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Abstract

Objective: Metabolomic studies suggest plasma levels of bile acids (BAs) are elevated amongst 

subjects with non-alcoholic fatty liver disease (NAFLD) compared to healthy controls. However, it 

remains unclear whether or not specific BAs are associated with the clinically relevant transition 

from nonalcoholic fatty liver (i.e. simple steatosis) to non-alcoholic steatohepatitis (NASH), or 

enhanced progression of hepatic fibrosis, or genetic determinants of NAFLD/NASH.

Methods: Among sequential subjects (n=102) undergoing diagnostic liver biopsy, we examined 

the associations of a broad panel of BAs with distinct histopathological features of NAFLD, the 

presence of NASH, and their associations with genetic variants linked to NAFLD and NASH.

Results: Plasma BA alterations were observed through the entire spectrum of NAFLD, with 

several glycine conjugated forms of the BAs demonstrating significant associations with higher 

grades of inflammation and fibrosis. Plasma 7-Keto-DCA levels showed the strongest associations 

with advanced stages of hepatic fibrosis [odds ratio(95% confidence interval)], 4.2(1.2–16.4), 

NASH 24.5(4.1–473), and ballooning 18.7(4.8–91.9). Plasma 7-Keto-LCA levels were associated 

with NASH 9.4(1.5–185) and ballooning 5.9(1.4–28.8). Genetic variants at several NAFLD/NASH 

loci were nominally associated with increased levels of 7-Keto- and glycine-conjugated forms of 

BAs, and the NAFLD risk allele at the TRIB1 locus showed strong tendency toward increased 

plasma levels of GCA (p=0.02) and GUDCA (p=0.009).

Conclusions: Circulating bile acid levels are associated with histopathological and genetic 

determinants of the transition from simple hepatic steatosis into NASH. Further studies exploring 

the potential involvement of bile acid metabolism in the development and/or progression of 

distinct histopathological features of NASH are warranted.
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent form of chronic liver 

disease worldwide [1, 2]. NAFLD includes a broad spectrum of histopathologic 

abnormalities, ranging from simple steatosis (non-alcoholic fatty liver) to a more aggressive 

nonalcoholic steatohepatitis (NASH), which is characterized by steatosis, hepatocellular 

ballooning and inflammation, often with accompanying fibrosis, cirrhosis, and heightened 

risk for hepatocellular carcinoma [3]. Only a subset of subjects with simple steatosis will 

progress to NASH and cirrhosis through unclear mechanisms. Early detection of the 

transition from steatosis to NASH, and improved understanding of possible mechanisms 

involved are critical to the development of therapeutic interventions [4, 5].

Several mechanisms are believed to contribute to the progression of NAFLD [6, 7], from 

insulin resistance, to altered lipid metabolism, release of cytokines from adipocytes, and 

changes in gut-microbial composition [8, 9]. Genetic variants associated with NAFLD 

susceptibility have also recently been identified, and suggest numerous links to various 

aspects of lipid metabolism [10–14]. Despite intense interest in the mechanisms potentially 

contributing to development of NASH, examination of the association between NAFLD 

genetic susceptibility loci and systemic levels of BAs has not yet been reported. Increased 

circulating levels of bile acids (BAs) have been associated with the major risk factors for 

NAFLD, including insulin resistance and type 2 diabetes mellitus (T2DM) [15, 16]. 

Furthermore, initial metabolomic studies have shown global alterations in BA composition 

in individuals with either simple steatosis or NASH in comparison to healthy controls [9, 17, 

18]. BAs have similarly been studied as a potential therapeutic target in NAFLD [19–21], 

given their signaling properties, including activation of the nuclear receptor, farnesoid X 

receptor (FXR), and the membrane Takeda G-protein coupled receptor 5 (TGR5) [22–26].

