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Metabolic Profiling of Bile Acids in the 
Urine of Patients with Alcohol-Associated 
Liver Disease
Liqing He,1-4* Vatsalya Vatsalya,2,5,6* Xipeng Ma,1-4 Jiayang Zhang,7 Xinmin Yin,1,4 Seongho Kim,8,9 Wenke Feng,2,3,5,10   
Craig J. McClain,2,3,5,6,9 and Xiang Zhang1-4,10

Bile acids (BAs) play important functions in the development of alcohol-associated liver disease (ALD). In the current 
study, urine BA concentrations in 38 patients with well-described alcohol-associated hepatitis (AH) as characterized 
by Model for End-Stage Liver Disease (MELD), 8 patients with alcohol-use disorder (AUD), and 19 healthy controls 
(HCs) were analyzed using liquid chromatography–mass spectrometry. Forty-three BAs were identified, and 22 BAs 
had significant changes in their abundance levels in patients with AH. The potential associations of clinical data were 
compared to candidate BAs in this pilot proof-of-concept study. MELD score showed positive correlations with sev-
eral conjugated BAs and negative correlations with certain unconjugated BAs; taurine-conjugated chenodeoxycholic acid 
(CDCA) and MELD score showed the highest association. Cholic acid, CDCA, and apocholic acid had nonsignifi-
cant abundance changes in patients with nonsevere ALD compared to HCs but were significantly increased in those 
with severe AH. Receiver operating characteristic analysis showed that the differences in these three compounds were 
sufficiently large to distinguish severe AH from nonsevere ALD. Notably, the abundance levels of primary BAs were 
significantly increased while most of the secondary BAs were markedly decreased in AH compared to AUD. Most 
importantly, the amount of total BAs and the ratio of primary to secondary BAs increased while the ratio of uncon-
jugated to conjugated BAs decreased as disease severity increased. Conclusion: Abundance changes of specific BAs are 
closely correlated with the severity of AH in this pilot study. Urine BAs (individually or as a group) could be potential 
noninvasive laboratory biomarkers for detecting early stage ALD and may have prognostic value in AH morbidity. 
(Hepatology Communications 2021;5:798-811).

Alcohol-associated liver disease (ALD) is a 
leading form of liver disease. Harmful use of 
alcohol caused more than 3 million deaths 

worldwide in 2016,(1) and this accounts for almost 
1% of all global deaths and 50% of all liver disease-  
attributable deaths.(2) Liver damage can be revers-
ible at early stages, and it is generally asymptomatic; 

however, it can progress undetected and can easily 
proceed to permanent liver damage. Identification of 
ALD in the early stages could reduce mortality and 
the health care burden. Alcohol-associated hepatitis 
(AH; also commonly termed acute alcoholic hepati-
tis) is a severe form of ALD that carries an important 
morbidity and mortality rate. Without any U.S. Food 
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and Drug Administration-approved therapy(3) and 
limited effective diagnostic and/or prognostic deter-
minants, gaps in the overall diagnosis and medical 
management of AH remain a challenge. Thus, there is 
an urgent need for an accurate, noninvasive, diagnostic 
marker that can distinguish subjects at various stages 
of ALD and/or predict mortality in advanced ALD.

Chronic alcohol consumption can be associated 
with changes in bile acid (BA) profiles(4) in patients 
with AH.(5) AH can be accompanied by cholesta-
sis(6) and high levels of BAs in the liver and serum.(7) 
Under normal conditions, 95% of primary and sec-
ondary BAs are recirculated in blood, usually in their 
conjugated forms, and only 5% of BAs are excreted 
from the intestine through the colon.(8) Dysregulation 
of BA metabolism is a common mechanistic factor in 
liver injury in ALD.(9,10)

Early studies identified the up-regulated primary BAs 
in AH as cholic acid (CA) and chenodeoxycholic acid 
(CDCA).(7,11) In addition to primary BAs, increases in 
taurine- and glycine-conjugated BAs, including the sul-
fated BAs, and notable decreases in deoxycholic acid 
(DCA) and glycine-conjugated CDCA (GCDCA) in 
AH were reported.(12) Recent studies confirmed the 

increase of conjugated BAs (e.g., taurine-conjugated 
CA [TCA], taurine-conjugated CDCA [TCDCA], 
GCDCA) in the serum of active drinkers with alcohol-  
associated cirrhosis (AC) or AH(10) compared to con-
trols. However, different results were observed for the 
unconjugated BAs, which were either increased in AC 
or decreased in AH.(5,10) Importantly, some BAs were 
positively correlated with disease severity as measured 
by the Model for End-Stage Liver Disease (MELD) 
score(5) or AH.(7) These existing studies demonstrate the 
potential of using BAs as diagnostic markers for AH.

In AH, BA excretion into intestine can be reduced 
due to the decreased expression of BA-related trans-
porters,(10,11) thereby increasing BA levels in liver and 
blood. There is some excretion of BAs from blood 
into urine,(13) and early studies suggested that detect-
able changes in the levels of urinary BAs in ALD 
were helpful in characterizing liver pathology.(14-16) 
Additionally, urinary BAs have the potential to serve 
as valuable biomarkers due to the high stability 
observed in liver diseases(17) and their easy accessibil-
ity. Therefore, urine BA levels could be well-suited to 
be noninvasive diagnostic markers for ALD. Thus, we 
investigated whether the concentrations of candidate 
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BAs in human urine could serve as potential diagnos-
tic and/or prognostic determinants of ALD.

Participants and Methods
patient ReCRuitment anD 
sample ColleCtion

This study was approved by the University of 
Louisville Institutional Review Board, and infor-
mation on patient definitions and recruitment are 
detailed in another publication.(18) All study partic-
ipants provided informed consent before participa-
tion in the study, including appropriate authorization 
for data and sample collection. A total of 19 healthy 
controls (HCs), 8 patients with alcohol-use disorder 
(AUD) with mild liver injury who were evaluated for 
suspected AH but did not meet National Institute on 
Alcohol Abuse and Alcoholism (NIAAA) consor-
tium criteria,(3) and 38 patients with AH (both mod-
erate and severe stages) were enrolled in this study. 
All study participants had a complete history, phys-
ical examination, and laboratory evaluation on study 
enrollment.

Healthy participants did not have any clinically 
diagnosed liver or organ system (or inflammation) 
disease that could cause altered laboratory values for 
comparison analyses. Inclusion criteria comprised 
individuals who were 21  years or older and enrolled 
in the University of Louisville Hospital System. 
Individuals who were unwilling or unable to provide 
informed consent, had significant comorbid condi-
tions (liver, heart, kidney, lung, neurologic or psychi-
atric illnesses, sepsis) and active drug abuse, pregnant 
and lactating women, and prisoners or other vulnera-
ble subjects were excluded from the study.

All patients with AH met the diagnosis for AH 
based on the clinical and laboratory guidelines pub-
lished by the NIAAA consortium on AH.(3) Detailed 
eligibility for patients with AH from this trial can be 
reviewed in our publications.(18,19) Patients who did 
not meet the criteria for MELD score ≥12 were used 
as a disease control group, meaning they had AUD 
with only minimal biochemical evidence of liver 
inflammation/injury in this study.

All participants’ specimens (urine and blood) were 
collected in the morning after overnight fasting, and 
their clinical data were analyzed at the University of 

Louisville. All de-identified data from participants 
who provided urine and blood samples were collected 
at baseline as well as information on subsequent 
death, if available. Clinical data included participant 
demographics (age, sex), drinking history (Alcohol 
Use Disorders Identification Test [AUDIT]), med-
ical assessments at admission, and medical history. 
Confirmatory tests for AH (laboratory and imag-
ing) and markers of liver severity (MELD score and 
Maddrey’s discriminant function [MDF]) were col-
lected and analyzed. A laboratory panel specific for 
this study was composed of a comprehensive meta-
bolic panel (including liver injury panel), coagulation 
measures, and complete blood count tests.

Ba eXtRaCtion
Urine samples were collected in 10-mL tubes and 

were stored at −80°C until analyzed.(20) BAs in urine 
samples were extracted by solid phase extraction (SPE), 
as described(21) with some modifications, and the anal-
ysis was optimized using a mixture of 46 BAs. In brief, 
the pH of urine samples was adjusted to pH ≥8.5 by 
ammonium hydroxide and centrifuged at 14,000g for 
20  minutes at 4°C. Two hundred µL of supernatant 
was transferred to a fresh tube and lyophilized. Each 
dried sample was reconstituted in 200 µL water (pH 
≥8.5) and then loaded onto an OASIS HLB cartridge 
(Waters Corporation, Milford, MA) that had been 
activated and equilibrated with methanol and water 
(pH ≥8.5) following the manufacturer’s instructions. 
The cartridge was washed with 1  mL of H2O (pH 
≥8.5) 3 times and then eluted 3 times with 100 µL of 
70% acetonitrile in water (pH ≥8.5). The eluate was 
combined and lyophilized overnight. The residue was 
then reconstructed in 50 µL solvent that had the same 
chemical composition as the start point of the liquid 
chromatography (LC) gradient described below. The 
sample was then centrifuged at 14,000g for 20  min-
utes at 4°C. The upper clear solution was transferred 
to an LC vial for LC-mass spectrometry (MS) anal-
ysis. Group-based pooled samples were also prepared 
by mixing a small portion of the supernatant of sam-
ples in the same group.

To extract BAs from serum samples, 50 µL serum 
was first mixed with 200 µL acetonitrile. After vig-
orous vortex, the mixture was centrifuged at 14,000g 
for 20 minutes at 4°C. Then, 200 µL supernatant was 
transferred to a fresh tube and lyophilized overnight. 
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The remaining steps of SPE are identical to those 
of processing the urine samples, as described above.

lC-tanDem ms analysis
A Thermo Q Exactive HF Hybrid Quadrupole-

Orbitrap Mass Spectrometer coupled with a Thermo 
DIONEX UltiMate 3000 Ultra Performance Liquid 
Chromatography (UPLC) system (Thermo Fisher 
Scientific, Waltham, MA) was used in this study. 
The UPLC system was equipped with a Cortecs 
T3 column (100 × 2.1 mm; inner diameter, 1.8 µm; 
Waters Corporation). The temperatures of the col-
umn and autosampler were set to 60°C and 12°C, 
respectively. Sample injection volume was 2  µL. 
Mobile phase A was 1  mM ammonia acetate (pH 
4.15), and mobile phase B was 1 mM ammonia ace-
tate (pH 4.15) in 96% acetonitrile. The LC gradient 
was as follows: 0 to 0.1 minute, 20% mobile phase B; 
0.1 to 12 minutes, mobile phase B increased linearly 
from 20% to 60%; 12 to 16  minutes, mobile phase 
B increased linearly from 60% to 76%; and 16 to 
17 minutes, mobile phase B increased to 100% and 
kept constant at 100% for 2 minutes. The flow rate 
was 0.4  mL/minute. The operating parameters for 
MS were the same as in our previous study,(21) with 
the exception that the full scan range was changed 
to 150-800 m/z.

All BA samples were analyzed by LC-MS in ran-
dom order under negative mode to obtain full MS 
data for their quantification. The group-based pooled 
samples were analyzed by LC-tandem MS (MS/MS) 
in negative mode to acquire MS/MS spectra at three 
collision energies (20, 40, and 60  eV) for BA iden-
tification. Forty-six BA standards purchased from 
Steraloids Inc. (Newport, RI) and Cayman Chemical 
(Ann Arbor, MI) were also analyzed by LC-MS/MS 
under negative mode in different collision energies 
(20, 40, and 60 eV), and the results were recorded in 
our in-house database.

Data analysis
XCMS software was used for spectrum deconvo-

lution,(22) and MetSign software was used for metab-
olite identification, cross-sample peak list alignment, 
and normalization, as described.(23) To identify BAs, 
the LC-MS/MS data of the pooled samples were 
matched to the MS/MS spectra of 46 BA standards 

recorded in our in-house database that contains par-
ent ion m/z, MS/MS spectra, and retention time. 
The threshold for the MS/MS spectrum similarity 
was set as ≥0.4, and the thresholds of the retention 
time difference and m/z variation window were set as 
≤0.15 minutes and ≤5 ppm, respectively.

Absolute quantification of each BA was achieved 
by external calibration, where the calibration curve of 
each BA was constructed using the LC-MS data of the 
BA standard with different concentrations. Statistical 
analyses were performed using SPSS version 25 (IBM 
Corporation, Armonk, NY) and MetSign software. 
Partial least squares–discriminant analysis (PLS-DA), 
a supervised technique that uses the PLS algorithm 
to explain and predict the membership of samples 
to groups, was performed using MetSign to give an 
overview of the metabolic profile difference among 
groups. Distributional assumptions of continuous out-
comes were checked and, if needed, a data transfor-
mation (e.g., log transformation) was applied to meet 
the normality assumption. Univariate analysis of BA 
abundance among groups was conducted using one-
way analysis of variance (ANOVA) with Bonferroni 
post hoc analysis. The group cross linear-by-linear 
association test was used for trend analysis; Mann-
Whitney U test was used for clinical measures; receiver 
operating characteristic (ROC) analysis was used to 
classify patients based on the abundances of BAs; and 
Spearman’s rank correlation was used to measure the 
association of BAs with the clinical parameters. The 
thresholds of statistical significance tests were set as 
P ≤ 0.05, area under the ROC curve (AUC) >0.7 or 
<0.3, and Spearman’s rank correlation test coefficient 
|�| ≥ 0.5.

Results
patient CHaRaCteRiZation By 
CliniCal measuRes

A total of 65 individuals were assessed, including 
19 patients who were HCs, 8 patients with AUD, 
and 38 patients with moderate or severe AH. Using 
the MELD score to categorize these patients, the 8 
patients with AUD (disease controls) had MELD <12 
(mild liver injury), the 13 patients with moderate AH 
had 12≤MELD≤19, and the 25 patients with severe 
AH had MELD ≥20. The 8 patients with AUD and 
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13 patients with moderate AH were grouped together 
for some analyses as “nonsevere ALD.” The detailed 
demographic and clinical characteristics of the study 
cohort are shown in Table 1. Patients with AH were 
older (mean, 49 years old) compared to the age of the 
HC group (mean, 36 years old). As expected, patients 
with AH had significantly lower mean levels of serum 
albumin (2.7  g/dL in AH vs. 4.2  g/dL in HCs; 
P  <  0.001) and high mean levels of serum bilirubin 
(6.7 mg/dL in AH vs. 0.7 mg/dL in HCs; P < 0.001). 
Liver aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) were significantly elevated 
in patients with AH relative to controls (P  <  0.05) 
(Table 1). The mean MELD score of all patients was 
18.

Ba aBunDanCe CHanges in 
uRine samples

A total of 43 BAs were identified and quantified 
from the urine samples. To study BA metabolic profile 
differences, we first categorized the 46 patient sam-
ples into two groups by MELD score as nonsevere 
ALD (MELD ≤ 19, n = 21) and severe AH (MELD 
≥20, n = 25). Therefore, we had three groups includ-
ing HCs (n  =  19). Sample group information cate-
gorized by MDF, AST:ALT, and AUDIT is listed in 
Supporting Table S1.

After samples were grouped, the BA profile differ-
ences among the groups were analyzed by PLS-DA. 
BA profile differences among the groups, as cat-
egorized by MELD score, are depicted in Fig. 1. It 
is clear that the BA profile of AH is distinct from 
HCs and that a slight overlap exists between nonse-
vere ALD and severe AH. Overall, the large values of 
R2  =  0.63 and Q2  =  0.53 indicate that the PLS-DA 
model fitted the data well with excellent predictability. 
The PLS-DA model also showed good performance 
in differentiating the BA profile when samples were 
categorized by MDF (R2  =  0.52), but the predictive 
value was relatively poor (Q2 = 0.39; Supporting Fig. 
S1A). The performance of PLS-DA and its predictive 
value were worse when the samples were categorized 
by AST:ALT (Supporting Fig. S1B) and AUDIT 
(Supporting Fig. S1C). These results suggest that 
MELD score is the best clinical parameter to catego-
rize urine samples for analyzing the BA profile in AH 
using PLS-DA.

To assess the concentration changes of BAs, 11 
solutions of BA standards with different concentra-
tions were analyzed to construct calibration curves. By 
categorizing samples using MELD score, total BAs 
were significantly elevated in severe AH and nonse-
vere ALD compared with HCs (Fig. 2A). The ratio of 
unconjugated and conjugated BAs markedly decreased 
(Fig. 2B). In contrast, the ratio of primary and 

taBle 1. DemogRapHiC, DRinKing, anD liVeR inDiCatoRs oF stuDy paRtiCipants By gRoup

Variables HCs (n = 19)

ALD

P Value*

Nonsevere ALD (n = 21)

Severe AH (n = 25)
Total Patients 

(n = 46)AUD (n = 8) Moderate AH (n = 13)

Age (years) 36 (24-60) 51 (39-67) 50 (34-65) 47 (27-66) 49 (27-67) -

Total bilirubin (mg/dL) 0.7 (0.4-1.3) 1.5 (0.8-2.6) 4.2 (1.2-18.2) 12.9 (3.7-34.2) 6.7 (0.8-34.2) <0.001

Male (female) 13 (6) 4 (4) 7 (6) 20 (5) 31 (15) -

INR N/A 1.2 (1.1-1.7) 1.5 (1.2-2.8) 2.0 (1.0-3.2) 1.7 (1.0-3.2) -

AST (U/L) 27 (19-66) 59 (21-120) 119 (53-347) 88 (16-190) 90 (16-347) <0.001

ALT (U/L) 25 (16-109) 36.8 (14.0-60.0) 48 (18-194) 35 (16-66) 39 (14-194) 0.015

Alkaline phosphatase (IU/L) 52 (37-62) 124 (89-232) 173 (80-518) 144 (71-336) 148 (71-518) <0.001

Albumin (g/dL) 4.2 (3.8-4.3) 3.9 (2.6-4.9) 2.8 (1.9-4.5) 2.4 (1.4-4.3) 2.7 (1.4-4.9) <0.001

Creatinine (mg/dL) 0.88 (0.69-1.07) 0.69 (0.36-1.40) 0.68 (0.32-1.30) 0.89 (0.39-5.68) 0.79 (0.32-5.68) 0.082

MELD score N/A 9.2 (6.0-11.0) 16 (12-19) 24 (20-39) 18 (6-39) -

AUDIT 2 (1-5) 18 (9-36) 21 (11-32) 22 (10-39) 21 (9-39) <0.001

MDF N/A N/A 20.42 (3.24-82.86) 48.41 (17.52-121.68) 34.14 (−8.80 to 
121.68)

-

Values are presented as mean with ranges.
*Mann-Whitney U test between HCs and patients abusing alcohol.
Abbreviations: INR, international normalized ratio; N/A, not available.
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secondary BAs was significantly increased (Fig. 2C).   
These changes were induced by the increased con-
centrations of conjugated and primary BAs and the 
decreased concentrations of unconjugated and sec-
ondary BAs. A similar trend was also observed when 
the samples were categorized by MDF (Supporting   
Fig. S2A), AST:ALT (Supporting Fig. S2B), and 
AUDIT (Supporting Fig. S2C). Results of serum 
when the samples were categorized by MELD score 
show that a similar result was also obtained in serum 
samples of those patients (Supporting Fig. S2D).

To identify the relative abundance changes of 
each BA, the abundance of 43 identified BAs was 
analyzed by one-way ANOVA (Table 2). Of these, 
22 BAs had statistically significant changes in their 
abundance levels among the three groups (HCs, non-
severe ALD, and severe AH) when the samples were 

categorized by MELD score. TCDCA had the larg-
est abundance increase in severe AH compared with 
its abundance level in HCs. TCDCA was increased 
108.2-fold in severe AH and 4.3-fold in nonsevere 
ALD (Table 2). Furthermore, taurine-conjugated 
hyocholic acid (THCA) was increased 75.2-fold and 
13.2-fold, respectively, and GCDCA was increased 
51-fold and 5.7-fold, respectively. These three BAs 
also had the largest fold change when the patients 
were categorized by MDF, AST:ALT, and AUDIT 
(Supporting Table S2), suggesting that urine BAs 
were dramatically changed with AH severity.

To evaluate the diagnostic performance of the 
changes in BAs, ROC analysis was performed for 
severe AH in comparison with nonsevere ALD. 
When the samples were categorized by MELD 
score, 19 BAs had statistically significant abundance 

Fig. 1. BA profiling in urine samples using PLS-DA. All 65 samples were categorized into one of three groups: HCs, nonsevere ALD, or 
severe AH. The left panel is a PLS-DA three-dimensional score plot, and the right panel is the performance plot of the PLS-DA model.

Fig. 2. Changes in the amount of BAs in urine samples. All samples were grouped into HCs, nonsevere ALD, and severe AH, using 
MELD score. (A) Patients with AH have significantly higher urine levels of total BAs than HCs. (B) The ratio of unconjugated to 
conjugated BAs was significantly decreased in patients with AH in a disease severity-dependent manner. (C) The ratio of primary 
to secondary BAs was significantly increased in patients with AH compared to the HC group. Student t test, *P  < 0.05, **P  < 0.01, 
***P < 0.001. Abbreviations: conj., conjugated; unconj., unconjugated.
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changes. Seventeen of them had AUC larger than 
0.7 or smaller than 0.3 (Table 2), suggesting the 
potential of using these BAs as a diagnostic marker, 
especially TCDCA (AUC,  0.94; 95% confidence 
interval [CI], 0.883-1.000). When the samples were 
categorized respectively by MDF, AST:ALT, and 
AUDIT, 11, one, and four BAs were detected with 
statistically significant abundance changes between 
severe AH and nonsevere ALD (Supporting Table 
S2). However, no other BAs were detected with 
substantial abundance changes using all four sam-
ple grouping methods, showing that each of the four 
clinical parameters had limited accuracy in describ-
ing AH.

When the samples were grouped by MELD score, 
the abundance levels of four BAs had a disease severity 
stepwise increase from HCs to nonsevere ALD and 
ultimately the highest in severe AH, including uncon-
jugated BAs: CA, nutriacholic acid, 23-norcholic acid, 
and 6,7-dicketolithocholic acid (Fig. 3A). Moreover, 
the levels of four other BAs, i.e., DCA, lithocholic acid 
(LCA), 23-nordeoxycholic acid, and 12-ketolithocholic   
acid, were significantly decreased in a stepwise manner 
(Fig. 3B). The linear-by-linear association test showed 
a statistically significant trend for all these eight 
BAs (Fig. 3), suggesting that the levels of these BAs 
changed in a disease severity stepwise manner.

The abundance levels of CA, CDCA, and apocholic 
acid did not have significant changes between HCs 
and nonsevere ALD. However, they were markedly 
increased in severe AH compared to HCs and non-
severe ALD (Fig. 4A). ROC analysis showed that the 
AUC of these three BAs were 0.76 (95% CI, 0.605-
0.908), 0.73 (95% CI, 0.581-0.881), and 0.92 (95% 
CI, 0.826-1.000), respectively, with P < 0.01 (Fig. 4B), 
suggesting that these three BAs could be used as bio-
markers for severe AH.

CoRRelation oF Ba 
aBunDanCe anD CliniCal 
paRameteRs

Spearman’s rank correlation coefficients between 
the clinical parameters (MELD, MDF, AST:ALT, 
and AUDIT) of patients and the LC-MS instrument 
response (i.e., peak area) of a specific BA are listed in 
Table 3. Eight BAs had at least one correlation coef-
ficient |�| ≥ 0.5 with these clinical parameters. When 
the samples were categorized by MELD score, seven 
BAs had large correlation coefficients: TCDCA 
(ρ = 0.75), GCDCA (ρ = 0.68), glycohyocholic acid 
(GHCA) (ρ = 0.67), apocholic acid (ρ = 0.58), 6,7-dike-
tolithocholic acid (ρ  =  0.63), 23-nordeoxycholic   
acid (ρ = −0.58), and DCA (ρ = −0.65). TCDCA had 

Fig. 3. BA changes in urine among HCs, nonsevere ALD, and severe AH. (A) BAs that had increased levels with the increase in AH 
severity. (B) BAs that had decreased levels with the increase in AH severity. One-way ANOVA with Bonferroni post hoc test, *P < 0.05, 
**P < 0.01, ***P < 0.001. P values of linear-by-linear association test, ##P < 0.01, ###P < 0.001. Data points represent individual patients; 
horizontal lines in plots show mean ± SD.
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the largest correlation coefficient with the MELD 
score, which is consistent with reported informa-
tion.(5) To further evaluate the diagnostic perfor-
mance of these seven BAs in differentiating severe 
AH from nonsevere ALD, their peak areas were 

used for ROC analyses. The AUC was 1.000 (95% 
CI, 0.899-1.000) with P < 0.001 (Fig. 5), indicating 
excellent and highly reproducible true positivity.

By categorizing the samples using MDF, 
AST:ALT, and AUDIT, GCDCA had the largest 

Fig. 4. Using CA, CDCA, and apocholic acid, as potential biomarkers to discern AH disease severity. (A) Histogram of the three BAs 
showing a dramatic increase in patients with severe AH. Data show mean ± SD. (B) ROC curves of each BA for differentiating patients 
with severe AH from patients with nonsevere ALD (moderate AH, including AUD with mild liver injury). One-way ANOVA with 
Bonferroni post hoc test, **P < 0.01, ***P < 0.001.

taBle 3. speaRman’s RanK CoRRelation oF uRine Bas WitH CliniCal paRameteRs

Name

Spearman’s Rank Coefficient

MELD P Value MDF P Value AST:ALT P Value AUDIT P Value

DCA −0.65 <0.001 −0.50 <0.001 - - −0.52 0.001

23-Nordeoxycholic acid −0.58 <0.001 −0.50 0.001 - - - -

GβMCA - - - - - - −0.54 <0.001

6,7-Diketolithocholic acid 0.63 <0.001 - - - - - -

Apocholic acid 0.58 <0.001 - - - - - -

GHCA 0.67 <0.001 0.50 <0.001 - - - -

GCDCA 0.68 <0.001 0.58 <0.001 - - - -

TCDCA 0.75 <0.001 0.53 <0.001 - - - -

Abbreviation: GβMCA, glycine-β-muricholic acid.
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correlation coefficient with MDF (ρ  =  0.58) and 
glycine-β-muricholic acid (GβMCA) had the larg-
est correlation coefficient with AUDIT (ρ = −0.54). 
All BAs had a correlation coefficient <0.5 with 
AST:ALT (Table 3). ROC curves constructed using 
the abundances of BAs that had |�|  ≥  0.5 for dif-
ferentiating severe AH from nonsevere ALD, where 
samples were categorized by MDF and AUDIT, 
respectively, are shown in Supporting Fig. S3. The 
large AUC values of the ROC curves indicate that 
the MELD score and MDF perform much better 
than AUDIT and AST:ALT.

Bas Continuously CHange in 
patients WitH aH

Samples from patients with MELD score <12 
were grouped as AUD. All samples from patients 
with moderate and severe AH were grouped into 
AH. The abundance levels of 11 BAs (glycocholic 
acid [GCA], GCDCA, TCDCA, TCA, GHCA, 
THCA, 23-norcholic acid, 6,7-diketolithocholic 
acid, nutriacholic acid, glycoursodeoxycholic acid 
[GUDCA], and taurine-conjugated α-muricholic 
acid [TαMCA]) were significantly increased from 

HCs to AUD and ultimately to AH in a stepwise 
manner (Fig. 6A). On the other hand, the levels 
of five unconjugated BAs (12-ketolithocholic acid, 
LCA, DCA, 23-nordeoxycholic acid, and ω-MCA) 
were decreased from HCs to AUD and AH in a 
stepwise fashion (Fig. 6B). These observations sug-
gest that BAs can be investigated for their role 
as diagnostic markers for liver injury at early and 
advanced stages due to heavy alcohol consumption.

When categorizing samples by AST:ALT, most 
of the above-mentioned BAs had a similar trend as 
that when samples were categorized by MELD score 
(Supporting Fig. S4).

Discussion
A novel aspect of this study is the use of urine as 

our biomarker specimen source. Studies have shown 
that urine BAs are affected to a lesser extent by food 
intake(17) and nutritional interaction,(24) providing 
higher stability. Urine samples are convenient to col-
lect and store(25) and are easier to handle because the 
extraction of serum or plasma from blood samples is 
an initial step of laboratory processing before metab-
olomic analyses.(26) Urine samples can also be easily 
collected in great volume, and thus sample availability 
is an advantage compared to blood samples for many 
clinical studies. This is especially true when study 
patients cannot go to clinical laboratories in situations 
such as the corona virus disease 2019 pandemic.

We selected 46 BAs for this pilot proof-of-con-
cept study based on their importance in BA metabolic 
pathways. BA quantification showed that the lev-
els of most of the detected primary BAs, i.e., GCA, 
TCDCA, GCDCA, and GHCA, were markedly 
increased as the severity of AH increased (Table 2), 
suggesting that the synthesis of BAs increased. This 
hypothesis is supported by findings from our study’s 
urine and serum data (Supporting Fig. S5) as well as 
literature reports, i.e., elevated BAs in ALD.(5,10) This 
evidence suggests that urine can be a source for ALD 
biomarker discovery.

Both sulfated and nonsulfated BAs are present in 
urine in liver diseases,(27) and we observed both forms 
in the urine and serum samples of patients with AH 
as well. Sulfation of BAs is a mechanism involved in 
their elimination and systemic detoxification. Around 
70% of BAs are sulfated, and this can reduce the toxic 

Fig. 5. ROC curves constructed to differentiate severe AH and 
nonsevere ALD, using the levels of the seven BAs that have the best 
correlation with MELD score, i.e., TCDCA, GCDCA, GHCA, 
apocholic acid, 6,7-diketolithocholic acid, 23-nordeoxycholic acid, 
and DCA. ROC is the bold solid curve. The light grey line is a 
guideline line for comparison.



Hepatology CommuniCations, may 2021HE, VATSALYA, ET AL.

808

effects of BAs,(28) increase their solubility,(29) decrease 
their intestinal absorption,(30) and enhance their fecal 
and urinary excretion.(31)

MELD score is a better clinical parameter than 
MDF, AST:ALT, and AUDIT to categorize urine 
samples for analysis of BA abundance changes in 

AH. When the samples were categorized by MELD 
score, large R2 and Q2 values showed that PLS-DA 
had the best fitting and predictability for BA profile 
analysis. ROC analysis showed that more BAs have 
statistically significant abundance changes with very 
large AUC (>0.9). Furthermore, the changes of total 

Fig. 6. BA changes in urine collected from HCs, patients with AUD, and patients with moderate and severe AH. (A) The three panels 
display significantly increased levels of BAs in AH. (B) The two panels show the levels of secondary BAs were significantly decreased from 
HCs to AUD and to AH. Data show mean ± SD. One-way ANOVA with Bonferroni post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001.
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BAs, the ratio of unconjugated and conjugated BAs, 
as well as the ratio of primary and secondary BAs 
showed the best stepwise trend from HCs to non-
severe ALD and ultimately to severe AH. All these 
results suggest that MELD score is the best param-
eter to categorize urine samples for BA biomarker 
analysis.

BAs are derivatives of cholesterol.(32) Primary BAs 
are synthesized by the liver, and secondary ones arise 
from bacterial action in the colon. BAs are trans-
ported into the intestine to facilitate the absorption 
of lipids, steroids, and other small molecules. In 
the intestine, primary BAs (e.g., CA, CDCA) are 
converted into secondary BAs (e.g., DCA, LCA, 
ursodeoxycholic acid) by bacterial action. BAs play 
a critical role in maintaining metabolic homeostasis. 
As important nutrient sensors, BAs work as emulsi-
fiers in the gut to facilitate the absorption of dietary 
fats, steroids, and lipid-soluble vitamins.(32) BAs also 
serve as signaling molecules and regulate hepatic 
glucose, lipid, and energy metabolism by binding 
with nuclear farnesoid X receptor and membrane 
Takeda G protein-coupled receptor 5 (also called 
G protein-coupled BA receptor 1).(33,34) In addition 
to their roles in the regulation of metabolism, BAs 
promote hepatic inflammation during cholestasis by 
activating a signaling network in hepatocytes(35-38) 
and thus can promote the development of liver 
diseases.

Primary BAs play important roles in ALD pro-
gression. It has been reported that GCDCA pro-
motes liver fibrosis in mice with hepatocellular 
cholestasis by increasing hepatic messenger RNA 
(mRNA) expression of alpha-smooth muscle actin 
and collagen 1a,(39) and it directly contributes to 
liver disease development. GCDCA can also induce 
oxidative stress and cell death by reducing the tran-
scription of endothelial nitric oxide synthase(40) and 
thus can promote the development of ALD. CA, 
CDCA, and TCA have also been reported to have 
roles in liver disease progression. Mice fed with a 
CA-containing diet for 5  days showed increased 
liver weight, cell proliferation index, and oxidative 
stress,(41) all of which resulted in enhanced visceral 
adiposity, atherosclerosis, and fatty liver disease.(42) 
TCA is an active promoter of the progression of 
liver cirrhosis through activating hepatic stellate 
cells through up-regulating toll-like receptor 4 
expression.(43) High levels of TCA and CDCA in 

the liver directly activate a signaling network in 
hepatocytes that induces the mRNA expression of 
numerous proinflammatory mediators and also pro-
mote hepatic inflammation(35) and thus contribute 
to liver disease development. In the present study, 
most of the detected primary BAs in urine were 
increased in a stepwise manner from HCs to nonse-
vere ALD and to severe AH, suggesting that urine 
BAs may accurately reflect liver disease severity.

In contrast to primary BAs, secondary BAs, such 
as DCA, LCA and 23-nordeoxycholic acid, were sig-
nificantly decreased in a stepwise manner (Fig. 3B). 
Secondary BAs arise from primary BAs synthesized 
in the liver and secreted into the gut where they are 
transformed by intestinal microbiota. This decrease 
may be due to a reduction of BA secretion into the 
intestine and/or alterations of gut microbiota(5,10) and 
renal reabsorption. Studies have shown that alcohol 
consumption changed the composition of gut micro-
biota,(44,45) and the abundance of ileal Bacteriodetes,(46) 
which is a major microbiota phyla responsible for BA 
metabolism,(47) was decreased in subjects with ALD.

MELD score correlated closely with most of 
the 43 BAs identified, particularly with GCDCA, 
GHCA, TCDCA, and DCA (Table 3), and this is 
consistent with earlier studies. It has been reported 
that LCA and DCA were negatively correlated with 
the MELD score in AC(48) and that TCDCA had 
the highest correlation with the MELD score in 
AH.(5) Our data are consistent with these reports 
with the exception that the negative correlation 
between LCA and MELD score is not significant 
in the current study (ρ  =  −0.16). The continuum 
of increased/decreased abundance levels of BAs in 
urine from patients provided us with new insights 
into AH diagnosis (Figs. 3 and 6). The ROC curve 
built by the abundances of seven BAs (TCDCA, 
GCDCA, GHCA, apocholic acid, 23-nordeoxycholic   
acid, 6,7-diketolithocholic acid, and DCA) has 
a very large AUC (1.000; 95% CI, 0.899-1.000; 
P < 0.001) (Fig. 5), suggesting that these BAs could 
be used to determine the progress of AH severity 
with high accuracy.

This pilot proof-of-principle study has limitations. 
The sample size is relatively small, therefore identi-
fying the roles of metabolites with minor effect sizes 
was not possible and we were unable to identify any 
underlying sex effects. Secondary BAs, such as LCA 
and DCA, are more toxic and easier to be sulfated 
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and excreted into urine; and primary BAs, such as CA 
and CDCA, are less toxic and less sulfated. We do 
not have sulfation data on some BAs, which limits our 
data interpretation on those primary BAs. HCs were 
younger than patients, and we do not yet know what, 
if any, impact that had on the study. Moreover, more 
extensive studies are needed to precisely elucidate the 
role of various demographic measures. This study was 
not designed as a treatment-based investigation; thus, 
identifying any role of BAs in therapeutic–mechanistic 
pathways was also not within the scope of this study. 
However, given the potential prognostic value of the 
candidate BAs, this study supports the need for lon-
gitudinal AH studies where efficacy of treatment and 
change in liver function can be measured in relation 
to the candidate metabolites identified in this study. 
Lastly, we did no fecal analysis to define the role of 
the microbiome in BA changes.

In summary, our data showed that certain urinary 
BA concentrations were altered in patients with AH/
AUD depending on disease severity. Primary BAs were 
increased, while secondary BAs were decreased in the 
patients with severe AH compared to the patients with 
nonsevere ALD and HCs. Three BAs, CA, CDCA and 
apocholic acid, had increased levels in patients with 
severe AH and might be diagnostic of severe liver dis-
ease. The large ROC AUC between the patients with 
nonsevere ALD and severe AH as well as a high cor-
relation between the levels of BAs and MELD score 
indicate that levels of BAs are closely correlated with 
severity of liver injury. BAs could, therefore, serve as 
potential laboratory markers to assist in the diagnosis/  
prognosis of ALD/AH. Lastly, urine proved to be an 
excellent biomarker specimen source.
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