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Objective: This study aims to investigate the alterations in serum bile acid profiles among individuals with fatty liver (including non-alcoholic
fatty liver (NAFL) and alcoholic fatty liver (AFL) and evaluate their clinical significance when combined with liver enzyme levels.
Methods: A cohort of 110 individuals with fatty liver (including non-alcoholic fatty liver 58 individuals and alcoholic fatty liver 52
individuals) was selected from the Department of Gastroenterology at Wenzhou People’s Hospital between January 2021 and
December 2022, while a control group of 66 healthy individuals was recruited from the hospital’s health examination center during
the same period. Clinical data and blood samples were collected from all participants. Serum bile acid profiles were quantified using
ultra-performance liquid chromatography coupled with tandem mass spectrometry (UPLC-MS/MS). Statistical analysis was conducted
in conjunction with liver enzyme indicators.

Results: In the NAFL group, GCA, TCA, and TCDCA levels were significantly elevated compared to the control group, with GCA
(AUC 0.754, sensitivity 0.707, specificity 0.712), TCA (AUC 0.770, sensitivity 0.724, specificity 0.712), and TCDCA (AUC 0.782,
sensitivity 0.810, specificity 0.652) showing strong diagnostic value. In the AFL group, TCDCA, TCA, GCA, TUDCA, and GUDCA
were significantly elevated, with AUC values ranging from 0.848 to 0.912. Among these, TUDCA had the highest sensitivity (0.885) and
specificity (0.773) for AFL diagnosis. TUDCA (sensitivity 0.615, specificity 0.897) was the key bile acid distinguishing AFL from
NAFL, with an optimal cut-off of 36.33 nmol/L. These bile acids show significant diagnostic potential for differentiating NAFL and AFL.
Conclusion: The bile acid profiles in both NAFL and AFL patients show changes, which hold potential clinical significance and may
serve as serum biomarkers to differentiate NAFL from AFL.
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Introduction

Fatty liver disease (FLD) is a clinicopathological syndrome characterized by excessive fat accumulation and steatosis in
hepatocytes. It primarily includes non-alcoholic fatty liver disease (NAFLD) and alcoholic fatty liver disease (AFLD). In
recent years, with the increasing prevalence of metabolic syndrome and alcohol consumption, the incidence of fatty liver
disease has also been on the rise. NAFLD is a chronic, progressive liver condition that develops in genetically susceptible
individuals due to obesity and insulin resistance (IR). It encompasses a spectrum of liver abnormalities such as non-
alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis (NASH), and the subsequent development of fibrosis and
cirrhosis.' In recent years, NAFLD has emerged as the most prevalent chronic liver disease in China, often serving as the
primary cause of liver function abnormalities identified during routine health examinations.? Extensive research on the
pathogenesis of NAFLD has identified several contributing factors, including genetic predispositions, insulin resistance
(IR), inflammatory liver responses, oxidative stress, gut microbiome disturbances, and dysregulation of bile acid
metabolism.”>” AFLD is a group of liver disorders caused by long-term alcohol consumption or high intake of alcohol
over a short period. AFLD mainly includes simple steatosis, alcoholic steatohepatitis, alcoholic liver fibrosis, and
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alcoholic cirrhosis.® Alcohol has become the second leading cause of liver damage after viral hepatitis in China. Bile
acids, as primary components of bile, are mainly found in the enterohepatic circulation system, aiding in the emulsifica-
tion of fats and promoting lipid digestion and absorption. They play a significant role in fat metabolism and can also act
as signaling molecules and metabolic regulators, activating nuclear receptors and G protein-coupled receptor signaling
pathways to help maintain metabolic balance in the body. Changes in serum total bile acid concentrations are closely
associated with gut microbiota, liver metabolism, and other metabolic processes.”

Notably, in the early stage of liver disease, significant alterations in the concentrations of specific bile acid subtypes in the
serum have been observed, even when total serum bile acid levels remain unchanged.” This study aimed to evaluate the serum
bile acid profiles, liver enzyme markers, and lipid levels in patients with fatty liver (including NAFL and AFL), and to analyze

their correlations with the diseases, as well as the diagnostic significance of shifts in bile acid subtype concentrations.

Participants and Methods

Study Population

The study included 110 individuals diagnosed with fatty liver disease, which divided the NAFL group and the AFL
group, recruited from the Department of Gastroenterology at Wenzhou People’s Hospital between January 2021 and
December 2022. The NAFL group consisted of 34 males and 24 females, aged between 28 and 76 years, with a mean age
of 52.19 + 11.75 years, and the AFL group consisted of 50 males and 2 females, aged between 35 and 78 years, with
a mean age of 59.04 £ 1.61 years. For comparison, a control group was established, comprising 66 healthy individuals
(30 males and 36 females) who attended the hospital’s physical examination center during the same period. The control
group participants were aged between 28 and 70 years, with a mean age of 51.79 + 8.71 years. The study protocol
received approval from the hospital’s ethics committee (ethics approval number: 2021-266), and an informed consent
form was obtained from all participants.