Despite intense interest in BAs and NASH, the potential association of structurally specific 

molecular species of BAs during the clinically relevant progression of simple steatosis into 

NASH remains largely unexplored. Moreover, the association of previously identified 

genetic variants associated with risk for NASH [14, 27–29] with BA signatures linked to 

histopathological contributors of NASH similarly remains unknown. BAs represent a large 

and diverse group of compounds whose analytical quantification can pose significant 

difficulties. We recently reported the development and use of a quantitatively robust stable 

isotope dilution liquid chromatography with on-line tandem mass spectrometry 

(LC/MS/MS) approach to enable simultaneous quantification of a large panel of primary and 

secondary BAs in biological matrices [30]. Herein we utilize this targeted metabolomic 

approach to interrogate the association of multiple specific molecular species of BAs with 

histopathological indices of hepatocellular fibrosis, advanced steatosis, ballooning and 

inflammation, in combination with exploration of their association with known genetic 

variants for NAFLD and NASH.
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2. MATERIALS & METHODS

2.1. Patient characteristics and sample collection

Study protocols were approved by the Institutional Review Board of Cleveland Clinic. 

Written informed consent was obtained from all study participants. Our NAFLD cohort 

consisted of 102 consecutive patients from whom venous blood was drawn after an 

overnight fast on the day of elective diagnostic liver biopsy procedure at the Cleveland 

Clinic. Demographic, clinical, and laboratory data were obtained for each patient. Plasma 

was obtained by centrifugation of blood samples for 10 min at 1500×g at 4 °C and was 

immediately stored at −80 °C until further analyses. Patients were between 27 and 77 years 

of age and reported less than 20 grams/day of alcohol consumption for males and less than 

10 grams/day for females. Patients with other liver diseases, including viral, drug-related, 

autoimmune, and metabolic/genetic liver diseases (e.g. hepatocellular carcinoma, viral 

hepatitis, hemochromatosis, Wilson’s disease and alpha-1 antitrypsin deficiency), were 

excluded from the study. Histologic scoring was done using the Nonalcoholic Steatohepatitis 

Clinical Research Network Histologic Scoring System [21]. According to this scoring 

system, the degree of steatosis, liver injury, and inflammatory activity are measured using a 

graded scale (steatosis, 0–3; lobular inflammation, 0–3; and ballooning, 0–2). The NAFLD 

activity score (NAS) is the unweighted sum of steatosis, lobular inflammation, and 

hepatocellular ballooning score. Definite NASH was defined by an NAS score ≥5, the 

presence of ballooning, and a pathological interpretation. Simple steatosis was defined by an 

NAS <3, and borderline NASH was defined by a NAS of 3–4 with ballooning. Patients were 

stratified according to the degree of fibrosis on liver biopsy as no fibrosis (F0) and those 

with fibrosis (F1–4). Clinical laboratory studies were performed on a Roche Cobas C311 

analyzer, and complete blood cell count and differential were determined using a Bayer 

Advia hematology analyzer. A random sampling (n=50) of healthy control subjects (from a 

larger study designed to enroll healthy controls, and in which documented normal liver 

ultrasound was performed) were also analyzed for the BA panel LC/MS/MS analysis. To be 

considered for BA analysis as a control, subjects had to be healthy and without medical 

history of cardiovascular or metabolic disease (e.g. diabetes, chronic kidney disease), not on 

any chronic medications, and upon laboratory testing of plasma, confirmed to have normal 

liver function test panel (aspartate transaminase (AST), alanine transaminase (ALT), total 

bilirubin), basic metabolic panel, lipid profile and hemoglobin A1C.

