae 
and C. scindens, which play a major role in bile acid 
biotransformation.(22) The current study represents 
a key first step to set the stage for phage-based 
approaches to modify 7α-dehydroxylase function 
in the gut to interrogate its ability to modify the 
bile acid profile and course of disease. In addition, 
it provides preliminary data for selection of specific 
taxa for inclusion in probiotics to leverage targeted 
microbiome supplementation to prevent develop-
ment of alcoholic-associated hepatitis among heavy 
drinkers.

Fusobacteria were the only bile acid-metabolizing 
taxa that were increased in alcohol-associated hepa-
titis compared to heavy drinking controls. They con-
tain 7α and β epimerases needed for formation of 
ursocholate, ursodeoxycholate, and isoursodeoxycho-
late(24); however, the levels of these generally cytopro-
tective bile acids are decreased and inversely related 
to the MELD score. These findings have to be taken 
with caution as R2 of the inverse correlation with the 
MELD score was low. This may indicate a specific 
functional defect in the microbiome that may be clin-
ically relevant and supports use of targeted approaches 
to enhance microbial 7α and β epimerase activity for 
the prevention and treatment of alcohol-associated 
hepatitis.

Bile acids also have a major role in determin-
ing the composition of the intestinal microbiome 
because of their ability to both promote and inhibit 
the growth of various taxa.(12) While much of the 
literature has focused on deoxycholate,(26) the cur-
rent study demonstrates strong positive correlations 
between numerous taxa and glycine-conjugated 
primary bile acids in stool. These taxa are all met-
abolically active, and their changes in response to 
altered fecal concentrations in individual patients 
can potentially contribute to the heterogeneity in 
metaboinflammatory and systemic responses in 
alcohol-associated hepatitis.

One such metabolite is glycocholenate sulfate, 
which requires monosulfation of glycocholate at the 
3-C position.(27) Glycocholenate sulfate was signifi-
cantly increased in alcohol-associated hepatitis; this 
molecule has previously been associated with atrial 
fibrillation, although its mechanistic basis remains 
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unknown.(28) This warrants further study as there is a 
well-known increase in atrial fibrillation in individuals 
with severe binge drinking.(29)

As with most studies, this study also has limita-
tions. The sample size is relatively small. To account 
for that, we used a conservative approach to test for 
significance with correction for multiple testing to 
avoid false discovery. Also, the study cohort did not 
have liver histology because liver biopsies are rarely 
performed in routine practice in this population. This 
precluded our ability to be certain about the propor-
tion when superimposed on cirrhosis. The study was 
also not designed to be able to differentiate the effects 
of varying types of alcohol and patterns of alcohol 
consumption on the bile acid profile.

This study was performed based on the median 
scaling-normalized bile acids data rather than abso-
lute concentrations. Sensitivity analyses presented in 
the Supporting Materials revealed that reproducing 
results based on absolute concentrations did not affect 
the study conclusions. Another limitation of this study 
is that limited patient sample size did not allow further 
stratifying the patient groups by race, sex, and BMI to 
control for these significant factors in understanding 
bile acid metabolism. Future studies are needed to 
evaluate the interaction between patient demograph-
ics and bile acid changes in alcohol-associated hepa-
titis. Finally, this study is cross-sectional, and future 
longitudinal studies are needed to accurately assess 
changes in bile acids in the development or regression 
of alcohol-associated hepatitis.

Despite these limitations, the current study provides 
a novel signature of both circulating and fecal bile acids 
associated with alcohol-associated hepatitis. It provides 
several novel insights on differential changes in second-
ary bile acid metabolism in alcohol-associated hepatitis 
and their relationship to disease severity. It provides 
important insights on the specific microbial metabolic 
changes underlying these changes and will serve as a 
foundation for specific targeted approaches to modulate 
the microbiome to both better understand the role of 
specific microbiota and bile acids in alcohol-associated 
hepatitis and to leverage this for therapeutic gain.
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