The inclusion criteria for the NAFL group were aligned with the Guidelines for the Prevention and Treatment of
Metabolic Dysfunction-Associated (Non-Alcoholic) Fatty Liver Disease (2018 updated version) and included the
following:

(1) Presence of predisposing factors such as obesity, hyperlipidemia, type 2 diabetes, or metabolic syndrome.

(2) Absence of a history of alcohol consumption or an average daily ethanol intake of < 30 g for males and < 20 g for
females.

(3) Exclusion of specific conditions that could cause fatty liver, such as viral hepatitis, autoimmune liver disease, and
drug-induced liver disease.

(4) May be accompanied by clinical manifestations such as fatigue, poor appetite, discomfort in the liver area, or
hepatosplenomegaly.

(5) Elevated serum transaminases and/or glutamyltranspeptidase, with imaging findings (including abdominal ultra-
sound, CT, or MRI) consistent with the diagnosis of fatty liver disease.’

(6) Exclusion of individuals with cirrhosis, liver cancer, gallstones, hematologic, autoimmune, and respiratory system
diseases, and excluding pregnant or breastfeeding females.

The inclusion criteria for the AFL group were aligned with the Guidelines for the Prevention and Treatment of Alcoholic
Liver Disease (2018 updated version)'® and included the following:

(1) Individuals with a history of long-term alcohol consumption, typically exceeding 5 years, with a daily alcohol intake of
>40g for males and >20g for females, or a history of heavy drinking within the last two weeks, with an alcohol
equivalent of >80 g/d, where alcohol intake (g) = volume of alcohol consumed (mL) X alcohol content (%) x 0.8
(density of ethanol).

(2) Elevated levels of serum transaminases, gamma-glutamyl transferase, and TBA along with imaging findings
(including abdominal ultrasound, CT, or MRI) are consistent with the presentation of fatty liver disease.
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(3) Exclusion of specific conditions that could cause fatty liver, such as current viral hepatitis, autoimmune liver
disease, and drug-induced liver disease.

(4) Exclusion of individuals with cirrhosis, liver cancer, gallstones, hematologic, autoimmune, and respiratory system
diseases, and excluding pregnant or breastfeeding females.

For the control group, the inclusion criteria were as follows:

(1) Average daily ethanol intake of < 20 g, with normal liver and kidney function, blood lipids, and body mass index
(BMI) within the normal reference range.

(2) Exclusion of endocrine system disorders such as diabetes, obesity, as well as liver and biliary system diseases.

(3) Exclusion of hematologic, autoimmune, respiratory, and cardiovascular system diseases.

Research Methods

Sample Collection

Basic clinical data were collected from patients, including information on age, gender, height, weight, blood pressure,
and the presence of underlying conditions such as diabetes, dyslipidemia, and hepatitis. Imaging results, including
abdominal ultrasound, CT, and MRI, conducted after hospital admission were also recorded.

For serum collection, venous peripheral blood samples (2.0 mL) were obtained from patients after an 8-hour fast in
the morning. Samples were collected using disposable vacuum yellow cap separator tubes (5 mL, containing coagulant
and separation gel). The serum was separated by centrifugation at 3000 rpm for 3—5 minutes within 2 hours of collection.
If immediate analysis was not feasible, the samples were stored at 2—-8°C, shielded from light, and kept for no longer than
7 days, with no more than three freeze-thaw cycles. Other biochemical markers were collected following the same
procedure.

Detection Methods
The detection and quantification of 15 bile acid subtypes in serum were performed using the Waters Acquity UPLC-TQD
liquid chromatography-mass spectrometry system (Waters Corporation, USA). The bile acids analyzed included cholic acid
(CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid (LCA), ursodeoxycholic acid (UDCA),
and their glycine-conjugated and taurine-conjugated forms. Quantification was carried out using the selected reaction
monitoring mode combined with isotope-labeled internal standards and followed by multivariate statistical analysis.
Other serum parameters, including total bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL), serum
albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), r-glutamyltranspeptidase (GGT),
total bile acids (TBA), urea (UA), creatinine (Cr), triglycerides (TG), total cholesterol (TC) and prothrombin (PT), were
measured using a Roche Automated Biochemical Analyzer P800. Alpha fetoprotein (AFP) levels were determined using
a Roche Combas 6000 biochemical analyzer.

Statistical Methods

General Data Analysis

Statistical analyses were performed using SPSS 25.0. The normality and homogeneity of variances for each dataset were
initially assessed. Data that conformed to a normal distribution were presented as mean + standard deviation (X & s), and
comparisons between groups were made using the #-test. For data that did not follow a normal distribution, they were
expressed as a median and interquartile range [M (Q1, Q3)]), with comparisons between groups made using the Mann—
Whitney U-test. Categorical data were represented as frequencies, and the groups were compared using the x? test to
identify statistically significant differences.

Selection of Characteristic Bile Acid Subtypes

The bile acid profile data were processed using a log2 transformation and subsequently imported into SIMCA 14.1
software for multivariate statistical analysis. To identify the most relevant bile acid subtypes, orthogonal partial least
squares-discriminant analysis (OPLS-DA) was employed to decompose the information in the X matrix into categories
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related and unrelated to Y. Orthogonal signal correction techniques were applied to filter out irrelevant classification
information, thereby concentrating relevant information in a single predictive component. A pattern recognition model
was then established, and its robustness was evaluated using 200 permutation tests to check for overfitting. Initial
screening of characteristic bile acid subtypes was based on variable importance in projection (VIP) values obtained from
the VIP+s-plot, selecting subtypes with VIP > 1 and a correlation coefficient (absolute value) p (corr) > 0.7.
Subsequently, Spearman’s rank correlation analysis was conducted to explore the correlations between differential
indicators and the corresponding fatty liver, selecting indicators with strong correlations. Additionally, ROC curves were
plotted for the characteristic bile acid subtypes and TBA to observe and compare their cut-off values, sensitivity, and

specificity.

Results

The NAFL Group Vs the Control Group

Comparison of Clinical Data and Routine Biochemical Values Between Groups

There were no statistically significant differences in age and gender between the NAFL group and the control group (all
P values > 0.05). However, the NAFL group had significantly higher values for BMI, TBIL, IBIL, ALT, AST, ALP, GGT,
TBA, Gly, TG, TC, PT, AFP, PIVKA, HbAlc, UA, and Cr compared to the control group, with statistically significant
differences (all P values < 0.05). Refer to Table 1.

Analysis of Bile Acid Profiles Between Groups

After processing the bile acid profile data from Table 2 (log2 transformation) and analyzing it using SIMCA 14.1 software,
the OPLS-DA analysis revealed that the bile acid profiles of the NAFL group and the control group were dispersed in
different areas of the plot (see Figure 1A), indicating distinct group differences and intra-group clustering. A 200-time
permutation test validated the OPLS-DA models, confirming that the model was not overfitted (the criterion for a valid model
was met: all permutation values on the left were lower than the original values on the right, and the blue Q2 point’s regression

Table | General Information and Biochemical Test Indicators of Patients in the Fatty Liver Groups and the

Control Group

Group Normal Reference Control Group NAFL Group AFL Group
Range (n = 66) (n =58) (n =52)
Gender (Male/Female) - 30/36 34/24 50/2
Age (Years) - 51.79+8.71 52.19+11.75 64(50,68)
BMI (kg/m?) 18.5-23.9 22.05+2.18 26.57+2.94 23.34+0.53
Alb (g/L) 40-55 43.04+3.19 43.25+4.68 39.61+0.74
TBIL (umol/L) <26.0 10.5£3.65 12.3(8.3,15.4) 17.15(13.5,21.9)
DBIL (umol/L) <8.0 2.75(2.1,4) 3.1(2.28,3.9) 6.4(3.6,11.4)
IBIL (umol/L) 3.1-17.0 7.38+3.21 9.15(5.52,11.93) 10.9(6.6,13.3)
ALT (U/L) 9-50 17(12,23) 53.5(28.75,86.25) 41(22,61)
AST (U/L) 1540 21(17,24) 33(24,72.5) 56.5(28,76)
ALP (U/L) 45-125 70.39+18.31 76(60.75,93.5) 83.5(62,139)
GGT (U/L) 10-60 19.5(13,27.25) 89(69.75,130) 271.5(113,554)
TBA (umol/L) <9.67 2.8(1.68,4.35) 5.3(2.77,9.33) 20.1(8.2,36.2)
Gly (mmol/L) <5.80 2.9(2.15,3.76) 4.51(3.61,5.66) 14.195(6.65,26.46)
TG (mmol/L) <1.70 1.07(0.76,1.42) 2.37(1.66,3.69) 2.065(1.24,3.6)
TC (mmol/L) <5.17 4.74+0.69 5.76(4.88,6.43) 4.505(4,5.7)
PT (s) 9.5-14.1 11.2(10.78,11.5) 10.7(10.28,1 1.5) 11.85(10.9,12.7)
AFP (ng/mL) <7.0 2.6(1.78,3.35) 3.35(2.55,4.55) 4.42.9,7.4)
PIVKA (mAU/mL) <40.24 21.4(18.42,24.16) 23.57+7.73 18.185(13.55,29.87)
HbAlc (%) 4.0-6.0 5.55(5.3,5.7) 6(5.57,6.6) 6.05(5.4,6.8)
UA (mmol/L) 208.0-428.0 281.4(236.68,332.95) | 376.02(278.5,437.63) 327.9(275.1,416)
Cr (umol/L) 57-111 53(46.75,63.25) 69(55,76.25) 54.5(47,67)
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Table 2 Bile Acid Concentrations (Nmol/L, [M (QI, Q3)]) in the Fatty Liver Groups and the Control Group

Bile Acid Subtypes Control Group NAFL Group AFL Group
Deoxycholic acid (DCA) 230.3(56.68,493.04) 186.16(14.48,639.93) 88.81(13.45,492.71)
Cholic acid (CA) 76.12(26.37,342.58) 235.22(75.06,830.57) 353.56(154.31,1640.35)
Taurodeoxycholic acid (TDCA) 23.88(7.66,47.72) 25.84(7.84,80.57) 45.685(6.76,675.56)
Ursodeoxycholic acid (UDCA) 72.88(29.47,188.79) 174.04(65.25,331.44) 486.69(281.54,1592.46)
Gychoursooxycholic acid (GUDCA) 133.42(51.7,256.92) 224.9(106.4,522.42) 1565.47(392.73,4809.97)
Turoursodeoxycholic acid (TUDCA) 6.72(4.99,12.18) 11.25(7.01,20.46) 61.71(16.27,385.99)
Lithocholic acid (LCA) 6.23(2.98,13.47) 4.1(1.68,16.75) 3.18(1.29,14.62)
Glycolithocholic acid (GLCA) 6.37(2.54,12.16) 4.69(3.07,14.14) 5.825(3,9.9)
Taurolithocholic acid (TLCA) 3.89(3.24,5.51) 4.86(3.7,6.44) 5.63(4.52,7.12)
Glycodeoxycholic acid (GDCA) 148.51(55.08,327.18) 123.91(32.02,653.51) 164.465(30.46,901.2)
Chenodeoxycholic acid (CDCA) 282.13(89.41,758.37) 685.07(294.57,1390.27) 1306.75(557.12,3099.5)
Glycochenodeoxycholic acid (GCDCA) | 567.16(300.78,1161.08) | 1159.86(622.07,3139.08) | 3587.875(688.34,13,103.15)
Taurochenodeoxycholic acid (TCDCA) 66.57(36.26,129.96) 252.58(100.96,576.74) 1501.375(211.35,6936.27)
Glycocholic acid (GCA) 118.91(58.35,241.34) 384.34(144.91,1059.35) 2634.915(473.74,6058.14)
Taurocholic acid (TCA) 13.53(8.09,24.86) 48.28(15.1,173.39) 214.175(49.59,1701.4)

line intersected or was < 0 on the x-axis) (see Figure 1B). Consequently, these results indicate significant differences in bile
acid profile compositions between the two groups. Furthermore, based on Figure 1C, bile acid subtypes with VIP values > 1
and s-plot correlation coefficients (absolute value) P (corr) > 0.7 were selected, specifically: GCA, TCA and TCDCA.

Spearman Correlation Analysis

Spearman correlation analysis was conducted to explore the relationships between selected differential bile acid subtypes,
biochemical markers, and NAFL, focusing on correlations with coefficients || > 0.4. Significant moderate positive
correlations were identified between NAFL and ALT, AST, GGT, TG, TC, HbAlc, BMI, DCA, TCA, and TCDCA. (see
Table 3).

Diagnostic Efficacy Evaluation of GCA, TCA, TCDCA and TBA

ROC curves were plotted for GCA, TCA, TCDCA and TBA. The results showed that the AUC for serum GCA, TCA,
TCDCA and TBA were 0.754, 0.770, 0.782 and 0.721 respectively. The optimal cut-off points were identified as 173.91
nmol/L for GCA, 21.75 nmol/L for TCA, 89.76 nmol/L for TCDCA and 4.65 nmol/L for TBA. The sensitivity and
specificity for GCA were 0.707 and 0.712, TCA were 0.724 and 0.712, TCDCA were 0.81 and 0.652 respectively, while
for TBA, they were 0.603 and 0.833 (see Table 4, Figure 2).

The AFL Group Vs the Control Group

Comparison of Clinical Data and Routine Biochemical Values Between Groups

A comparison of patients with AFL and the control group in terms of age and gender showed that P-values were all <
0.05, indicating that AFL patients tend to be older than the control group and predominantly male. In the AFL group,
BMI, TBIL, DBIL, IBIL, ALT, AST, ALP, GGT, TBA, Gly, TG, PT, AFP, HbAlc, and UA levels were significantly
higher than those in the control group, while ALB levels were significantly lower. These differences are statistically
significant P-values < 0.05 (see Table 1).

Analysis of Bile Acid Profiles Between Groups

The OPLS-DA analysis revealed differences in bile acid composition between the AFL group and the control group (see
Figure 3A). A 200-permutation test confirmed the validity of the predictive model, indicating no model overfitting (see
Figure 3B). Bile acid subtypes were selected based on VIP values >1 and s-plot correlation coefficients (absolute value) p (corr)
>0.7, identifying the following bile acids as differentiators: TCDCA, TCA, GCA, TUDCA, and GUDCA (see Figure 3C).
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Figure | (A) OPLS-DA model of bile acid profiles comparing the NAFL group to the control group (red represents the control group; blue represents the NAFL group).

(B) Permutation test plot for bile acid profiles comparing the NAFL group to the control group (R2 indicates Model Fit; Q2 indicates Model Prediction). (C) VIP+s-Plot of
bile acid profiles comparing the NAFL group to the control group.

Spearman Correlation Analysis

We then performed a Spearman correlation analysis between the selected differential bile acid subtypes, biochemical
indicators, and early alcoholic liver disease. By choosing a correlation coefficient |+>0.4, we identified TBIL, DBIL,

Table 3 Spearman Correlation Analysis of Differential Metabolites in the NAFL Group

ALT AST GGT TG CHOL | HbAIc BMI TCA | TCDCA | GCA

NAFL Group | r-value | 0.676 0.574 0.764 0.697 0.435 0.454 0.683 0.467 0.488 0.439
P-value | <0.001 | <0.00l | <0.00l | <0.00l | <0.001 <0.001 | <0.001 | <0.001 <0.001 <0.001
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Table 4 ROC Curve Analysis for Predicting NAFL Using GCA, TCA, TCDCA and TBA

Variable AUC (95% CI) Standard Error | P-value | Cutoff Value | Sensitivity (%) | Specificity (%) | Youden Index
TBA 0.721(0.630~0.812) 0.046 < 0.001 4.65 0.603 0.833 0.436
GCA 0.754(0.668~0.840) 0.044 < 0.00lI 173.91 0.707 0.712 0419
TCA 0.770(0.688~0.852) 0.042 < 0.00lI 21.75 0.724 0.712 0.436
TCDCA | 0.782(0.702~0.963) 0.041 < 0.00lI 89.76 0.8l 0.652 0.462

ALT, AST, GGT, TBA, Gly, TG, AFP, TCDCA, TCA, GCA, TUDCA, and GUDCA as having a significant positive
moderate correlation with alcoholic fatty liver disease (see Table 5).

Diagnostic Efficacy Evaluation of TCDCA, TCA, GCA, TUDCA, GUDCA and TBA

We next plotted the ROC curves for TCDCA, TCA, GCA, TUDCA, GUDCA, and TBA, as shown in Table 6 and
Figure 4. The AUC values for serum TCDCA, TCA, GCA, TUDCA, GUDCA, and TBA were 0.876, 0.882, 0.892, 0.912,
0.848, and 0.887, respectively. The optimal cutoff points were 333.865 nmol/L, 78.765 nmol/L, 457.635 nmol/L, 12.235
nmol/L, 292.56 nmol/L, and 6.7 nmol/L, with corresponding sensitivities and specificities as follows: 0.731/0.894, 0.731/
0.939, 0.769/0.924, 0.885/0.773, 0.846/0.803, and 0.846/0.909.

The NAFL Group Vs the AFL Group

Comparison of Clinical Data and Routine Biochemical Values Between Groups

The comparison of age and gender between the two groups of fatty liver showed a P-value < 0.05, indicating that patients
with AFL were older than those with NAFL, and there were more males than females in the AFL group. In addition,
patients in the AFL group had significantly higher levels of TBIL, DBIL, AST, GGT, TBA, Gly, PT, and AFP compared
to those in the NAFL group. Conversely, BMI, Alb, TC, PIVKA, and Cr were lower in the AFL group compared to the
NAFL group, with all differences being statistically significant (P-values < 0.05) (see Table 1).

TBA
— GCA
—TCA
——TCDCA
reference line

Sensitivity

0.0
0.0 02 04 06 08 1.0

1 - Specificity

Figure 2 ROC curve results for GCA, TCA, TCDCA and TBA in identifying NAFL.
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Figure 3 (A) OPLS-DA model of bile acid profiles comparing the AFL group to the control group (red represents the control group; yellow represents the AFL group). (B)
Permutation test plot for bile acid profiles comparing the AFL group to the control group. (C) VIP+s-Plot of bile acid profiles comparing the AFL group to the control group.

Analysis of Bile Acid Profiles Between Groups

Similarly, the OPLS-DA analysis showed that the bile acid profile composition differed between the NAFL and the AFL
(see Figure 5A). The 200-time permutation test confirmed the validity of the prediction model, with no signs of
overfitting (Figure 5B). Based on VIP values > 1 and s-plot correlation coefficients (absolute p (corr)>0.7), the bile
acid subtype identified was TUDCA (see Figure 5C).

Table 5 Spearman Correlation Analysis of Differential Metabolites in AFL Group

TBIL DBIL ALT AST GGT TBA Gly TG AFP TCDCA TCA GCA TUDCA | GUDCA
AFL r-value 0.593 0.554 0.603 0.762 0.798 0.665 0.684 0.464 0.464 0.647 0.658 0.674 0.709 0.598
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Table 6 ROC Curve Analysis for Predicting AFL Using TCDCA, TCA, GCA TUDCA, GUDCA and TBA

Variable AUC (95% CI) Standard Error | P-value | Cutoff Value | Sensitivity (%) | Specificity (%) | Youden index
TBA 0.887(0.821~0.952) 0.033 < 0.00lI 6.7 0.846 0.909 0.755
TCDCA | 0.876(0.813~0.939) 0.032 < 0.00lI 333.865 0.731 0.894 0.625
TCA 0.882(0.82~0.945) 0.032 < 0.00lI 78.765 0.731 0.939 0.67
GCA 0.892(0.83~0.954) 0.032 < 0.001 457.635 0.769 0.924 0.693
TUDCA | 0.912(0.862~0.962) 0.025 < 0.00lI 12.235 0.885 0.773 0.658
GUDCA | 0.848(0.767~0.929) 0.041 < 0.00lI 292.56 0.846 0.803 0.649

Spearman Correlation Analysis

Spearman correlation analysis was conducted between the selected bile acid subtypes and biochemical indicators with
NAFL and AFL. A correlation coefficient |#>0.4 was used, and the results showed a significant moderate positive
correlation between TBIL, DBIL, GGT, TBA, Gly, TUDCA, and the composition of alcoholic fatty liver disease, while
BMI showed a moderate negative correlation (see Table 7).

The Efficacy Analysis of TUDCA and TBA in Differentiating NAFL and AFL

ROC curves were plotted for TUDCA and TBA, and the results are shown in Table 8 and Figure 6. For the diagnostic
differentiation between NAFL and AFL, the AUC values for serum TUDCA and TBA were 0.818 and 0.792,
respectively. The optimal cutoff points were 36.33 nmol/L for TUDCA and 10.85 nmol/L for TBA. The sensitivity
and specificity values were 0.615 and 0.897 for TUDCA, and 0.692 and 0.845 for TBA.

Discussion

With the rising global prevalence of obesity and type 2 diabetes, particularly in China, the incidence and prevalence of NAFLD
continue to increase.'' * The development of NAFLD is strongly associated with metabolic syndrome and type 2 diabetes,
conditions that contribute to the progression of liver decompensation, hepatocellular carcinoma, and cardiovascular events. The
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Figure 4 ROC curve results for different bile acids and TBA in identifying AFL.
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Figure 5 (A) OPLS-DA model of bile acid profiles comparing the NAFL group to the AFL group (blue represents the NAFL group; yellow represents the AFL group). (B)
Permutation test plot for bile acid profiles comparing the NAFL group to the AFL group. (C) VIP+s-Plot of bile acid profiles comparing the NAFL group to the AFL group.

increase in alcohol consumption has led to a significant rise in alcohol-related liver disease cases. In 2020, approximately 741,300

new cancer cases were attributed to alcohol consumption globally, with around 154,700 liver cancer cases caused by alcohol,

making it a major focus for prevention and treatment.'* ALD has become one of the leading causes of cirrhosis in countries such

Table 7 Spearman Correlation Analysis of Differential Metabolites in
NAFL Group and AFL Group

TBIL | DBIL | GGT TBA Gly BMI | TUDCA
r-value 0.431 0.512 0.446 0.505 0.541 | —0.453 0.551
P-value | <0.001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.00I <0.001
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Table 8 The Efficacy of TUDCA and TBA in Distinguishing NAFL from AFL

Variable AUC (95% CI) Standard Error | P-value | Cutoff Value | Sensitivity (%) | Specificity (%) | Youden Index

TBA 0.792(0.703~0.882) 0.046 < 0. 00l 10.85 0.692 0.845 0.537
TUDCA | 0.818(0.741~0.896) 0.040 < 0. 00l 36.33 0.615 0.897 0.512

as China, the United States, the United Kingdom, and Mexico."® Therefore, whether in non-alcoholic liver disease or alcoholic
liver disease, identifying metabolic markers and underlying mechanisms during the early stages of the disease, such as during the
fatty liver stage, can provide new insights for diagnosis and prevention.

Bile acids are essential components of bile, cholesterol undergoes conversion into primary bile acids within
hepatocytes through classical and alternative pathways, and these primary bile acids are subsequently transformed into
secondary bile acids by intestinal microbiota. Beyond their role in the digestion and absorption of lipids, various bile
acids function as signaling molecules, interacting with bile acid receptors, including the farnesoid X receptor (FXR) and
G protein-coupled receptor 5 (TGRS), located in different tissues.

Disruption of FXR has been implicated in hepatic cholestasis, non-alcoholic fatty liver diseases, and hepatocellular
carcinoma.'® A further fine regulation of the bile acids pool is due to the membrane-associated G-protein-coupled bile
acid receptor 1 also called transmembrane G protein-coupled receptor 5 (TGRS) that modulates the energy homeostasis
and glucose metabolism.'” Furthermore, recent findings identify TGRS as a negative mediator of inflammation'® and
liver regeneration.'” Another observation found that chronic alcohol consumption results in increased bile acids pool and
decreased excretion of bile acids, hypothesizing that alcohol consumption could impair the enterohepatic circulation.?
Accordingly, a lack of TGRS was associated with worsening of alcohol-induced liver injury, a phenotype mainly related
to intestinal microbiota dysbiosis.>' Apart from creating dysregulation of gut flora, alcohol may down-regulate FXR,
which results in increased bile acid synthesis and hepatic bile acid pool.?* In addition, we should also focus on the
mechanisms by which bile acids themselves contribute to liver cell damage. Pathways of the bile acids-dependent
damage might involve mitochondrial impairment®* and induction of apoptosis entailing epidermal growth factor receptor
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Figure 6 ROC curve results for TUDCA and TBA in identifying NAFL and AFL.
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(EGF-R) activation and EGF-R-dependent CD95 tyrosine phosphorylation, which in turn triggers CD95 membrane
targeting and Fas-associated death domain/caspase-8 recruitment.”*

These interactions play a critical role in regulating carbohydrate, fat, and energy metabolism in the body, thus playing
a role in the formation mechanism of NAFL and AFL.?> 7 Current research has identified approximately 72 distinct bile
acid subtypes within the human bile acid profile.

Therefore, examining the concentration changes of various bile acid subtypes rather than focusing solely on the
changes in total bile acids holds clinical significance for the non-invasive diagnosis evaluation of NAFL and AFL.

Research on alterations in the serum bile acid profiles of patients with NAFL has shown inconsistent results across
different studies.”® Studies by Zhou et al found that in individuals with NAFLD, the levels of total BA, CDCA, DCA, GCA,
TCA, GDCA, TDCA, GCDCA, TCDCA, and TLCA increase with the severity of NAFLD.?’ Conversely, studies by Xie
et al and Nimer et al reported significant elevations in the levels of CA, DCA, TCA, TDCA, and TCDCA in patients with
NAFLD compared to healthy controls.’®>' Partially consistent with these findings, the present study identified increased
concentrations of GCA, TCA and TCDCA in patients with NAFL compared to the control group.

Basic research has demonstrated that TCA can activate the NRF2 signaling pathway, thereby enhancing the antioxidant
capabilities of the liver in rats with obesity and type 2 diabetes. This effect is achieved by inhibiting M1-type Kupffer cell
polarization and promoting M2-type Kupffer cell polarization, thereby reducing liver inflammation’® Moreover, supplement-
ing with exogenous TCA can modify the gut microbiota and bile acid composition, activate FXR expression, and increase bile
acid reabsorption, ultimately regulating bile acid metabolism, and reducing lipid accumulation in the liver.*> Another study
suggested that low concentrations of TCA can support cholangiocyte proliferation, contributing to the mitigation of liver
damage to some extent. However, high concentrations of TCA (> 50 pmol/L) have been reported to directly stimulate the
proliferation and activity of hepatic stellate cells (HSCs), leading to increased secretion of various cytokines and chemokines
by hepatocytes and cholangiocytes. This process recruits HSCs and activates hepatic progenitor cells, inducing a biliary
response and thereby promoting liver fibrosis.** Consequently, low concentrations of TCA have a protective effect on liver
cholangiocytes, whereas high concentrations contribute to the progression of liver fibrosis.

In the current study, the selected participants with NAFL, had not progressed to liver fibrosis or cirrhosis stages. Their
TCA levels were recorded at 48.28 (15.1, 173.39) nmol/L, indicating that increased TCA concentrations in the early
stages of liver damage may exert a protective effect. Additionally, it has been reported that TCDCA inhibits the
expression of the multifunctional intracellular linker protein and co-transcription factor (YAP), along with its downstream
target genes, during liver fibrogenesis, thereby alleviating liver fibrosis in animal models.*

In clinical diagnosis, GCA, TCA, and TCDCA all demonstrated higher sensitivity than TBA for diagnosing NAFL,
making them more favorable for disease diagnosis. In the case of AFL, an animal study showed that when rats were fed an
alcohol-based diet, hydrophobic bile acids (such as CDCA) significantly increased in both the serum and liver, with an
elevated proportion of glycine-conjugated bile acids (such as GCDCA), which is consistent with the findings of this study.
However, the bile acids with the most significant increase in concentration and statistical significance in this study were
TCDCA, TCA, GCA, TUDCA, and GUDCA. Regarding AFL diagnosis, TUDCA showed higher sensitivity than TBA, and
TCA and GCA exhibited higher specificity than TBA. When comparing NAFL with AFL, TUDCA levels were higher in AFL
than in NAFL, and it had a greater diagnostic significance. The cutoff value for TUDCA was found to be 36.33 nmol/L, with
specificity higher than that of TBA, making it useful for differentiating NAFL from AFL.

Conclusion

In conclusion, the findings of this study reveal that alterations in bile acid profiles have changed accordingly in patients with
fatty liver. Specifically, in NAFL, the primary bile acids are GCA, TCA, and TCDCA, whereas in AFL, TCDCA, TCA, GCA,
TUDCA, and GUDCA are the predominant bile acids, all of which are positively correlated with the disease. This suggests
that bile acid metabolism dysregulation plays a significant role in the occurrence and progression of both NAFL and AFL and
may be involved in disease diagnosis. However, this study has limitations, such as the lack of histological diagnosis—the
pathological gold standard for identifying NAFL and AFL—and a small sample size, which may introduce statistical bias.
Further basic experiments are needed to verify how specific bile acid subtypes influence disease progression through related
pathways, providing evidence for identifying effective therapeutic targets for NAFL and AFL.
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TBA, Total bile acid; CA, Cholic acid; DCA, Deoxycholic acid; LCA, Lithocholic acid; UDCA, Ursodeoxycholic acid;
CDCA, Chenodeoxycholic acid; TCA, Taurocholic acid; TLCA, Taurolithocholic acid; TDCA, Taurodeoxycholic acid;
TUDCA, Tauroursodeoxycholic acid; TCDCA, Taurochenodeoxycholic acid; GDCA, Glycodeoxycholic acid; GCDCA,
Glycochenodeoxycholic acid; GUDCA, Glycoursodeoxycholic acid; GCA, Glycocholic acid; GLCA, Glycolithocholic
acid; FLD, Fatty liver disecase; NAFL, Non-alcoholic fatty liver disease; ALD, Alcoholic liver disease; NAFL, Non-
alcoholic fatty liver; AFL, Alcoholic fatty liver; TBil, Total bilirubin; DBIl, Direct bilirubin; IBil, Indirect bilirubin;
ALB, Albumin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; ALP, Alkaline phosphatase; GGT,
Glutamyltranspeptidase; BMI, Body Mass Index; TC,Total Cholesterol; TG, Triglyceride; IR, Insulin resistance; NASH,
Non-alcoholic steatohepatitis; UA, Urea; CR, Creatinine; PT, Prothrombin; AFP, Alpha fetoprotein; HSC, Hepatic
stellate cell; UPLC-MS/MS, Ultra performance liquid chromatography-mass spectrometry/mass spectrometry; OPLS-
DA, Orthogonal partial least squares-discriminant analysis; PLS, Partial least squares; PCA, Principal component
analysis; ROC, Receiver operating characteristic curve; AUC, Area Under Curve.
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