2.2. Bile acid profiling

Stable isotope dilution LC/MS/MS was used for quantification of plasma BAs, as recently 

described [30]. Briefly, internal standard (IS) solution was prepared in methanol (IS 

composition: 0.1 μM each of D4-glycolithocholic acid, D4-glycoursodeoxycholic acid, D4-

glycodeoxycholic acid, D4-glycocholic acid, D4-taurolithocholic acid, D4-

tauroursodeoxycholic acid, D4-taurochenodeoxycholic acid, D4-taurodeoxycholic acid, and 

D4-taurocholic acid; 0.2 μM each of D4-lithocholic acid, D4-chenodeoxycholic acid, D4-

deoxycholic acid, and D4-cholic acid; and 0.4 μM of D4-glycochenodeoxycholic acid). 

Plasma samples (20 μl) were mixed with ice-cold methanolic IS solution (80 μl), vortexed, 

and centrifuged at 4 °C, at which point the supernatant was transferred to HPLC vials for 

analysis. The LC/MS/MS system consisted of 4000 Q-Trap triple quadrupole tandem mass 
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spectrometer (AB SCIEX, MA, USA), four binary pumps (LC-20 AD), autosampler 

operating at 10 °C (Nexera X2 SIL-30AC), controller (CBM-20A) (Shimadzu Scientific 

Instruments, Inc., MD, USA), and a dual column switching valve system Rheodyne (IDEX 

Health & Science, MA, USA). Analyses were performed using electrospray ionization in 

negative-ion mode with multiple reaction monitoring (MRM) of characteristic precursor and 

product ions for each BA. Chromatographic separations were performed on a reverse phase 

column (Kinetix C18, 2.6 μm, 150 mm × 4.6 mm ID; catalog # 00F-4462-E0; Phenomenex, 

Torrance, CA). Mobile phase A was 1 mM ammonium acetate and 0.1 % acetic acid in 

methnol:acetonitrile:water (1:1:3; v/v/v), and mobile phase B was 0.1 % acetic acid in 

methanol:acetonitrile:2-propanol (4.5:4.5:1; v/v/v). Injection volume was 10 μL.

Bile acids pools reported were defined as follows: Total 1° BA = the sum of taurocholic acid 

(TCA) + taurochenodeoxycholic acid (TCDCA) + glycocholic acid (GCA) + 

glycochenodeoxycholic acid (GCDCA) + glycohyocholic acid (GHCA) + chenodeoxycholic 

acid (CDCA) + cholic acid (CA) + hyocholic acid (HCA); Primary (1°) Conjugated BA = 

the sum of TCA + TCDCA + GCA + GCDCA + GHCA; 1° Free BA = CA + CDCA; 

Glycine 1° BA = the sum of GCA + GCDCA + GHCA; Taurine 1° BA = the sum of TCA + 

TCDCA; Total Secondary (2°) BA = the sum of deoxycholic acid (DCA) + 

glycodeoxycholic acid (GDCA) + taurodeoxycholic acid (TDCA) + lithocholic acid (LCA) 

+ glycolithocholic acid (GLCA) + taurolithocholic acid (TLCA) + lithocholic acid-3-sulfate 

(LCA 3-Sulfate) + Isolithocholic acid (Iso-LCA) + ursodeoxycholic acid (UDCA) + 

glycoursodeoxycholic acid (GUDCA) + tauroursodeoxycholic acid (TUDCA) + 

hyodeoxycholic acid (HDCA) + glycohyodeoxycholic acid (GHDCA) + 7-Ketodeoxycholic 

acid (7-Keto-DCA) + 3-Ketodeoxycholic acid (3-Keto-DCA) + 7-Ketolithocholic acid (7-

Keto-LCA) + Isodeoxycholic acid (Iso-DCA); Total BA = the sum of Total 1° BA + Total 2° 

BA; 2° Conjugated BA = the sum of GDCA + TDCA + GLCA + TLCA + GUDCA + 

TUDCA + GHDCA; 2° Free BA = the sum of DCA + LCA + LCA 3-Sulfate + Iso-LCA + 

UDCA + HDCA + 7-Keto-DCA + 3-Keto-DCA + 7-Keto-LCA + Iso-DCA; Glycine 2° BA 

= the sum of GDCA + GLCA; Taurine 2° BA = the sum of TDCA + TLCA; 2° Free BA = 

the sum of DCA + LCA, 2° Conjugated BA = the sum of GLCA +TLCA + GDCA + TDCA; 

Total CDCA = the sum of CDCA + GCDCA + TCDCA; Conjugated CDCA = the sum of 

GCDCA + TCDCA; Total CA = the sum of CA + TCA + GCA; Conjugated CA = the sum 

of TCA + GCA; Total DCA = the sum of DCA + GDCA + TDCA; Total LCA = the sum of 

LCA + GLCA + TLCA; Total ursodeoxycholic acid (UDCA) = the sum of UDCA + 

GUDCA + TUDCA; Total hyocholic acid (HCA) = the sum of HCA + GHCA.

2.3. Evaluation of genetic variants for association with BAs.

Twelve variants previously identified through genome-wide association studies (GWAS) for 

NAFLD, NASH, or for NAFLD-related traits, such as alcoholic fatty liver disease or blood 

levels of enzymes used to evaluate liver function [10], were selected for association testing 

with plasma BA levels. These analyses were carried out in the GeneBank Study 

(ClinicalTrials.gov Identifier: NCT00590200), a cohort of sequential stable subjects 

undergoing elective diagnostic coronary angiography at the Cleveland Clinic. Genotypes for 

rs12137855 (LYPLAL1), rs1260326 (GCKR), rs2241766 (ADIPOQ), rs1800591 (MTTP), 

rs4240624 (PPP1R3B), rs2954021 (TRIB1), rs11597086 (ERLIN1–CHUK–WF19L1), 
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rs174546 (FADS1), rs7946 (PEMT), rs641738 (MBOAT7), rs58542926 (TM6SF2), and 

rs738409 (PNPLA3) were obtained for GeneBank subjects of European ancestry (n=1840) 

profiled on either the Affymetrix 6.0 GeneChip or Illumina Infinium Global Screening Array 

for whom plasma BA species were quantified by stable isotope dilution LC/MS/MS, as 

described above [30]. Linear regression analysis for each BA was carried out using natural-

log or normal inverse transformed values, with adjustment for age and sex (STATA v15.0, 

StataCorp LP, Texas, USA). Associations were considered significant at a Bonferroni-

corrected threshold of p<4.2×10−3 (0.05/12 SNPs).

2.4. Statistical Analysis

Primary and secondary BAs were detected and quantified in plasma samples of NAFLD 

patients. BA concentrations were calculated as median values (25th, 75th percentiles), and 

categorical variables were shown as counts and percentages. The statistical significance of 

the change between groups was determined by the Mann-Whitney test after normality 

testing. Significance of change across the groups was determined by the Kruskal-Wallis test 

with post hoc analysis using Dunn’s test (after the normality test), and by test for trend for 

increasing BAs or BA pools within each group; p < 0.05 deemed to be significant. 

Calculated p values were further adjusted for multiple testing, where indicated, by false 

discovery rate (FDR). Odds ratios (95% confidence intervals) unadjusted and adjusted by 

multivariable logistic regression model (adjusted for age, gender, body mass index (BMI), 

homeostatic model assessment for insulin resistance (HOMA-IR), and alanine 

aminotransferase (ALT)). Statistical analyses were performed with GraphPad Prism 8.0 

(GraphPad Software, Inc., San Diego, CA), R (R-3.4.4 for Windows 64 bit) and XLSTAT 

version 2019 complete statistical add-in for Microsoft Excel®.

3. RESULTS

3.1. Clinical and histologic characteristics of the NAFLD patients, and summary BA 
results

A total of 102 participants with biopsy-proven NAFLD underwent fasting plasma BA 

assessment for the entire spectrum of NAFLD phenotypes. Participants (>85% Caucasian) 

had a mean (± S.D.) age of 52.3 (±10.6) years and a mean BMI of 32.8 ± 5.8 kg/m2. 

Clinical, demographic, biochemical, and histological data of this cohort are provided in 

Supplementary Tables 1 and 2. All participants had biopsy proven liver steatosis, 59% had 

hepatocellular ballooning, and histological evidence (any stage) of inflammation and fibrosis 

were observed in 86% and 73%, respectively. According to the NASH Clinical Research 

Network scoring system, 30% of participants had simple steatosis, 43% had borderline 

NASH and 27% had definite NASH. Patients with fibrosis had significantly decreased 

plasma total cholesterol and LDL cholesterol levels, higher AST/ALT ratio and were 

significantly older (P<0.05, each). When compared to healthy control subjects (n=50) 

(Methods), individuals in the NAFALD cohort had significantly higher levels of almost all 

tested circulating BAs, as demonstrated in Table 1 and Supplementary Tables 3 and 4. 

Collectively, these results demonstrated a generalized significant elevation in circulating 

levels of the majority of BA molecular species among subjects with NAFLD compared to 

healthy controls.
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To aid in tracking the overall results, Table 2 summarizes the major findings of our studies, 

indicating the BAs whose circulating levels showed significant associations with more 

advanced stages of one or more histopathological features of NAFLD/NASH, as discussed 

in the detailed analyses that follow.

3.2. Hepatic fibrosis is associated with larger circulating BA pool size, especially glycine 
conjugated primary Bas

To gain further insights into the relationship between BAs and NAFLD, we first evaluated 

BA patterns with severity of liver fibrosis amongst patients with NAFLD. Individuals with 

liver fibrosis (F1–F4) had higher levels of total plasma BA pool (p=0.03 vs no-fibrosis (F0); 

Supplementary Table 5). Given that we analyzed several dozen structurally specific 

individual BAs, for all analyses we also performed statistical adjustments for multiple 

testing (Methods), and observed a strong trend for higher total BA levels with higher indices 

of fibrosis (false discovery rate (FDR) p=0.08, Supplementary Table 5). In addition, the 

plasma concentration of total BAs showed a dose-dependent association with worsening 

stages of fibrosis (p=0.03 (KW)), which again showed strong trend but failed to meet 

significance after adjustment for multiple testing (FDR p=0.07 (KW), Fig. 1A and 

Supplementary Fig. 1). A significant proportion of the elevated plasma levels of total BAs 

noted with advancing stages of hepatic fibrosis was due to higher levels of primary BAs 

(p=0.003 and FDR adjusted p=0.02 for comparison of patients with versus without fibrosis; 

Supplementary Table 5). In contrast, secondary BAs showed no difference between the 

groups (p=0.48 fibrosis vs no-fibrosis; Supplementary Table 5). The increase in total 

primary BAs with worsening fibrosis was primarily due to glycine conjugated primary BAs 

(glyco-BAs) (p=0.005 (KW), Supplementary Fig. 1). In particular, glycochenodeoxycholic 

acid (GCDCA), and glycocholic acid (GCA) showed strong association with advancing 

fibrosis grade (p=0.003 (KW)/p=0.003 (for trend) and p=0.04 (KW)/p=0.001 (for trend), 

respectively, Fig. 1B). Also of interest, two specific secondary BAs, 7-Keto-deoxycholic 

acid (7-Keto-DCA; p=0.006 (KW) and p=0.0001 (for trend)) and glycoursodeoxycholic acid 

(GUDCA; p=0.02 (KW) and p=0.004 (for trend)), derived from cholic acid (CA) and 

chenodeoxycholic acid (CDCA), respectively, were significantly associated with advancing 

fibrosis (Fig. 1B). For each of the above indicated BAs, dose dependent associations with 

fibrosis level remained significant following adjustment for multiple testing (FDR adjusted p 

for trends of p=0.02 for GCDCA, p=0.01 for GCA, p=0.0001 for 7-Keto-DCA and p=0.02 

for GUDCA). In summary, advancing histological grade of hepatic fibrosis was 

characterized by higher circulating levels of two glycine conjugated primary BAs (GCDCA 

and GCA) and two secondary BAs (7-Keto-DCA and GUDCA.

3.3. Plasma level of 7-Keto secondary BAs are associated with NASH versus simple 
steatosis

We then evaluated BA distribution amongst NAFLD patients with simple steatosis, 

borderline, and definite NASH. Plasma BA pools in NASH vs no-NASH are summarized in 

Supplementary Table 5 (note – all “no-NASH” subjects still have NAFLD; i.e. do not 

include the healthy controls). Levels of total plasma BAs, primary BAs, or glycine 

conjugated primary BAs did not differ significantly in individuals with NASH vs no-NASH 

(p=0.93, p=0.80 and p=0.76, respectively, Supplementary Table 5). However, when 
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compared to individuals with simple steatosis (NAS=1–2), patients with borderline NASH 

(NAS=3–4) had higher levels of total BAs, total primary BAs, and primary glycine 

conjugated BAs. There was no difference in levels of total BAs, total primary BAs, or 

primary glycine conjugated BAs between individuals with simple steatosis and those with 

definite NASH (NAS=5–8) (Fig. 2A and Supplementary Fig. 2) Among individual BA 

molecular species, two secondary BAs, 7-Keto-DCA (p<0.001) and 7-Keto-lithocholic acid 

(7-Keto-LCA; p=0.01), were higher in patients with definite NASH, with elevated 7-Keto-

DCA levels remaining significant following multiple testing (FDR adjusted p=0.002, 

Supplementary Table 6). Both of these keto BAs are formed by one-step microbial 

transformation involving 7-dehydrogenation of the sterol ring of their corresponding 

precursor primary BAs, CA and CDCA, respectively. Plasma levels of both 7-Keto-DCA 

and 7-Keto-LCA were also associated with increasing NAS score (p<0.0001 and p=0.04 

(KW), respectively, Fig. 2B), with 7-Keto-DCA remaining significant following multiple 

testing adjustments (FDR adjusted p<0.001 (KW)). In summary, subjects with NASH 

compared to early stage NAFLD (simple steatosis) are characterized by increased levels of 

two specific keto-BAs, 7-Keto-DCA and 7-Keto-LCA.

3.4. Association of structurally-defined plasma BAs with inflammation, ballooning, 
hepatic steatosis, and metabolic phenotypes/diseases

We next examined the association of total plasma BA pools and individual BAs with specific 

histological components of NAFLD, namely, steatosis, lobular inflammation, and 

hepatocellular ballooning. Inflammation, similar to fibrosis, was associated with increased 

total BAs (p=0.004 and p(FDR)=0.02) (Supplementary Table 7). Further, plasma levels of 

primary BAs, but not secondary BAs, were significantly associated with advancing grades of 

inflammation (Fig. 3, Supplementary Table 7). Among the primary BAs, elevated total 

glycine and taurine conjugated (tauro) primary BAs were significantly associated with 

lobular inflammation (p(FDR)=0.02 and p(FDR)=0.02, respectively; Supplementary Table 

7). Concentrations of total BAs, total primary BAs, and total primary glyco- and tauro- BAs 

were also higher with greater inflammation grade (all p(FDR)=0.049, KW) (Fig. 3A). 

Further examination of the individual BAs showed higher plasma levels of GCA (p=0.01), 

taurocholic acid (TCA; p=0.006), GCDCA (p=0.007), and taurochenodeoxycholic acid 

(TCDCA; p=0.02) were observed in patients with (versus without) histological evidence of 

inflammation, and with increasing inflammation grade (Fig. 3B, Supplementary Table 8).

Hepatocellular ballooning was not associated with statistically significant differences 

amongst BAs combinations (total, primary, secondary, glycine conjugated, taurine 

conjugated; Supplementary Table 7), but was associated with elevated plasma levels of 7-

Keto-DCA (p<0.0001), 7-Keto-LCA (p=0.006), and their corresponding 6-OH isomers 

isodeoxycholic acid (Iso-DCA; p=0.03) and isolithocholic acid (Iso-LCA; p=0.03), 

respectively (Fig. 4A), with 7-Keto-DCA remaining significantly associated with ballooning 

even following adjustment for multiple testing (p(FDR)=0.0003). A stepwise increase in 

plasma concentration of 7-Keto-DCA and 7-Keto-LCA were each associated with advancing 

hepatocellular ballooning grade (Fig. 4B). We further stratified NAFLD patients into mild 

hepatic steatosis (G1) vs moderate-severe steatosis (G2,3) to assess changes in BA levels in 

relation to severity of hepatic steatosis. Patients with moderate-severe steatosis, when 
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compared to mild steatosis alone, had no significant difference in any of the circulating BA 

pools (Supplementary Table 7), but had significantly higher plasma levels of secondary 7-

Keto-LCA (p=0.03; Fig. 4C). The plasma level of 7-Keto-LCA was associated with greater 

histologic grade of hepatic steatosis (p=0.03 (KW); Fig. 4D), but this association failed to 

remain significant after multiple testing adjustments.

Thus far, our observations show an association between specific BA patterns and progression 

of NAFLD. Elevated levels of BAs were also reported in individuals with type 2 diabetes, as 

well as individuals with insulin resistance [30]. Insulin resistance is a common abnormality 

in NAFLD [31], and it is considered to be one of the multiple hits that contributes to 

progression from simple steatosis to NASH [7, 16, 32]. In the current NAFLD cohort, we 

observed significant correlations between fasting plasma insulin levels and total primary 

glycine and taurine BAs (Supplementary Table 9), as well as individual BAs: 7-Keto-DCA, 

TCA, TDCA, GDCA and GLCA (Fig. 5). Total conjugated BAs, 7-Keto-DCA, GDCA, and 

GLCA were also significantly associated with HOMA-IR (homeostatic model assessment of 

insulin resistance; Fig. 5; Supplementary Table 9). Components of metabolic syndrome that 

are significantly associated with NAFLD and risk factors were also significantly correlated 

with BA concentrations (Fig. 5 and Supplementary Table 9). In summary, amonst subjects 

with NAFLD, heightened hepatic inflammation was characterized with higher circulating 

levels of glycine and taurine conjugated primary BAs (GCA, TCA, GCDA and TCDCA), 

histopathological evidence of ballooning with elevated 7-Keto-DCA, 7-Keto-LCA and their 

corresponding isomers (Iso-DCA and Iso-LCA), while enhanced degrees of hepatic steatosis 

was characterized by higher plasma levels of 7-Keto-LCA.

3.5. Overall summary of relationship between elevated plasma levels of individual 
molecular species of BAs and histopathological features of NASH

To better visualize the associations of fasting plasma levels of individual and combined 

plasma pools of BAs with severity of histopathological features of NAFLD, logistic 

regression models were constructed to determine the odds and 95% confidence intervals of 

elevated levels (4th vs 1st quartile) of each BA (Fig. 6) and circulating BA pools 

(Supplementary Fig. 4) versus the presence of fibrosis, definitive diagnosis of NASH 

(NAS≥5), or the presence of inflammation, ballooning or steatosis. In addition, models were 

adjusted for comorbidities and diagnostic laboratory analyses associated with NASH 

including age, gender, body mass index (BMI), ALT (alanine aminotransferase), and 

HOMA-IR. Fibrosis was associated with higher total BAs, total primary BAs, specifically 

glycine-primary BAs (Supplementary Fig. 4), and among the individual BAs, GDCA, GCA, 

7-Keto-DCA and GUDCA. While the total level of primary conjugated, primary-glycine-

BAs, GDCA and 7-Keto-DCA were significantly associated with severity of fibrosis, after 

adjustment, total BAs, GCA, and GUDCA were no longer significantly associated with 

severity of fibrosis (Fig. 6). Simple steatosis versus NASH was significantly associated with 

elevated levels of 7-Keto-derived secondary BAs, 7-Keto-DCA and 7-Keto-LCA both before 

and following comorbidity and laboratory studies adjustments (Fig. 6 and Supplementary 

Fig. 4). The patterns observed between BA molecular species and heightened levels of 

lobular inflammation were on the whole similar to those observed for fibrosis (Figs. 6, and 

S4). After adjusting for age, gender, BMI, ALT, and HOMA-IR, only total conjugated BAs, 
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total primary BAs, and conjugated CA (GCA and TCA) stayed significantly associated with 

lobular inflammation (Fig. 6 and Supplementary Fig. 4). The patterns observed between 

higher levels of specific BAs and likelihood of NASH, and advanced ballooning, followed 

similar patterns (Figs 6 and Supplementary Fig. 4). Among the BAs associated with 

hepatocellular ballooning (7-Keto-DCA, 7-Keto-LCA, Iso-LCA and Iso-DCA), 7-Keto-BAs 

were significantly associated with the presence and severity of hepatocyte ballooning after 

adjustments, while neither the plasma BA pools nor individual BAs were significantly 

associated with steatosis after adjustments (Fig. 6 and Supplementary Fig. 4). Collectively, 

our results show all conjugated primary BAs (GCA, TCA, GCDCA and TCDCA) were 

associated with hepatic inflammation, while glycine conjugate primary BAs (GCA and 

GCDCA) also showed association with fibrosis. In addition, Iso-DCA and Iso-LCA were 

associated with ballooning and GUDCA with fibrosis. Most notably, plasma levels of 7-

Keto-BAs were dose dependently associated with NASH and ballooning, with 7-Keto-DCA 

levels also showing association with increasing stages of hepatic fibrosis.

3.6. Association of NAFLD and NASH genetic variants with fasting plasma BA levels.

We next examined whether previously reported genetic determinants of NAFLD, NASH, or 

related traits, such as liver enzymes levels or alcoholic fatty liver disease, were associated 

with plasma BA levels, as described under Methods. Since genotype data were not available 

in the 102 participants with biopsy-proven NAFLD and power to detect associations would 

be very limited due to the small sample size, we used the GeneBank cohort (n=1,840) for 

genetic analyses. These analyses also focused on the eight BAs shown to be associated with 

fibrosis, inflammation, ballooning, and/or NASH (Fig. 7), and tested 12 variants previously 

identified through genome wide association studies (Supplementary Table 10). Of the 12 

regions tested, variants at five loci, including PPP1R3B, TRIB1, and LYPLAL1, yielded 

nominal associations (P<0.05) with 7-Keto-DCA, GCA, GUDCA, and Iso-DCA. 

Interestingly, both GCA and GUDCA were higher in carriers of the risk allele rs2954021 

(A) at the TRIB1 locus (Table 3). Except for variants at the PPP1R3B and PNPLA3 loci, 

NAFLD/NASH risk alleles were associated with increased BA levels, consistent with the 

positive clinical association of these BAs with histological features and severity of NAFLD 

and NASH.

4. DISCUSSION

Despite the growing interest in metabolomics as a discovery tool in studies focused on 

NAFLD and NASH, studies employed thus far, for the most part, have not utilized 

quantitative stable isotope dilution LC-MS/MS approaches to examine the association 

between plasma levels of distinct molecular species of BAs and the clinically relevant 

transition between simple steatosis, and various histopathological indices related to NASH. 

In addition, the limited studies present thus far have typically used semi-quantitative 

approaches, or predominantly focused on comparisons of healthy controls versus NAFLD or 

NASH [9, 17, 18, 33, 34]. