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Abstract: Background/Aims: We explored the possibility of using urine polar metabolites
as non-invasive biomarkers of alcohol-associated liver disease (ALD) for early-stage diag-
nosis and severity assessment, as well as the possible changes in metabolic pathways in
ALD patients. Methods: Polar metabolites were extracted with 80% methanol, and parallel
2DLC-MS was used for polar metabolite quantification. Results: Data from untargeted
metabolomics showed that 194 metabolites were significantly changed in patients, and three
metabolites can differentiate healthy controls (HC), non-severe ALD, and severe alcohol-
associated hepatitis (severe AH) with high accuracy (0.92-0.97). Pathway analysis showed
that arginine biosynthesis and histidine metabolism pathways were among the pathways
containing the metabolites that were most altered in the urine of patients. Metabolites
in the urea cycle, histidine catabolism, and histidine dipeptides pathways were notably
increased in the urine of ALD patients, but none of the metabolites in these two pathways
can simultaneously differentiate patients from healthy volunteers and non-severe ALD
from severe AH. As the top differentiated pathways, the alterations of arginine biosynthesis
and histidine metabolism indicate their importance in the metabolic dysfunction of ALD.
Conclusions: Our results show that the abundance changes of specific metabolites can
differentiate the disease severity of ALD, showing the potential of urine polar metabo-
lites as non-invasive biomarkers for early-stage diagnosis and disease severity assessment
of ALD.

Keywords: histidine metabolism; arginine biosynthesis pathway; diagnostic biomarker;
alcohol-associated liver disease; metabolomics

1. Introduction

Alcohol-associated liver disease (ALD) is a leading liver disease and an important
focus of clinical and translational research. Liver damage is generally asymptomatic and
reversible in the early stages of ALD but can proceed to permanent liver damage without
intervention. The disease may progress to alcohol-associated hepatitis (AH) or even more
severe stages by the time ALD is diagnosed. AH causes the death of up to 30% of patients
in 90 days without treatment [1]. Therefore, identifying ALD in its early stages is pivotal
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for successfully treating ALD before irreversible liver damage occurs [2]. Unfortunately,
current methods for diagnosing ALD at an early stage often lack sensitivity [3,4]. Gaps in
the overall diagnosis and medical management of ALD remain a challenge. An estimated
165 million individuals worldwide will have ALD by 2050 [5]. Consequently, reliable,
non-invasive methods to diagnose and distinguish subjects at various stages of ALD are
urgently needed.

Metabolic dysfunction in the liver represents a predominant feature in the early
stages of ALD. However, the metabolic mechanisms underlying early-stage ALD remain
poorly understood. During the past few years, studies on the metabolic signature of ALD
have shown that the metabolism of both lipids and polar metabolites was disturbed by
alcohol consumption [6,7]. In these studies, multiple metabolites were found to be potential
biomarkers for ALD diagnosis, including 3-hydroxytetradecanedioic acid, isocitric acid, and
sebacic acid [5]. N-Lauroglycine is the best for identifying cirrhosis, with 100% sensitivity
and 90% negative predictive value (NPV), while decatrienoic acid was shown to be the
best for assessing disease severity (i.e., differentiating patients with and without cirrhosis)
with 100% sensitivity and 100% NPV [8]. However these studies did not examine if these
metabolites could differentiate earlier stages of ALD, and the mechanism(s) underpinning
these metabolic changes are not clear.

Compounds metabolized in tissues are eventually excreted into urine once their
functions in the organism are complete. Therefore, urinary metabolites in a certain context
can provide insight into the metabolic status of tissues. In the case of ALD, metabolites in
the urine of patients can reflect the extent of metabolic disorders in the liver. In addition,
urine is an ideal sample type for disease biomarker study because it is collected non-
invasively, readily available, obtained in large quantities, and is relatively less complex
than other samples [9,10]. Urine can be collected by patients at home in large volumes,
which is especially important when study patients cannot go to clinical laboratories in
situations like the COVID-19 pandemic. We recently found that the abundance levels
of several bile acids, nucleosides, caffeine metabolites, and tryptophan metabolites were
significantly altered stepwise in the urine of patients with different stages of ALD [11-14].
These studies highlight the potential of urinary metabolites to serve as diagnostic markers
for the development and progression of ALD.

In this study, we aimed to identify metabolites in urine that serve as potential biomark-
ers for diagnosing early-stage ALD. Urine samples were collected from 19 healthy volun-
teers and 46 patients with different stages of ALD. After extracting polar metabolites from
each urine sample, the metabolic profile differences of the polar metabolites between groups
were analyzed by parallel two-dimensional liquid chromatography—mass spectrometry
(2DLC-MS). Pathway analysis of the significantly altered metabolites was also performed
to identify the metabolic pathways disrupted by alcohol consumption and, thus, provide
insight into the disease mechanisms.

2. Methods and Patients
2.1. Patient Recruitment and Sample Collection

This study was approved by the University of Louisville Institutional Review Board
(IRB protocol code: 08.0302, approval date 26 June 2008), and information on patient
definitions and recruitment is detailed in our recent publications [11,13,15], and the same
batch of samples were used in this study. All study participants had a complete history,
physical examination, and laboratory evaluation. Each participant was also provided
informed consent before participation, including appropriate authorization for data and
sample collection. Nineteen healthy controls (HC) and 46 ALD patients were enrolled in
this study. Patient samples were categorized by Model for End-Stage Liver Disease (MELD)
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score, and the group information is listed in Table S1. Patients with severe AH (severe AH)
had MELD > 20 (n = 25). Patients with non-severe ALD spanned the spectrum from those
with minimal liver enzyme abnormalities to moderate AH (12 < MELD < 20, n = 21).

All participants’ urine specimens were collected in the morning after overnight fasting
and stored at —80 °C until use. All de-identified data from participants who provided urine
samples were collected at baseline, as well as information on subsequent death, if available.
Clinical data included participant demographics (age, sex), drinking history, medical
assessments at admission, and medical history. Confirmatory tests for AH (laboratory
and imaging) and markers of liver severity (MELD score) were collected and analyzed. A
laboratory panel specific to this study was comprised of a comprehensive metabolic panel
(CMP, including liver injury panel), coagulation measures, and complete blood count tests.
All data were analyzed at the University of Louisville.

2.2. Polar Metabolite Extraction

Polar metabolites were extracted as described previously [13]. Briefly, samples were
thawed on ice, and 100 pL. of human urine was transferred to a fresh tube. Selective
precipitation of large molecules and some metabolites was achieved by adding methanol at
aratio of 1:4 (v/v). After vortexing for 2-3 min, the mixture was centrifuged at 14,000 x g
for 20 min at 4 °C. One hundred pL of supernatant was mixed with 100 uL of deionized
water (diH,O) and then analyzed by 2DLC-MS. Group-based pooled samples were also
prepared by mixing a small portion of the supernatants of samples in the same group.

2.3. Untargeted Metabolomics for Metabolite Relative Quantification

All samples were analyzed on a Thermo Q Exactive HF Hybrid Quadrupole-Orbitrap
Mass Spectrometer coupled with a Thermo Dionex UltiMate 3000 HPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) using the method described previously [13,16].
Specifically, the Ultimate 3000 HPLC system was equipped with a hydrophilic interaction
liquid chromatography (HILIC) column and a reversed-phase liquid chromatography (RPC)
column, and the HILIC and RPC columns were configured in parallel mode. The HILIC
column was a SeQuant® ZIC®-cHILIC HPLC column (150 x 2.1 mm i.d., 3 um) purchased
from Phenomenex (Torrance, CA, USA). The RPC column was an ACQUITY UPLC HSS
T3 column (150 x 2.1 mm i.d., 1.8 pm) purchased from Waters (Milford, MA, USA). Each
column was connected with a 2 pL sample loop. The two columns were held at 40 °C.
Mobile phase A was diH,O with 0.1% formic acid (v/v) and 10 mM ammonium acetate
(pH = 3.25), and mobile phase B was 100% acetonitrile with or without 0.1% formic acid
for RPC and HILIC column, respectively. All samples were analyzed by 2DLC-MS in both
positive mode (+) and negative mode (—) for metabolite quantification. The group-based
pooled samples were analyzed by 2DLC-MS/MS in positive and negative modes to acquire
MS/MS spectra at three collision energies (20, 40, and 60 eV) for metabolite identification.

2.4. Nitric Oxide (NO) Detection

NO in human urine samples was analyzed using a total nitric oxide detection kit (Life
Sciences, Lausen, Switzerland) following the manufacturer’s instructions.

2.5. Metabolite Identification and Statistical Data Analysis

XCMS software (Version 3.7.1) was used for spectrum deconvolution [17]. Compound
Discoverer software (version 3.2, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
MetSign software were used for metabolite identification [16]. For metabolite identification,
a total of 363 authentic standards of polar metabolites were purchased from Sigma-Aldrich
Corp. (St. Louis, MO, USA), Fisher Scientific (Loughborough, UK), and Cayman Chemical
(Ann Arbor, MI, USA). Each of these metabolites was analyzed by the parallel 2DLC-
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MS/MS. The retention time, precursor ion m/z, and MS/MS spectrum of each metabolite
standard were recorded in an in-house database. Experimental data from each experiment
were first matched to the metabolites in the in-house database with thresholds of retention
time < 0.5 min, precursor ion m/z <5 ppm, and MS/MS spectrum similarity > 0.4. Any
data point without a match in the in-house data database was submitted to Compound
Discoverer for MS/MS spectrum match only. The threshold of spectrum similarity was set
to >40 with a maximum of 100.

Statistical analyses were performed using SPSS software (version 25, IBM Corporation,
Armonk, NY, USA) and R (version 4.1.0). Distributional assumptions of continuous out-
comes were checked, and if needed, a data transformation (e.g., log transformation) was
applied to meet the normality assumption. Partial least squares-discriminant analysis (PLS-
DA) was performed to overview the metabolic profile differences among groups. Univariate
analysis of metabolite abundance among groups was conducted using one-way ANOVA
with Bonferroni’s post hoc tests. The decision tree algorithm was used for hierarchical
classification to select metabolites that differentiate groups. Group cross-linear-by-linear
association test (also known as Mantel-Haenszel test for trend) was used for linear trend
analysis. ROC analysis was used to classify patients based on the abundance of metabolites.
The thresholds of statistical significance tests were set as p < 0.05, fold-change > 50%, and
areas under the ROC curve (AUC) > 0.7 or <0.3.

3. Results
3.1. Metabolites Serve as Early Markers for ALD Diagnosis

A total of 380 metabolites were identified in this study using both in-house and public
databases. Among these identified metabolites, 194 had significant abundance changes
with p < 0.05 and fold-change (FC) > 50% as patient groups compared to HC or as severe
AH compared to non-severe ALD (Table S2). To discover the potential markers that could
differentiate the stages of ALD, ROC analysis was performed between HC and patients, and
between non-severe ALD and severe AH. A total of 143 and 111 metabolites were detected,
with significant abundance changes between the two groups in each comparison. A deci-
sion tree-based hierarchical classification was performed to classify HC, non-severe ALD,
and severe AH using the abundance of the significantly changed metabolites. The results
showed that using the abundance of 3-hydroxysebacic acid and androsterone glucuronide
could differentiate patients from HC with an accuracy of 0.97 (95% confidence interval (CI),
0.89-1.00) (Figure 1A). Among the patients, the abundance change of 7,9-dimethylguanine,
which was also reported in our previous publication [12], could differentiate non-severe
ALD from severe AH with an accuracy of 0.92 (95% CI, 0.80-0.98) (Figure 1B). This re-
sult suggests that these metabolites could be used to determine the ALD stage with a
high accuracy.

The patients in this study have a large age span, ranging from 27 to 67 years old. To
investigate whether age affects the results, we included age as a variable and performed
the hierarchical classification analysis. An identical hierarchical classification result was
obtained (Figure S1), suggesting that age did not affect the selection of metabolites as
markers for ALD stage determination.
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Figure 1. Decision tree-based hierarchical classification of samples using an abundance of metabolites
with statistically significant changes between groups. Patient samples were categorized into non-
severe ALD and severe AH by MELD score. The first number inside each box represents the
proportion of patients in (A) and severe AH in (B). The second number represents the percentage
of samples in a group. (A) Using two metabolites could distinguish the HC and patients with
ALD with an accuracy of 0.97 (95% CI, 0.89-1.00). (B) Using one metabolite 7,9-dimethylguanine
could differentiate non-severe ALD from severe AH with an accuracy of 0.92 (95% CI, 0.80-0.98).
(C) Abundance changes of the three metabolites. Patient samples were categorized into non-severe
ALD and severe AH by MELD score. One-way ANOVA was used for the statistical significance test,
and Bonferroni correction was used for the post hoc analysis: * p < 0.05; ** p < 0.01; *** p < 0.001.

Although three metabolites could differentiate the three groups with a high accuracy,
their performance may not surpass that of the MELD score. We noticed that six patients
died; one of them deceased in 64 days after sample collection with a MELD score of
11, placing the patient in the non-severe ALD group. This suggests that the selected
metabolites may not reliably distinguish truly severe cases if patients are grouped by
their MELD scores. To address this, we reclassified the samples into four groups based
on MELD scores and clinical outcomes: HC, non-severe ALD (MELD < 19), severe AH
(MELD > 20), and dead patients. Their MELD scores are shown in Figure 2A. We then
performed the same statistical analyses. From the significantly altered metabolites, we
identified several metabolites that showed clear trends across the four groups (Figure 2B).
For example, 4-hydroxy-3- methoxyphenylglycol sulfate and indole-3-lactic acid levels
increased with disease severity and peaked in samples from deceased patients. In contrast,
3-(3-sulfooxyphenyl)propanoic acid decreased with disease severity and reached its lowest
level in the urine of deceased patients. From these data, we observed that the MELD score
cannot differentiate died from severe AH, while the abundance of these three metabolites
in the died group was significantly different from that in severe AH, demonstrating their
strong potential as diagnostic biomarkers.
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Figure 2. Potential biomarkers to differentiate patients with outperform current diagnostic methods.
(A) Patient samples were categorized into non-severe ALD and severe AH by MELD score; samples
from patients who passed away after sample collection were categorized in the died group. (B) The
abundance changes of three metabolites. One-way ANOVA was used for the statistical significance
test, and Bonferroni correction was used for the post hoc analysis: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Metabolites in Arginine Biosynthesis Were Significantly Changed in Urine of Patients
with ALD

Pathway analysis was carried out using all significantly changed metabolites, and the
results are shown in Figure S2 and our previous publication [13]. After caffeine metabolism,
the arginine biosynthetic is the most strongly affected pathway in ALD (Figure S2). Nine
metabolites in this pathway were detected by untargeted metabolomics. Six (glutamic
acid, glutamine, arginine, N-acetylcitrulline and N-acetylglutamic acid, and urea) had
significant abundance changes between groups (Table S2). Most of these metabolites were
increased with or without statistical significance, but N-acetylglutamic acid and urea were
significantly decreased in patients’ urine (Figure 3A). A proteomics study on AH patients’
liver samples showed that the expression of the enzyme N-acetylglutamate synthase
(NAGS), which is responsible for the conversion of glutamic acid to N-acetylglutamic acid,
was decreased in the livers of patients with AH [18]. The increased glutamic acid but
decreased N-acetylglutamic acid discovered in this study suggest the inhibition of this
conversion and further confirm the literature reports. The linear-by-linear association
test showed that some of those metabolites had a statistically significant increase with
increasing disease severity. However, none of those metabolites could simultaneously
differentiate HC, non-severe ALD, and severe AH (Figure 3B), suggesting that metabolites
in the arginine biosynthesis pathway are not good candidates for stage ALD diagnosis.

The arginine biosynthetic pathway is important for urea synthesis, an essential liver
metabolic function that plays a key regulatory role in nitrogen homeostasis. A decrease
in urea synthesis capacity compromises the patient’s ability to eliminate toxic levels of
nitrogenous substances, resulting in an increased risk of hepatic encephalopathy. Our
results show that urea was significantly decreased even though all other metabolites in
this pathway were increased (Figure 3B), suggesting that urea synthesis in the liver was
decreased in patients with ALD. This conclusion is consistent with a literature report
showing that functional hepatic nitrogen clearance decreases in patients with AH [18].

In addition to urea synthesis, the arginine biosynthesis pathway also produces nitric
oxide (NO), which is made from arginine by various NO synthases (NOSs). The increase
of all other metabolites and the decrease in urea in this pathway led us to investigate
NO concentration in urine samples. The results showed a significant decreasing trend
of NO level (Figure 3C). NO is produced by NOSs that are only active in the body and
not in urine [19]. Therefore, NO concentration in urine is not the final product of argi-
nine metabolism. Additional studies need to be conducted to determine the change in
this pathway.
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Figure 3. The abundance of metabolites in the arginine biosynthetic pathway was significantly
changed in the urine of patients with ALD. (A) The arginine biosynthesis pathway and abundance
change of arginine metabolites. The green arrow indicates increased while the red arrow indicates de-
creased level of the metabolites. (B) Quantification results of metabolites in the arginine biosynthesis
pathway by 2DLC-MS. (C) Quantification result of nitric acid (NO) in urine samples. Patient samples
were categorized into non-severe ALD and severe AH by MELD score. One-way ANOVA was used
for the statistical significance test, and Bonferroni correction was used for the post hoc analysis:
*p <0.05;** p <0.01; *** p < 0.001. The p values of the linear-by-linear association test for the linear
trend were indicated as # p < 0.05, ## p < 0.01, ### p < 0.001.

3.3. Alterations of Histidine Metabolites in Urine of Patients with ALD

Literature studies show that histidine and its certain derivatives are antioxidants and
anti-inflammatory agents and function as chelators in multiple human diseases [20,21]. To
our knowledge, no literature reports have shown a change in histidine metabolism in ALD.
In this study, we found that the derivatives of histidine, including its catabolic products,
dipeptides, and histamine metabolites, were changed in the urine of patients with ALD.
Figure 4A shows that the abundance of metabolites in the histidine pathway was altered in
the urine of patients with ALD. All metabolites in the catabolic sub-pathway were increased
in patients’ urine even though the abundance changes in histidine and formiminoglutamic
acid were not statistically significant (Figure 4B). The histidine-containing dipeptides, carno-
sine and anserine, as well as their hydrolysis product, 1-methylhistidine, were significantly
increased. In contrast, another derivative of carnosine, N-acetylcarnosine, was decreased in
the urine of patients with severe AH (Figure 4C).

N-Methylhistamine is a major metabolite of histamine that is further metabolized into
methylimidazoleacetic acid (Figure 4A) and excreted in the urine. Figure 4D shows that N-
methylhistamine and imidazolelactic acid were increased in patients’ urine samples with or
without statistical significance, but methylimidazoleacetic acid was decreased considerably
in severe AH compared to non-severe ALD, indicating that the inhibited conversion of
N-methylhistamine into the latter. In the proteomics study of AH patient liver samples, they
found that the expression of enzyme aldehyde dehydrogenases 2 (ALDH2) was significantly
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histidine catabolism

decreased [18]. All these results indicate that histamine metabolism was also affected
in ALD patients. In addition to the above three sub-pathways, N-ribosylhistidine and 3-
methylhistidine are also metabolites of histidine. Our results showed that N-ribosylhistidine
was significantly increased in the urine of patients with severe AH, while 3-methylhistidine
was decreased in non-severe ALD without statistical significance (Figure 4E).
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Figure 4. The abundance change in metabolites in the histidine metabolism pathway in the urine of
patients with ALD. (A) Histidine metabolism pathway and the abundance change in some metabolites
detected by 2DLC-MS. The green arrow indicates increased while the red arrow indicates decreased
level of the metabolites. (B) Quantification results of metabolites detected in the histidine catabolism
pathway. (C) Quantification results of histidine bipeptides. (D) Quantification results of metabolites
in histamine metabolism pathway. (E) Quantification results of the other two metabolites of histidine
derivatives. One-way ANOVA was used for the statistical significance test, and Bonferroni correction
was used for the post hoc analysis: * p < 0.05; ** p < 0.01; *** p < 0.001. The p values of the linear-by-
linear association test for the linear trend are indicated as # p < 0.05, ## p < 0.01, ### p < 0.001.

4. Discussion

Currently, only a few prognostic markers are used clinically for ALD [22], and there is
a great need for early diagnostic and prognostic markers for ALD [23]. Recent studies have
attempted to address these needs [5,8,24], but diverse technologies used in the analyses,
variable animal strains used in experimental models, and sample types have led to sub-
stantial differences in the results. This study aimed to systematically characterize the polar
metabolite abundance changes in the urine of patients with various stages of ALD and
to identify potential non-invasive metabolomic biomarkers for the diagnosis and severity
assessment of various stages of ALD. Based on our previous study, the MELD score was
the best parameter to categorize ALD patient samples; therefore, we grouped the samples
in this project by MELD score as well. Screening biomarkers in patients’ urine by untar-
geted metabolomics, we found that combining 3-hydroxysebacic acid and androsterone
glucuronide can differentiate patients from healthy volunteers, and 7,9-dimethylguanine
alone can differentiate non-severe ALD from severe AH. We also found that the abundance
changes in three metabolites, 4-hydroxy-3- methoxyphenylglycol sulfate, indole-3-lactic
acid, and 3-(3-sulfooxyphenyl)propanoic acid, have a potential to differentiate severe AH
from patients who may have died in 90 days. Combining MELD scores with changes in
these metabolites may provide a more accurate way of diagnosing ALD patients.



Int. . Transl. Med. 2025, 5, 21

9of 12

In addition to the biomarkers, pathway analysis was conducted to investigate the
metabolic pathways that were affected by alcohol consumption. The result showed that
the caffeine metabolism, the arginine biosynthetic pathway, and histidine metabolism
were the top three pathways that significantly changed in the urine of patients with ALD.
We reported caffeine metabolism and tryptophan metabolism pathways in our previous
studies [13,14], and the latter was also found to be changed in this study without statistical
significance (Figure S2). In this study, we focus on the arginine biosynthetic pathway and
histidine pathway. The arginine biosynthetic pathway is responsible for nitrogen home-
ostasis and NO synthesis in the liver. Urea synthesis capacity decreases in patients with
compromised liver function [25], whereas it increases in patients with inflammation [26].
These two mechanisms are involved in AH. The urea synthesis capacity in the livers of
patients with AH results from the balance of these two mechanisms. The decreased levels
of urea and NO in patients suggest that urea synthesis and the conversion of arginine to
ornithine might be inhibited in the livers of patients with AH.

Histidine plays a key role in cell metabolism [27,28]. As an active and versatile amino
acid, it is a key catalytic residue in many enzymes and is important for protein interac-
tions [29]. Histidine is essential for the formation of various metal-bearing enzymes and
compounds and contributes to the formation of iron-containing molecules, including fer-
ritin, which is necessary for energy supply. Previous studies showed a reduced energy
supply in ALD [30,31], but whether this is related to histidine remains unclear. In the
current study, we found that the level of free histidine was unchanged, but the levels of
its catabolic products and three other derivatives (1-methylhistidine, N-ribosylhistidine,
and imidazolelactic acid) were increased in the urine of patients with ALD. Additionally,
histidine strongly inhibits lipid peroxidation [32]. Histidine thus plays a role in many bio-
logical processes and has a broad protective effect against tissue damage. This conclusion is
further supported by previous studies showing that histidine or carnosine supplementation
can lower high serum transaminase activities and hepatic histopathologic changes and
decrease proinflammatory, prooxidant, and profibrotic parameters in the livers of alcohol-
fed rats [33]. The increased carnosine and anserine levels in urine observed in this study
support the increased levels of reactive oxygen species in patients with ALD. Collectively,
these data demonstrate that the metabolism of histidine in the liver is extensively changed
by alcohol.

There are several limitations in the current study. Firstly, the three metabolites used to
differentiate patients with healthy volunteers and patients with different stages of ALD have
a weak correlation, which limits the use of these biomarkers in clinical diagnosis. Secondly,
this study did not include patients with metabolic dysfunction-associated steatotic liver
disease, therefore, we cannot determine the metabolites that specifically changed in AH.
Thirdly, hormone level and genetic background (such as ethnicity, diet, etc.) also modulates
the effects of alcohol in ALD and affects human metabolism. Therefore, gender and
genetic background should be considered when selecting biomarkers for disease diagnosis.
However, the small sample size in this project limited this analysis. Finally, the current
study did not include a metabolomics study in patient liver tissue samples, which limits
the explanation of the mechanism(s) of ALD development.

5. Conclusions

We analyzed the metabolite profile of polar metabolites in the urine of patients with
non-severe ALD and severe AH and compared the abundance changes in identified metabo-
lites with HC. We found that multiple metabolic pathways were changed by alcohol con-
sumption, including the arginine biosynthesis pathway and histidine metabolism pathway.
Among the identified 380 polar metabolites, the combination of 3-hydroxysebacic acid and
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androsterone glucuronide can differentiate patients from the HC with an accuracy of 0.97
(95% CI, 0.89-1.00), and 7,9-dimethylguanine alone can differentiate non-severe ALD from
severe AH with an accuracy of 0.92 (95% CI, 0.80-0.98). By grouping patients based on
MELD scores and clinical outcomes, we also found that 4-hydroxy-3-methoxyphenylglycol
sulfate, indole-3-lactic acid, and 3-(3-sulfooxyphenyl)propanoic acid have strong potential
as diagnostic biomarkers. Therefore, these three metabolites can be used as biomarkers for
the development and progression of ALD.
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