
Basuni et al. Egyptian Liver Journal           (2024) 14:70  
https://doi.org/10.1186/s43066-024-00378-9

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Egyptian Liver Journal

Exploring serum bile acids as potential 
noninvasive biomarkers for nonalcoholic fatty 
liver disease
Ashraf Abbass Basuni1, Dina Sweed2, Mohammed Fathey Elgazzar3 and Ashraf Khalil1* 

Abstract 

Background Bile acids are vital regulators of liver metabolism, and their dysregulation is closely linked with the pro-
gression of nonalcoholic fatty liver disease (NAFLD). Profiling these bile acids may provide valuable diagnostic 
and prognostic markers for these conditions. This study aimed to evaluate bile acid profiles in NAFLD patients 
and assess their potential as biomarkers for diagnosing and predicting disease progression. Serum levels of 14 bile 
acids were measured in 25 normal healthy controls (NHC), 35patients with metabolic dysfunction–associated stea-
totic liver disease (MASLD), and 40 patients with NASH, categorized by the NAFLD Activity Score (NAS). Quantification 
was performed using high-performance liquid chromatography-tandem mass spectrometry (HPLC–MS/MS).

Results Primary unconjugated bile acids, CA and CDCA, along with conjugated acids GCA, GCDCA, TCA, and TCDCA, 
were significantly elevated in both MASLD and NASH compared to NHC (all p < 0.05). While levels increased pro-
gressively from NHC to MASLD to NASH, no significant differences were observed between MASLD and NASH 
except for GCA and TCA (P < 0.05). Similarly, secondary bile acids LCA, TLCA, GUDCA, and TUDCA were higher 
in MASLD and NASH compared to NHC (all p < 0.05).

Logistic regression identified CA (odds ratio = 2.05, p = 0.02), CDCA (odds ratio = 1.58, p = 0.04), GCA (odds ratio = 1.92, 
p = 0.03) and DCA (odds ratio = 2.06, p = 0.04) as significant predictors of fibrosis. For active inflammation, GCA (odds 
ratio = 2.04, p = 0.04), and TCA (odds ratio = 1.94, p = 0.04) were significant predictors. In steatosis, CA, CDCA, GCA, DCA, 
TDCA, TLCA, and UDCA were notable predictors, with high odds ratios.

Conclusion The study highlights significant alterations in bile acid profiles associated with NAFLD progression. 
Specific bile acids, such as CA, GCA, TCA, and TCDCA are strong predictors of disease severity, indicating their potential 
as biomarkers for NAFLD treatment and prognosis.

Keywords Bile acids, NAFLD, Nonalcoholic fatty liver disease, NASH, Nonalcoholic steatohepatitis, Liquid 
chromatography-mass spectrometry

Introduction
Nonalcoholic fatty liver disease (NAFLD) includes a 
spectrum of liver disorders, ranging from simple steato-
sis to nonalcoholic steatohepatitis (NASH). The mildest 
form, nonalcoholic fatty liver (NAFL), is characterized by 
lipid accumulation in hepatocytes, also known as hepatic 
steatosis. However, 20%–30% of NAFL cases may pro-
gress to NASH, marked by significant lobular inflamma-
tion and hepatocyte ballooning, potentially leading to 
fibrosis and cirrhosis [1, 2]. NAFLD has emerged as the 
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leading cause of chronic liver disease worldwide, with a 
prevalence estimated at 25% [3–5]. NASH, a severe form 
of NAFLD, affects about 1.5% to 6.45% of the population 
and can lead to serious complications such as cirrhosis, 
hepatocellular carcinoma, and liver-related mortality. 
The prevalence of NASH is projected to increase by 63% 
between 2015 and 2030, posing significant challenges to 
global healthcare [5–7].

The pathogenesis of NASH is complex and involves 
multiple mechanisms, including abnormal lipid accu-
mulation and inflammation within hepatocytes or extra-
hepatic tissues, leading to hepatotoxic injuries [8, 9]. 
NAFLD is strongly associated with metabolic dysfunc-
tions, such as insulin resistance, obesity, and type 2 dia-
betes, particularly in Western populations. To better 
describe the metabolic basis of NAFLD, the term meta-
bolic dysfunction–associated fatty liver disease (MAFLD) 
has been proposed [10, 11].

Bile acids are increasingly recognized as critical signal-
ing molecules in NASH pathogenesis, facilitating com-
munication between the liver, intestine, and other organs. 
These molecules, synthesized from cholesterol in the 
liver, play a vital role in emulsifying fats and in the diges-
tion and absorption of lipids and fat-soluble vitamins. 
Primary bile acids, such as cholic acid and chenodeoxy-
cholic acid, are transformed by intestinal bacteria into 
secondary bile acids, including lithocholic acid and deox-
ycholic acid [12, 13]. Besides their traditional roles, bile 
acids act as signaling molecules that regulate metabolic 
homeostasis and immune responses, primarily through 
receptors such as FXR and G protein-coupled bile 
acid receptor 1 (TGR5) [14]. Dysregulation of bile acid 
homeostasis is implicated in several metabolic diseases, 
including NASH, making bile acids and their receptors 
potential therapeutic targets [14, 15].

Despite advances in understanding NAFLD, predict-
ing which patients are at risk for disease progression and 
complications remains challenging [16]. Liver biopsy is 
the gold standard for assessing inflammation and fibro-
sis in NAFLD but is invasive and carries risks such as 
bleeding and infection. Efforts to identify noninvasive 
biomarkers, particularly for inflammation and fibrosis, 
have produced mixed results, limiting their clinical utility 
[17–19]. Bile acids have emerged as promising biomark-
ers due to their roles in lipid absorption and regulation of 
hepatic glucose and lipid metabolism. High serum insu-
lin levels can inhibit bile acid synthesis by suppressing 
CYP7A1, a key enzyme in bile acid biosynthesis, while 
elevated bile acids can reduce insulin secretion via gluca-
gon-like peptide 1. This complex interplay highlights the 
connections between NAFLD, metabolic syndrome, and 
gut health [20–23].

The aim of this study is to comprehensively evaluate 
bile acid profiles as noninvasive biomarkers in NAFLD, 
with the goal of establishing these profiles as reliable 
diagnostic tools for assessing liver disease severity and 
predicting progression to NASH.

Patients
The study was conducted between October 2022 and 
April 2024 at the Department of Clinical Biochemistry 
and Molecular Diagnostics and the Department of Hepa-
tobiliary and Gastroenterology. A total of 75 patients 
with liver ultrasound and biopsy-proven NAFLD were 
enrolled. Biopsy confirmation was essential to ensure 
accurate differentiation between simple steatosis and 
nonalcoholic steatohepatitis (NASH), thus enabling a 
precise evaluation of bile acid metabolism across differ-
ent stages of liver disease. A control group of 25 individu-
als without any liver impairment, verified through clinical 
assessment and abdominal ultrasound, was also included 
to provide a baseline for comparison.

NAFLD patients were further categorized into two 
subgroups based on histological assessment: 35 patients 
were classified as having metabolic dysfunction–associ-
ated steatotic Liver Disease (MASLD) with minimal or 
no fibrosis (F0-F1), no significant inflammation (A0-A1), 
and varying degrees of steatosis (G0-G3). The remaining 
40 patients were diagnosed with NASH, characterized 
by the presence of steatosis, inflammation of grade ≥ A2, 
and/or fibrosis. The severity of liver disease was quanti-
fied using the NAFLD Activity Score (NAS) [24], with 
a score of ≥ 5 strongly indicative of NASH and a score 
of ≤ 3 associated with MASLD.

Patients with other liver conditions, such as viral hepa-
titis, autoimmune liver diseases, hepatotoxic drug use, 
iron overload, Wilson’s disease, chronic cholestasis, 
and extrahepatic obstructive gallbladder diseases, were 
excluded from the study. Additionally, individuals with 
severe renal or systemic conditions affecting liver func-
tion were excluded to ensure that bile acid alterations 
could be attributed specifically to NAFLD. The study 
protocol was approved by the Ethics Committee of the 
National Liver Institute (IRB 00570/2024), and written 
informed consent was obtained from all participants. Fig-
ure  1 represents different histological stages of patients 
with Metabolic Dysfunction–Associated Steatosis Liver 
Disease.

Serum sample collection and bile acid measurement
Blood samples were obtained from both patients and 
controls following an overnight fast (8-12h). Three mil-
liliters of blood were collected using sterile venipuncture 
techniques, and the extracted serum was stored at -80°C 
until analysis. Laboratory measurements, encompassing 
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fasting blood glucose, HbA1c, lipid profile including total 
cholesterol, high density lipoprotein (HDL)-cholesterol, 
low density lipoprotein (LDL)-cholesterol, triglycerides; 
liver function tests AST, ALT, gamma-glutamyl trans-
ferase (GGT), alkaline phosphatase (ALP), direct and 
total bilirubin, albumin, and total proteins, AFP; kid-
ney function tests as BUN, creatinine were conducted 
through standardized laboratory methods (Cobas 8000, 
Roche Diagnostics GmbH, Mannheim, Germany). 
Hematological parameters were measured by Sysmex 
XT-1800i, and CS-1600 automated hematology analyz-
ers (Sysmex Corporation, Kobe – Japan). Serum bile 
acids concentrations were measured in serum using 
high-performance liquid chromatography coupled with 
tandem mass spectrometry (HPLC–MS/MS), employing 
a reversed-phase (C18) column (1.7 µm, 100 mm × 2.1 
mm internal dimensions) (Waters ACQUITY, Milford, 
MA) and a methanol/water gradient. The assay included 
a total of 14 bile acids, categorized into six primary and 
eight secondary bile acids. The primary bile acids con-
sisted of unconjugated forms, including CA (cholic acid) 
and CDCA (chenodeoxycholic acid), and conjugated 
forms, including GCA (glycocholic acid), GCDCA (gly-
cochenodeoxycholic acid), TCA (taurocholic acid), and 
TCDCA (taurochenodeoxycholic acid). The secondary 
bile acids included unconjugated forms, including DCA 

(deoxycholic acid) and LCA (lithocholic acid), and con-
jugated forms, including GDCA (glycodeoxycholic acid), 
TDCA (taurodeoxycholic acid), TLCA (taurolithocholic 
acid), UDCA (ursodeoxycholic acid), GUDCA (glycour-
sodeoxycholic acid), and TUDCA (tauroursodeoxycholic 
acid). All these chemical standards were purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
HPLC grade water was obtained from Millipore pure 
water purification system (Diamond TΙΙ, USA). HPLC 
grade methanol, acetonitrile, and formic acid were pur-
chased from Fisher Scientific (Daytona plus, Randox lab-
oratories limited, UK).

Serum sample preparation and bile acid detection
Serum bile acids underwent preparation for UPLC/MS/
MS as previously described [13, 14]. Briefly, 100 µl of 
serum samples were treated with 400 µl of ice-cold 100% 
methanol, followed by centrifugation at 12,000 rpm for 20 
min. Fifty microliters of the supernatant were mixed with 
100 µl formic acid (1:1000), and 5 µl were injected into a 
C18 column at 50°C. Bile acids were eluted by gradient 
at a flow rate of 0.5 ml/min, with the mass spectrometer 
operating in the negative ion mode via Multiple Reac-
tions Monitoring (MRM). UPLC-MS data were analyzed 
using MassLynx software version 4.1 (Waters Corp., Mil-
ford, MA, USA) to generate calibration equations and 

Fig. 1 Activity grade of the metabolic dysfunction–associated steatotic liver disease (MASLD) cases: a shows mild steatosis limited to zone 3, 
Steatosis 1 (H&E 100x), b shows moderate steatosis extending to zone 2, Steatosis 2 (H&E 100x), c shows severe steatosis involving zone 3, 2 and 1, 
Steatosis 3 (H&E 100x), d shows mild lobular necroinflammation (arrows) without associated hepatocytes ballooning degeneration, Activity 2 
(H&E 200x), e shows moderate lobular necroinflammation (arrows) with mild hepatocytes ballooning degeneration, Activity 3 (H&E 200x), f shows 
marked lobular necroinflammation (arrows) with prominent hepatocytes ballooning degeneration, Activity 4 (H&E 200x)
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calculate the quantitative concentration of each bile acid 
in the sample. The UPLC-MS/MS analysis demonstrated 
robust performance, including precision and accuracy 
at concentrations of 0.02 µMol/L, 0.2 µMol/L, and 2 
µMol/L, with low relative standard deviation (RSD%) 
values indicating excellent precision. The relative error 
(RE%) values were close to 0%, underscoring the high 
accuracy of quantitation. All 14 individual bile acids were 
effectively resolved and quantified. The assay exhibited 
strong linearity over a wide concentration range (0.012 
to 5 ×  103 µMol/L), highlighting its suitability for vari-
ous analytical needs. With a lower quantitation limit of 
2 ng/mL, the UPLC-MS/MS assay demonstrated excep-
tional sensitivity, making it highly reliable for quantitative 
assessments in biomedical research.

Statistical analysis
Data were analyzed using SPSS 23 (SPSS Inc., CA, USA). 
The Kolmogorov–Smirnov test was employed to verify 
the normality of distribution. Numerical variables were 
presented as mean ± standard deviation or as medians 
and interquartile ranges (IQR), while categorical variables 
were expressed as numbers (percentages). Differences 
between groups were analyzed using the Kruskal–Wal-
lis H test and the Mann–Whitney U test as appropriate. 
A P-value of < 0.05 was considered statistically signifi-
cant for all analyses. Non-parametric Spearman corre-
lation was used to assess the relationships between bile 
acids and other numerical variables, such as lipid profiles 
and blood chemistry parameters. Principal Component 
Analysis (PCA) was conducted to explore patterns in 
bile acid concentrations among the study cohort, which 
included individuals with NAFLD and control subjects. 
The receiver operating characteristic (ROC) curve was 
used to evaluate the discriminatory power of bile acids in 
distinguishing controls from NAFLD cases. Binary logis-
tic regression was applied to assess the predictive value of 
bile acids for fibrosis, lobular inflammation, and steatosis 
in NAFLD patients.

Results
Demographic and clinical characteristics in normal 
and NAFLD groups
The data presented in Table  1 summarize the clini-
cal characteristics of the study population, divided into 
three groups: Control, NASH, and MASLD. NASH and 
MASLD groups had a significantly higher proportion of 
hyperlipidemic patients compared to the control group 
(χ2 = 14.23, p = 0.001). The NASH and MASLD groups 
demonstrated higher mean body mass index (BMI) val-
ues compared to the control group (p < 0.001), indi-
cating a greater prevalence of obesity among patients 
with NASH and MASLD. Furthermore, the presence of 

diabetes mellitus was more common in the NASH and 
MASLD groups, with a higher percentage of patients 
being diagnosed with DM (χ2 = 5.42, p = 0.067).

Age differences across the groups were not statisti-
cally significant (t = 1.02, p = 0.313), suggesting that age is 
not a primary differentiating factor in the progression of 
NAFLD. Similarly, gender distribution did not differ sig-
nificantly between the groups (χ2 = 0.73, p = 0.695).

Hypertension prevalence was assessed across the 
groups, but no significant differences were observed 
(χ2 = 1.44, p = 0.487). However, the trend indicated a 
higher occurrence of hypertension in the NASH group 
compared to the control and MASLD groups.

There were significant differences in fibrosis and 
inflammation activity scores between the groups, with 
NASH patients having more advanced fibrosis (F2-F3) 
and higher activity (A2-A3) compared to the control 
group (p < 0.001). The distribution of steatosis grades 
and ultrasound findings also differed significantly among 
the groups, with the NASH and MASLD groups show-
ing more severe liver changes. These results highlight the 
progressive nature of liver disease in NAFLD and under-
score the importance of early diagnosis and management.

Biochemical and hematological parameters across control, 
NASH, and MASLD groups
Table  2 details the biochemical and hematological 
parameters, showing significantly higher median FBS lev-
els in NASH and MASLD groups, indicating a tendency 
towards hyperglycemia. Direct bilirubin and GGT levels 
were elevated in NASH and MASLD groups, suggesting 
liver dysfunction. Lipid profile analysis revealed higher 
total cholesterol levels in NASH and MASLD groups, 
reflecting dyslipidemia. Hematological markers such as 
hemoglobin and platelet count remained stable across 
groups.

Alterations in bile acid across NAFLD groups
Table  3 summarizes the bile acid profiles among NHC, 
MASLD, and nonalcoholic steatohepatitis (NASH). Pri-
mary unconjugated bile acids, CA and CDCA, were sig-
nificantly elevated in both MASLD and NASH compared 
to NHC (all p < 0.05), with no significant differences 
between MASLD and NASH (all p > 0.05). Similarly, pri-
mary conjugated bile acids, including GCA, GCDCA, 
TCA, and TCDCA, were significantly higher in NASH 
and MASLD compared to NHC (all p < 0.05). GCA and 
TCA levels were notably higher in NASH compared to 
MASLD (all p < 0.05), whereas GCDCA and TCDCA did 
not differ significantly between MASLD and NASH (all 
p > 0.05).

Secondary bile acids, LCA, TLCA, GUDCA, and 
TUDCA, were significantly elevated in NASH and 
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MASLD compared to NHC (all p < 0.05), with no sig-
nificant differences between MASLD and NASH (all 
p > 0.05). DCA, GDCA, TDCA, and UDCA did not 
show significant differences between either MASLD or 
NASH and NHC (all p > 0.05).

Bile acids in discriminating NAFLD patients and control
ROC curves (Fig.  2) and Principal Component Analy-
sis (PCA) (Fig.  3) were used to examine the capacity 
of bile acids in discriminating healthy from NAFLD 
patients. Figure  2a, b summarize the ROC curve 

Table 1 Clinical characteristics of the studied groups

Clinical characteristics of NHC, MASLD, and NASH groups with statistical significance for demographic, anthropometric, metabolic, and histological variables

NHC Normal healthy control, MASLD Metabolic dysfunction–associated steatotic liver disease, NASH Nonalcoholic steatohepatitis, F0 No fibrosis F1: Mild fibrosis F2: 
Moderate fibrosis F3: Advanced fibrosis. Lobular inflammation Grade: A0: No lobular inflammation A1: Mild lobular inflammation A2: Moderate lobular inflammation, 
A3: Severe lobular inflammation. Steatosis Grade: G0: No steatosis (no fat accumulation in the liver), G1: Mild steatosis G2: Moderate steatosis G3: Severe steatosis. 
Ultrasound Findings: Normal homogeneous liver: Liver with normal echotexture. Fatty liver: Liver with increased echogenicity indicating fat accumulation. Mildly 
enlarged fatty liver: Slight increase in liver size with fatty infiltration. Moderately enlarged fatty liver: Moderate increase in liver size with more pronounced fatty 
infiltration

NHC (n = 25) MASLD (n = 35) NASH (n = 40) P-value

 Gender -Female 16 (64%) 23 (65.7%) 23 (57.5%) χ2 = 0.73, p = 0.695

 -Male 9 (36%) 12 (34.3%) 17 (42.5%)

Age (years) 50.32 ± 9.45 50.31 ± 8.56 48.13 ± 8.77 t = 1.02, p = 0.313

Weight (kg) 72.92 ± 5.90 81.26 ± 10.27 77.00 ± 10.71 t = 3.34, p = 0.001

Height (cm) 169.20 ± 8.97 162.69 ± 8.39 163.25 ± 9.81 t = 2.49, p = 0.015

BMI (kg/m2) 25.73 ± 3.88 30.91 ± 4.77 29.22 ± 5.64 t = 4.50, p < 0.001

Diabetes Mellitus

 -DM 4 (16%) 13 (37.1%) 12 (30%) χ2 = 5.42, p = 0.067

 -No DM 14 (56%) 13 (37.1%) 17 (42.5%)

 -Prediabetes (pDM) 7 (28%) 9 (25.7%) 11 (27.5%)

Hypertension

 -Yes 7 (28%) 10 (28.6%) 16 (40%) χ2 = 1.44, p = 0.487

 -No 18 (72%) 25 (71.4%) 24 (60%)

Lipid Status

 -Hyperlipidemic 6 (24%) 20 (57.1%) 26 (65%) χ2 = 14.23, p = 0.001

 -Normolipidemic 19 (76%) 15 (42.9%) 14 (35%)

Fibrosis Stage

 -F0 25 (100%) 25 (71.4%) 0 (0%) χ2 = 58.75, p < 0.001

 -F1 0 (0%) 10 (28.6%) 0 (0%)

 -F2 0 (0%) 0 (0%) 16 (40%)

 -F3 0 (0%) 0 (0%) 24 (60%)

Activity Grade

 -A0 25 (100%) 22 (62.9%) 0 (0%) χ2 = 54.43, p < 0.001

 -A1 0 (0%) 13 (37.1%) 0 (0%)

 -A2 0 (0%) 0 (0%) 16 (40%)

 -A3 0 (0%) 0 (0%) 24 (60%)

Steatosis Grade

 -G0 25 (100%) 0 (0%) 0 (0%) χ2 = 75.00, p < 0.001

 -G1 0 (0%) 18 (51.4%) 0 (0%)

 -G2 0 (0%) 11 (31.4%) 16 (40%)

 -G3 0 (0%) 6 (17.1%) 24 (60%)

Ultrasound Findings

 -Normal homogenous liver 25 (100%) 0 (0%) 0 (0%) χ2 = 88.75, p < 0.001

 -Fatty liver 0 (0%) 17 (48.6%) 0 (0%)

 -Mildly enlarged fatty liver 0 (0%) 8 (22.9%) 9 (22.5%)

 -Moderately enlarged fatty liver 0 (0%) 10 (28.6%) 31 (77.5%)
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analysis for primary and secondary bile acids in dif-
ferentiating healthy controls from NAFLD patients 
(MASLD + NASH). The primary unconjugated bile acid 
CDCA showed high diagnostic potential with an AUC 
of 0.937, 100% specificity, and 74.7% sensitivity at a cut-
off of 0.002. The primary conjugated bile acid GCDCA 
achieved an AUC of 0.877, 100% specificity, and 80% sen-
sitivity at a cutoff of 2.48.

The secondary bile acids collectively demonstrated 
moderate diagnostic performance. LCA had an AUC of 
0.864, with 96% specificity and 74.7% sensitivity at a cut-
off of 0.002, while TLCA had an AUC of 0.840, with 12% 
specificity and 80% sensitivity at a cutoff of 0.002. Other 

secondary bile acids, including TUDCA and GDCA, 
displayed varying degrees of diagnostic accuracy, with 
AUCs ranging from 0.784 to 0.420, reflecting different 
levels of specificity and sensitivity.

Overall, primary bile acids exhibited superior diag-
nostic accuracy compared to secondary bile acids, 
underscoring their potential utility as biomarkers for dis-
tinguishing NAFLD patients from healthy controls. In 
the subsequent analysis comparing MASLD and NASH, 
the ROC curves for both primary and secondary bile 
acids showed limited diagnostic utility, with AUC values 
generally indicating weak discrimination. Primary bile 
acids like CDCA and CA had AUCs of 0.596 and 0.575, 

Table 2 Descriptive Statistics and Kruskal–Wallis Test Results for Biochemical and Hematological Parameters Across NHC, NASH, and 
MASLD Groups

Comparative analysis of bile acid profiles using Kruskal–Wallis and Pairwise comparisons across NHC, MASLD, and NASH Groups, IQR Interquartile rang, K Kruskal–
Wallis test comparison among all groups

NHC Normal healthy control, MASLD Metabolic dysfunction–associated steatotic liver disease, NASH Nonalcoholic steatohepatitis, AST Aspartate transaminase, ALT 
Alanine transaminase, GGT  Gamma-Glutamyl Transferase, ALP Alkaline phosphatase, TBil Total bilirubin, DBIL Direct bilirubin, TP Total protein, Alb Albumin, UA Uric 
acid, Chol Cholesterol, LDL Low density lipoprotein, HDL high density lipoprotein. TG Triglyceride, Hb Hemoglobin, WBCs White blood cells. RBCs Red blood cells

P-value < 0.05 indicates significant. Mann–Whitney U test comparison between two groups. P-value < 0.05 indicates significant
a Comparing between NHC vs. MASLD group
b Comparing between NHC vs. NASH group
c Comparing between MASLD vs. NASH group

Parameter NHC (n = 25) MASLD (n = 35) NASH (n = 40) P-value

Blood Glucose & Hemoglobin

 FBS (mg/dL) 112 (21.5) 130 (71)a 143 (88.25)b 0.011

 HA1C (%) 5.6 (0.35) 5.8 (0.9) 5.8 (1.475) 0.467

Renal Function

 Creatinine (mg/dL) 0.77 (0.205) 0.78 (0.15) 0.77 (0.255) 0.358

 Urea (mg/dL) 23 (6.5) 23 (11) 23.5 (12.75) 0.364

 UA (mg/dL) 5.3 (2.0) 5.3 (0.8) 5.3 (2.0) 0.668

Liver Function

 AST (U/L) 16 (8.5) 20 (31) 23 (41) 0.071

 ALT (U/L) 21 (18.5) 24 (15) 30.5 (40.25) 0.136

 TBIL (mg/dL) 0.9 (0.4) 0.98 (0.11) 0.9 (0.1) 0.215

 DBIL (mg/dL) 0.11 (0.035) 0.13 (0.07)a 0.15(0.035)b 0.038

 ALB (g/dL) 3.8 (0.5) 4.2 (1.1) 3.8 (0.775) 0.141

 Glob (g/dL) 3.9 (0.9) 3.1 (1.3)a 3.7 (1.05) 0.016

 TP (g/dL) 7.5 (0.45) 7.5 (0.7) 7.6 (0.55) 0.963

 GGT (U/L) 12.4 (8.5) 23 (41)a 20 (12)b 0.002

Lipid Profile

 Chol (mg/dL) 188 (47) 214 (62)a 207 (45.5)b 0.014

 LDL (mg/dL) 105 (8.5) 99 (45) 102 (28) 0.269

 HDL (mg/dL) 56 (14) 65 (31) 64 (28.5) 0.174

 TG (mg/dL) 123 (25) 116 (27) 123 (35.75) 0.294

Hematological Parameters

 Hb (g/dL) 11.7 (2.8) 12.0 (2.4) 12.8 (2.575) 0.489

 RBC  (106/μL) 4.71 (1.125) 4.71 (0.83) 4.71 (0.98) 0.945

 Platelets  (103/μL) 250 (40) 240 (41) 235 (53.75) 0.103

 WBCs  (103/μL) 6.1 (2.7) 5.8 (2.7) 5.9 (4.15) 0.602
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respectively, demonstrating moderate accuracy. Sensitiv-
ity and specificity were inconsistent, with significant vari-
ability. Secondary bile acids exhibited similarly low AUC 
values, ranging from 0.466 for LCA to 0.571 for TLCA, 
indicating limited differentiation between the condi-
tions (Fig.  2c, d). These findings, suggest that the bile 
acids assessed are not robust biomarkers for distinguish-
ing MASLD from NASH. PCA of these bile acids across 
the studied groups. PCA demonstrated that the first two 
principal components (PC1 and PC2) accounted for 
55.82% of the total variance, with eigenvalues of 5.27 and 
2.54, respectively. Key bile acids, including GCDCA, CA, 
and CDCA, emerged as significant contributors, under-
scoring their potential as biomarkers for differentiating 
NAFLD from the control group (Fig. 3).

Impact of gender, diabetes status, and lipid profile on bile 
acid levels in MASLD and NASH patients
Table 4 presents the analysis of bile acid levels in NAFLD 
(MASLD and NASH) patients across gender, diabetes 
status, and lipid profile, highlighting several key differ-
ences. Significant differences were observed in TDCA 
and TUDCA levels between genders, with females show-
ing higher levels (p = 0.033 and p = 0.037, respectively). 

For diabetes status, CA, CDCA, GCA, and TCDCA lev-
els were significantly different, with the highest levels 
found in the DM group (p < 0.05 for all). Hyperlipidemic 
patients exhibit higher significant differences in bile acids 
CA, LCA, GCA and GUDCA than normolipidemic with 
p < 0.05 for all these bile acids, suggesting that lipid pro-
file substantially impact bile acid metabolism in NAFLD. 
Further correlation analysis between bile acids and lipid 
profile in MASLD and NASH revealed several significant 
associations between some bile acids and lipid profile 
parameters (Table 5).

In the MASLD group, CA and CDCA had strong 
negative correlations with LDL (CA: r = -0.57**, p < 0.01; 
CDCA: r = -0.53**, p < 0.01) and positive correlations 
with HDL (CA: r = 0.57**, p < 0.01; CDCA: r = 0.56**, 
p < 0.01). LCA and GDCA were also negatively correlated 
with LDL (LCA: r = -0.69**, p < 0.01; GDCA: r = -0.41*, 
p < 0.05) and positively correlated with HDL (LCA: 
r = 0.70**, p < 0.01); GDCA: r = 0.39*, p < 0.05). Con-
versely, other bile acids did not show significant correla-
tions with lipid components.

In the NASH group, unconjugated bile acids, CA was 
positively correlated with HDL (CA: r = 0.42**, p < 0.01) 
and negatively correlated with LDL (CA: r = -0.31*, 

Table 3 Comparative Analysis of Bile Acid Profiles Across NHC, MASLD, and NASH Groups

Comparative analysis of bile acid profiles using Kruskal–Wallis and Pairwise comparisons across NHC, MASLD, and NASH Groups: IQR Interquartile rang, K Kruskal–
Wallis test comparison among all groups

NHC Normal healthy control, MASLD Metabolic dysfunction–associated steatotic liver disease, NASH Nonalcoholic steatohepatitis. CA Cholic acid, CDCA 
Chenodeoxycholic acid, DCA Deoxycholic acid, LCA Lithocholic acid, UDCA Ursodeoxycholic acid, GCA  Glycholic acid, GCDCA Glycochenodeoxycholic acid, 
GDCA Glycodeoxycholic acid, GUDCA Glycoursodeoxycholic acid, TCA  Taurocholic acid, TCDCA Taurochenodeoxycholic acid, TDCA Taurodeoxycholic acid, TLCA 
Taurolithocholic acid, TUDCA Tauroursodeoxycholic acid. 1ryU primary unconjugated, 1rygc: primary glycoconjugated, 1rytc primary tauroconjugated, 2ryU secondary 
unconjugated, 2rygc secondary glycoconjugated, 2rytc secondary tauroconjugated
* P-value < 0.05 indicates significant. Mann–Whitney U test comparison between two groups. P-value < 0.05 indicates significant
a Comparing between NHC vs. MASLD group
b Comparing between NHC vs. NASH group
c Comparing between MASLD vs. NASH group

Bile Acid Class NHC
Median (IQR)

MASLD
Median (IQR)

NASH
Median (IQR)

K-Wallis P-value

CA 1ryU 0.130 (0.12) 0.230 (1.55)a 0.410 (1.41)b 0.000

CDCA 1ryU 0.001 (0.000) 0.050 (3.298)a 0.830 (3.29)b 0.000

GCA 1rygc 0.190 (0.165) 0.400 (1.76)a,c 1.770 (4.83)b,c 0.031

GCDCA 1rygc 2.120 (0.3) 3.730 (1.97)a 4.220 (9.14)b 0.000

TCA 1rytc 0.002 (0.015) 0.130 (0.028)a,c 0.310 (0.019)b,c 0.004

TCDCA 1rytc 0.002 (0.059) 3.205 (4.32)a 4.390 (4.40)b 0.000

DCA 2ryU 0.160 (0.06) 0.280 (0.51) 0.335 (0.56) 0.588

LCA 2ryU 0.001 (0.000) 0.030 (0.218)a 0.006 (0.206)b 0.000

GDCA 2rygc 0.060 (0.13) 0.110 (0.168) 0.105 (0.143) 0.447

TDCA 2rytc 0.002 (0.001) 0.002 (0.049) 0.002 (0.002) 0.218

TLCA 2rytc 0.001 (0.000) 0.003 (0.008)a 0.010 (0.468)b 0.000

UDCA 2ryU 0.030 (0.034) 0.002 (0.009) 0.002 (0.059) 0.506

GUDCA 2rygc 0.003 (0.001) 1.200 (1.698)a 1.300 (1.698)b 0.025

TUDCA 2rytg 0.001 (0.001) 0.005 (0.259)a 0.005 (0.039)b 0.000
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p < 0.05). Primary conjugated bile acids GCA, GCDCA 
and TCDCA were positively correlated with cholesterol 
(GCA: r = 0.49**, p < 0.01; GCDCA: r = 0.38*, p < 0.05; 
TCDCA: r = 0.31*, p < 0.05). Secondary bile acids, GDCA, 

and GDUCA were positively correlated with cholesterol 
(GDCA: r = 0.39*, p < 0.01; GDUCA: r = 0.38*, p < 0.05) 
and HDL (GDCA: r = 0.46**, p < 0.01; GUDCA: r = 0.50**, 
p < 0.01) and negatively correlated with LDL (GDCA: 

Fig. 2 ROC Curves for Primary and Secondary Bile Acids in distinguishing healthy controls from MASLD and NASH groups (top) and MASLD 
from NASH bottom). The AUC values indicate the diagnostic accuracy, with sensitivity and specificity providing additional details 
on the effectiveness of each bile acid as a biomarker. The optimal cutoffs are the thresholds that maximize the sum of sensitivity and specificity, 
indicating the most effective point for differentiating the conditions. NHC: Normal healthy control, MASLD: Metabolic dysfunction–associated 
steatotic liver disease, NASH: Nonalcoholic steatohepatitis. CA: Cholic acid, CDCA: Chenodeoxycholic acid, DCA: Deoxycholic acid, LCA: 
Lithocholic acid, UDCA: Ursodeoxycholic acid, GCA: Glycholic acid, GCDCA: Glycochenodeoxycholic acid, GDCA: Glycodeoxycholic acid, GUDCA: 
Glycoursodeoxycholic acid, TCA: Taurocholic acid, TCDCA: Taurochenodeoxycholic acid, TDCA: Taurodeoxycholic acid, TLCA: Taurolithocholic acid, 
TUDCA: Tauroursodeoxycholic acid. 1ryU: primary unconjugated, 1rygc: primary glycoconjugated, 1rytc: primary tauroconjugated, 2ryU: secondary 
unconjugated, 2rygc: secondary glycoconjugated, 2rytc: secondary tauroconjugated
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r = -0.44**, p < 0.01; GDUCA: r = -0.41*, p < 0.05). TUDCA 
positively correlated with cholesterol (r = 0.37*, p < 0.05) 
and HDL (r = 0.38*, p < 0.05). Other bile acids did not 
show significant correlations with any lipid components.

Bile acid levels across fibrosis, inflammation, and steatosis 
grades in NAFLD patients
Table 6 presents a detailed comparison of bile acid levels 
across various stages of fibrosis, inflammation, and stea-
tosis in patients with either MASLD or NASH.

In the context of fibrosis: CA, CDCA and GCA levels 
were significantly higher in the F2-F3 group compared to 
the F0-F1 group (all p < 0.05). No significant differences 
were found for, in the primary conjugated GCDCA, 
TCA, TCDCA, and all the secondaries uncogitated and 
conjugated bile acid DCA, LCA, GDCA, TDCA, TLCA, 
UDCA, GUDCA, and TUDCA (all p > 0.05).

In the context of inflammation GCA, TCA and TLCA 
levels were significantly higher in the A2-A3 group com-
pared to A0-A1 (p < 0.05). In contrast, LCA levels were 
notably higher in A0-A1 compared to A2-A3 but did 
not reach the level of significant (p > 0.05). No significant 

differences were found for CDCA, GCDCA, TCDCA, 
DCA, GDCA, TDCA, UDCA, GUDCA, and TUDCA 
(all p > 0.05).

In the context of steatosis, CA, GCA, TCA, TCDCA, 
and TLCA levels were significantly elevated in the 
G2-G3 group compared to G0-G1 (CA: p = 0.003; GCA: 
p = 0.032). DCA levels were significantly higher in G0-G1 
compared to G2-G3 (p < 0.05). No significant differ-
ences were observed for CDCA, GCDCA, LCA, GDCA, 
TDCA, UDCA, GUDCA, and TUDCA (all p > 0.05).

Predictive value of bile acids for fibrosis, inflammation, 
and steatosis in NAFLD: logistic regression analysis
Table 7 reveals the logistic regression analysis results for 
bile acids as predictors of fibrosis, active inflammation, 
and steatosis in NAFLD patients (MASLD and NASH). 
For fibrosis the analysis identified several bile acids 
with significant associations with fibrosis, CA, CDCA 
and DCA were notable predictors, with CA showing an 
odds ratio of 2.05 (p = 0.02); CDCA had an odds ratio of 
(Exp(B) = 1.58, p = 0.04) and DCA an odds ratio of 2.06 
(p = 0.04).

Fig. 3 Score plot from Principal Component Analysis (PCA) illustrating the separation of bile acid profiles among NHC, MASLD, and NASH groups. 
The x-axis represents the first principal component (PC1), which explains 37.65% of the variance, while the y-axis represents the second principal 
component (PC2), accounting for 18.17% of the variance. The plot shows the distinct clustering of the groups, highlighting the differential bile acid 
signatures that distinguish the groups. The percentage values indicate the proportion of total variance captured by each component. NHC: Normal 
healthy control, MASLD: Metabolic dysfunction–associated steatotic liver disease, NASH, Nonalcoholic steatohepatitis
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Table 5 Correlation Analysis Between Bile Acids and Lipid Profile in MASLD and NASH

Spearman Rank Correlation Coefficients (r) Among Variables Across NHC, MASLD, and NASH Groups

NHC Normal healthy control, MASLD Metabolic dysfunction–associated steatotic liver disease, NASH Nonalcoholic steatohepatitis, CA Cholic acid, CDCA 
Chenodeoxycholic acid, DCA Deoxycholic acid, LCA Lithocholic acid, UDCA Ursodeoxycholic acid, GCA  Glycholic acid, GCDCA Glycochenodeoxycholic acid, 
GDCA Glycodeoxycholic acid, GUDCA Glycoursodeoxycholic acid, TCA  Taurocholic acid, TCDCA Taurochenodeoxycholic acid, TDCA Taurodeoxycholic acid, TLCA 
Taurolithocholic acid, TUDCA Tauroursodeoxycholic acid. 1ryU primary unconjugated, 1rygc primary glycoconjugated, 1rytc primary tauroconjugated, 2ryU secondary 
unconjugated, 2rygc secondary glycoconjugated, 2rytc secondary tauroconjugated
**  Correlation is significant at the 0.01 level (2-tailed)
*  Correlation is significant at the 0.05 level (2-tailed)

MASLD, n = 35 NASH, n = 40

Bile Acid Class Chol LDL HDL TG Chol LDL HDL TG

CA 1ryU 0.22 -0.57** 0.57** -0.12 0.18 -0.31* 0.42** -0.11

CDCA 1ryU 0.15 -0.53** 0.56** -0.12 0.29 -0.29 0.25 0.01

GCA 1rygc 0.14 0.06 -0.07 -0.08 0.49** -0.19 0.28 -0.03

GCDCA 1rygc -0.08 0.00 -0.02 -0.07 0.38* -0.11 0.20 0.15

TCA 1rytc -0.18 0.21 -0.20 -0.29 0.16 -0.01 0.29 0.05

TCDCA 1rytc -0.32 0.32 -0.14 -0.13 0.31* -0.14 0.29 0.13

DCA 2ryU -0.13 -0.24 -0.24 -0.14 0.30 -0.22 0.20 -0.04

LCA 2ryU 0.14 -0.69** 0.70** -0.17 0.29 -0.14 0.32 0.11

GDCA 2rygc -0.09 -0.41* 0.39* -0.16 0.39* -0.44** 0.46** -0.13

TDCA 2rytc 0.27 -0.27 0.29 -0.05 -0.26 0.29 -0.18 -0.04

TLCA 2rytc -0.15 -0.15 0.07 -0.23 0.09 -0.09 0.07 0.05

UDCA 2ryU 0.00 0.28 -0.12 0.03 -0.08 0.08 -0.04 0.03

GUDCA 2rygc -0.13 -0.09 0.28 -0.11 0.38* -0.41* 0.50** -0.09

TUDCA 2rytg 0.15 -0.20 0.01 0.02 0.37* -0.23 0.38* 0.01

Table 6 Comparison of bile acid levels in NAFLD patients categorized by Fibrosis, Inflammation, and Steatosis Grades

Comparison of bile acid levels in NAFLD patients categorized by fibrosis (F0-F1 vs. F2-F3), inflammation (A0-A1 vs. A2-A3), and steatosis (G0-G1 vs. G2-G3) grades. 
Mann–Whitney U test comparison between two groups. indicates significant, data are presented as median (IQR), with P-value < 0.05 indicates the statistical 
significance of differences between groups

CA Cholic acid, CDCA Chenodeoxycholic acid, DCA Deoxycholic acid, LCA Lithocholic acid, UDCA Ursodeoxycholic acid, GCA  Glycholic acid, GCDCA 
Glycochenodeoxycholic acid, GDCA Glycodeoxycholic acid, GUDCA Glycoursodeoxycholic acid, TCA  Taurocholic acid, TCDCA Taurochenodeoxycholic acid, TDCA 
Taurodeoxycholic acid, TLCA Taurolithocholic acid, TUDCA Tauroursodeoxycholic acid. 1ryU primary unconjugated, 1rygc primary glycoconjugated, 1rytc primary 
tauroconjugated, 2ryU secondary unconjugated, 2rygc secondary glycoconjugated, 2rytc secondary tauroconjugated

Fibrosis Inflammation Steatosis

Bile Acid Class F0-F1 F2-F3 P-value A0-A1 A2-A3 P-value G0-G1 G2-G3 P-value

CA 1ryU 0.12 (1.05) 0.41 (1.40) 0.024 0.23 (1.55) 0.41 (1.40) 0.264 0.21 (0.54) 0.41 (0.42) 0.003

CDCA 1ryU 0.06 (3.30) 0.83 (0.29) 0.011 0.05 (3.30) 0.83 (3.29) 0.154 0.05 (3.14) 0.81 (3.32) 0.332

GCA 1rygc 1.57 (3.63) 0.40 (1.35) 0.041 1.77 (4.83) 0.40 (1.76) 0.048 1.27 (1.14) 2.76 (1.06) 0.032

GCDCA 1rygc 4.22 (9.14) 3.73 (1.97) 0.184 4.22 (9.14) 3.73 (1.97) 0.184 3.90 (3.20) 4.13 (3.20) 0.794

TCA 1rytc 0.01 (0.01) 0.00 (0.03) 0.803 0.01 (0.01) 0.04 (0.03) 0.033 0.02 (0.03) 0.04 (0.03) 0.025

TCDCA 1rytc 2.39 (4.11) 3.51 (4.32) 0.247 4.39 (4.30) 3.21 (4.32) 0.247 2.05 (4.35) 4.23 (4.38) 0.034

DCA 2ryU 0.21 (0.31) 0.24 (0.26) 0.890 0.28 (0.51) 0.34 (0.23) 0.890 0.40 (0.57) 0.28 (0.15) 0.047

LCA 2ryU 0.02 (0.29) 0.02 (0.23) 0.609 0.03 (0.19) 0.01 (0.20) 0.609 0.00 (0.19) 0.02 (0.20) 0.840

GDCA 2rygc 0.11 (0.04) 0.11 (0.05) 0.765 0.11 (0.06) 0.11 (0.04) 0.765 0.11 (0.15) 0.10 (0.15) 0.990

TDCA 2rytc 0.01 (0.00) 0.01 (0.00) 0.698 0.00 (0.00) 0.00 (0.00) 0.698 0.00 (0.08) 0.00 (0.00) 0.386

TLCA 2rytc 0.00 (0.42) 0.01 (0.46) 0.286 0.00 (0.02) 0.02 (0.46) 0.026 0.00 (0.01) 0.01 (0.60) 0.049

UDCA 2ryU 0.00 (0.04) 0.00 (0.06) 0.263 0.00 (0.01) 0.00 (0.06) 0.363 0.00 (0.06) 0.00 (0.02) 0.974

GUDCA 2rygc 1.28 (0.39) 1.34 (0.52) 0.673 1.20 (0.50) 1.30 (0.40) 0.673 1.20 (1.74) 0.34 (1.70) 0.950

TUDCA 2rytg 0.01 (0.37) 0.01 (0.14) 0.842 0.01 (0.26) 0.01 (0.04) 0.842 0.01 (0.13) 0.01 (0.24) 0.568
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In terms of active inflammation, GCA was a signifi-
cant predictor (Exp(B) = 1.92, p = 0.03), along with TCA 
(Exp(B) = 1.94, p = 0.02, and TLCA (Exp(B) = 15.95, 
p = 0.03). CDCA did not show a significant association 
with inflammation (Exp(B) = 0.49, p = 0.66).

In the context of steatosis, 1ry bile acids CA, CDCA, 
and GCA, were significant predictors (CA: Exp(B) = 2.62, 
p = 0.048; CDCA: Exp(B) = 1.25, p = 0.017; GCA: 
Exp(B) = 2.92, p = 0.041. Additionally,2ry Bile acid, DCA, 
TDCA, TLCA, UDCA showed a significant association 
and predictor of steatosis DCA: Exp(B) = 3.24, p = 0.042; 
TDCA: Exp(B) = 4.35, p = 0.04; TLCA: Exp(B) = 20, 
p = 0.03); and UDCA (Exp(B) = 20, p = 0.02).

These results highlight the role of specific bile acids, 
such as CA, CDCA and GCA, in predicting NAFLD 
severity, with implications for both fibrosis and steato-
sis. The significant associations of DCA, TDCA, and 
TLCA with steatosis suggest their potential importance 
in hepatic fat accumulation. Additionally, the significant 
correlations of GCA, TCA, and TLCA with inflammation 
suggest their potential utility in predicting liver inflam-
mation activity.

Discussion
This study provides a comprehensive analysis of bile 
acid profiles across the spectrum of NAFLD, from sim-
ple MASLD to the more advanced hepatic inflammation 

in nonalcoholic steatohepatitis (NASH) and fibrosis. 
The findings underscore the critical role of bile acids as 
potential biomarkers in the progression of NAFLD, offer-
ing insights into the metabolic disturbances underlying 
the disease. Significant differences in clinical parame-
ters, such as BMI, gender, and the prevalence of dyslipi-
demia and diabetes mellitus, were observed between the 
NASH and MASLD groups compared to the NHC group. 
These differences align with existing literature that links 
metabolic disturbances, including obesity, dyslipidemia, 
and diabetes mellitus, to the severity of NAFLD, further 
emphasizing the role of these factors in NAFLD progres-
sion [4, 6].

The main finding of the current study is that bile acid 
profiles are significantly altered in NAFLD compared to 
healthy controls, with specific bile acids potentially serv-
ing as biomarkers for distinguishing between healthy 
individuals and NAFLD patients. Additionally, these bile 
acids may have predictive value for the progression of the 
disease, particularly in relation to fibrosis, inflammation, 
and steatosis.

Both primary unconjugated and conjugated bile acids 
were significantly elevated in MASLD and NASH com-
pared to healthy controls, with a particular increase in 
CA, CDCA, GCA, and TCA levels. The minimal differ-
ences between MASLD and NASH in many bile acids 
suggest that these metabolic alterations may occur early 

Table 7 Binary Logistic Regression Analysis for Predicting Fibrosis, Lobular Inflammation, and Steatosis in NAFLD

The binary logistic regression analysis results are presented for three comparisons: fibrosis (F0-1 vs. F2-3), active inflammation (A0-1 vs. A2-3), and steatosis (G0-1 vs. 
G2-3) in NAFLD patients, using various bile acids as predictors

CA Cholic acid, CDCA Chenodeoxycholic acid, DCA Deoxycholic acid, LCA Lithocholic acid, UDCA Ursodeoxycholic acid, GCA  Glycholic acid, GCDCA 
Glycochenodeoxycholic acid, GDCA Glycodeoxycholic acid, GUDCA Glycoursodeoxycholic acid, TCA  Taurocholic acid, TCDCA Taurochenodeoxycholic acid, TDCA 
Taurodeoxycholic acid, TLCA Taurolithocholic acid, TUDCA Tauroursodeoxycholic acid. 1ryU primary unconjugated, 1rygc primary glycoconjugated, 1rytc primary 
tauroconjugated, 2ryU secondary unconjugated, 2rygc secondary glycoconjugated, 2rytc secondary tauroconjugated

 Bile Acid Class Fibrosis
F0-1 vs F2-3

Active inflammation
A0-1 vs A2-3

Steatosis
G0-1 vs G2-3

B Wald Sig Exp(B) B Wald Sig Exp(B) B Wald Sig Exp(B)

CA 1ryU 0.72 1.29 0.02 2.05 0.09 0.02 0.90 1.10 0.96 0.50 0.048 2.62

CDCA 1ryU -0.55 0.93 0.04 1.58 -0.41 0.48 0.49 0.66 0.23 0.09 0.017 1.25

GCA 1rygc -0.08 0.45 0.03 1.92 0.04 0.02 0.04 2.04 -0.09 0.47 0.041 2.92

GCDCA 1rygc -0.20 1.67 0.20 0.82 -0.19 0.89 0.35 0.82 0.14 0.45 0.50 1.15

TCA 1rytc 0.18 1.11 0.29 1.20 -0.06 0.13 0.02 1.94 0.12 0.54 0.46 1.12

TCDCA 1rytc 0.12 0.54 0.47 1.12 0.16 0.98 0.32 1.17 -0.12 0.55 0.46 0.89

DCA 2ryU 0.72 0.31 0.04 2.06 0.37 0.16 0.69 1.45 -1.42 0.71 0.042 3.24

LCA 2ryU -3.63 0.51 0.48 0.03 -0.67 0.40 0.53 0.51 -4.42 0.34 0.56 0.01

GDCA 2rygc -1.66 0.63 0.43 0.19 -0.08 0.00 0.95 0.93 -4.11 3.81 0.05 0.02

TDCA 2rytc -28.9 2.54 0.11 0.00 -1.03 1.24 0.27 0.36 1.47 1.21 0.04 4.35

TLCA 2rytc 2.91 2.70 0.10 18.39 2.77 1.76 0.03 15.95 14.45 2.45 0.03 20

UDCA 2ryU 19.17 0.93 0.34 20 16.48 1.12 0.03 20 17.13 1.19 0.02 20

GUDCA 2rygc 0.31 0.54 0.47 1.37 -0.02 0.00 0.96 0.98 -0.60 1.22 0.27 0.55

TUDCA 2rytg 0.59 1.16 0.28 1.80 0.16 0.14 0.71 1.18 0.85 0.96 0.33 2.34
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in the disease process and persist as NAFLD progresses. 
These results are in line with previous research indicating 
that bile acid metabolism is disrupted in NAFLD, likely 
due to impaired hepatic bile acid synthesis and secretion, 
as well as altered gut microbiota [25–29].

Secondary bile acids also showed significant changes 
across NAFLD groups. Elevated levels of secondary 
bile acids such as LCA, TLCA, GUDCA, and TUDCA 
were observed in both NASH and MASLD compared to 
NHC, reflecting the disruption in bile acid metabolism. 
However, no significant differences were found between 
MASLD and NASH, indicating that secondary bile acids 
might not provide robust differentiation between these 
subtypes. These findings align with Cassey et  al., who 
reported higher total primary bile acids and lower sec-
ondary bile acids in NAFLD patients compared to con-
trols [30]. Gillard et al. also noted variability in bile acid 
levels across NAFLD studies, with some reports showing 
elevated levels and others unchanged [30, 31]. Chen et al. 
(2020) emphasized the role of gut microbiota in altering 
bile acid profiles, which is consistent with the observed 
increase in primary bile acids and decrease in secondary 
bile acids in NASH [27]. The superior diagnostic accu-
racy of primary bile acids compared to secondary bile 
acids likely stems from their central role in bile acid syn-
thesis and regulation within the liver. Primary bile acids, 
such as CA and CDCA, are directly synthesized in the 
liver and are more closely tied to hepatic function and 
metabolic processes that are disrupted early in NAFLD 
[2]. These disruptions manifest as elevated levels of pri-
mary bile acids, making them more reliable biomarkers 
for distinguishing between healthy and diseased states. 
Secondary bile acids, formed through the action of gut 
microbiota, may reflect later or more complex alterations 
in bile acid metabolism that do not differentiate as clearly 
between NAFLD subtypes. Thus, primary bile acids, 
being more indicative of hepatic dysfunction, exhibit bet-
ter diagnostic accuracy in identifying NAFLD [2, 32].

Diagnostic assessments of the discriminative power of 
bile acids through ROC curve analysis and PCA further 
highlight the potential of certain bile acids, especially pri-
mary bile acid CA, CDCA, GCDCA, and TCDCA and 
secondary bile acids LCA and TLCA in distinguishing 
NAFLD patients from healthy individuals with moderate 
sensitivity and high specificity, however, the limited abil-
ity of these bile acids to differentiate between MASLD 
and NASH, for both primary and secondary bile acids, 
suggests that while bile acids are useful in identifying 
the presence of NAFLD, they may not be as effective in 
distinguishing its subtypes. PCA also identified signifi-
cant contributors, including GCDCA, CA, and CDCA, 
indicating their relevance in distinguishing NAFLD from 
healthy states. These results mirror findings from other 

studies that emphasize the metabolic alterations in bile 
acids during NAFLD progression [33]. Notably, both 
ROC analysis and PCA demonstrated limited effective-
ness in differentiating between MASLD and NASH, sug-
gesting these bile acids alone are insufficient for precise 
NAFLD subtyping. This limitation is consistent with 
broader challenges in the field, where a need for more 
specific biomarkers has been frequently noted [34, 35].

The study demonstrated significant bile acid dysregu-
lation in diabetic and pre-diabetic patients, particularly 
elevated levels of CA, CDCA, GCA, and TCDCA, with 
the highest levels observed in diabetic patients. These 
elevations suggest a progressive impairment in bile acid 
metabolism linked to worsening glucose regulation. 
Additionally, hyperlipidemic patients exhibited higher 
levels of CA, LCA, GCA, and GUDCA, highlighting the 
interplay between lipid metabolism and bile acid profiles 
in NAFLD. The presence of elevated bile acids in pre-
diabetic individuals indicates early metabolic changes, 
underscoring their potential as early biomarkers for 
disease progression. These findings align with previ-
ous research, which has reported similar increases in 
unconjugated bile acids, particularly CA, in diabetic and 
pre-diabetic patients [36], and suggest a compensatory 
increase in conjugated bile acids as an adaptive response 
[28, 29, 37–40].

The study also observed gender differences, with female 
patients exhibiting higher levels of TDCA and TUDCA. 
These findings align with the findings of Puri et al., who 
suggested that sex hormones significantly influence bile 
acid metabolism by impacting the enzymes involved in 
bile acid synthesis and clearance. These results under-
score the complexity of bile acid metabolism and high-
light the importance of considering factors such as 
diabetes status, lipid profile, and gender when interpret-
ing bile acid levels in clinical practice [41].

Exploring the relationship between bile acid levels and 
the severity of steatosis, inflammation, and fibrosis in 
NAFLD patients revealed that high levels of CA, GCA, 
TCA, TCDCA, DCA and TLCA, were found to be signif-
icantly associated with of steatosis. Higher levels of GCA, 
TCA, and TLCA were associated with liver inflamma-
tion, however, CA, CDCA, and GCA were significantly 
elevated in patients with advanced fibrosis. The logistic 
regression analysis also identified several bile acids as 
significant predictors of either steatosis, inflammation 
or fibrosis. Elevated CA, CDCA, GCA, TDCA, DCA 
TLCA, and UDCA were found to be significant predic-
tors of steatosis. GCA, TCA and TLCA were identified 
as significant predictors of inflammation. Similarly, CA, 
CDCA, GCA and DCA were identified as significant pre-
dictors of fibrosis, emphasizing their potential utility in 
monitoring disease progression and severity.
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Previous research partially or fully supports such 
associations [41–43]. For instance, Aranha et  al. (2008) 
observed that elevated levels of CA, CDCA, and DCA in 
liver tissue correlated with steatosis and fibrosis in NASH 
patients [44]. Similarly, Puri et  al. (2018) reported that 
increased serum levels of these bile acids were associated 
with steatosis and fibrosis in NAFLD patients, suggest-
ing a role for these bile acids in the early detection and 
progression of the disease [41]. Furthermore, the elevated 
levels of GCA and DCA observed in this study align 
with earlier findings, indicating that these bile acids are 
involved in the pathogenesis of NAFLD and may reflect 
alterations in bile acid metabolism and liver function [27, 
45, 46].

Chen et  al. (2020) highlighted the importance of bile 
acids CA and CDCA in the progression from simple stea-
tosis to more advanced stages of liver disease, emphasiz-
ing their role in the inflammatory and fibrotic processes 
[27]. TLCA, a secondary bile acid, has also been identi-
fied in previous studies as a marker of disease severity. 
Caussy et al. (2019) demonstrated significant changes in 
TLCA levels corresponding with advanced liver fibro-
sis, suggesting that TLCA could be a valuable marker 
for assessing the extent of liver damage [30]. Elevated 
levels of CA, CDCA, and TLCA in this study are con-
sistent with observations from Khalil et  al. (2022), who 
reported that elevated serum levels of these bile acids are 
associated with liver fibrosis and cirrhosis [47]. Addition-
ally, Gottlieb and Canbay (2019) noted that increased 
conjugated bile acids such as TLCA are indicative of 
heightened inflammatory activity, which aligns with our 
findings that these bile acids are significant predictors of 
inflammation [45].

In summary, the study’s findings that CA, CDCA, 
GCA, and DCA are predictors of steatosis, and CA, 
CDCA, TCA, and TLCA are predictors of fibrosis and 
inflammation, underscore the potential utility of these 
bile acids in monitoring the progression and severity of 
NAFLD. These observations are supported by existing lit-
erature, which highlights the role of these bile acids in the 
pathogenesis and progression of liver disease [32, 48, 49]. 
The identification of these bile acids as significant predic-
tors provides valuable insights into their potential use as 
biomarkers for early diagnosis, disease monitoring, and 
therapeutic targeting in NAFLD [50].

Strengths and limitations
The study’s strengths include its comprehensive analy-
sis of bile acid profiles across the spectrum of NAFLD, 
from simple metabolic-associated steatotic liver dis-
ease (MASLD) to advanced nonalcoholic steatohepatitis 
(NASH) and fibrosis. By identifying significant alterations 
in primary and secondary bile acids, the study highlights 

their potential as biomarkers for distinguishing NAFLD 
from healthy controls and predicting disease progression 
[32, 50]. Additionally, the exploration of clinical param-
eters such as BMI, gender, and comorbidities like dia-
betes and dyslipidemia enriches the findings, providing 
insights into the relationship between bile acid metabo-
lism and NAFLD severity. However, this study has sev-
eral limitations. The cross-sectional design limits the 
ability to establish causality between bile acid alterations 
and NAFLD progression. Additionally, while the sample 
size is sufficient for detecting significant differences, it 
may limit the generalizability of the findings. The study 
also did not account for dietary intake or genetic factors, 
which could influence bile acid metabolism [33, 51–53].

In conclusion, this study highlights the significant 
alterations in bile acid profiles in NAFLD and their 
potential utility as biomarkers for disease presence and 
progression. The associations identified between spe-
cific bile acids such as (CA, GCA, TCA, TCDCA, DCA 
and TLCA), and key pathological features like steatosis, 
fibrosis, and inflammation, underscore their relevance as 
indicators of disease severity. The predictive value of CA, 
CDCA, and TLCA for fibrosis and inflammation further 
emphasizes their potential role in monitoring NAFLD 
progression. These findings are consistent with existing 
literature, which underscores the involvement of these 
bile acids in the pathogenesis and advancement of liver 
disease [42, 51]. The identification of these bile acids as 
significant predictors offers valuable insights into their 
potential application in early diagnosis, disease monitor-
ing, and therapeutic targeting in NAFLD. Future research 
should focus on longitudinal studies to track changes in 
bile acid profiles over time and assess their relationship 
with NAFLD progression, as well as evaluate the impact 
of therapeutic interventions on these biomarkers [54].
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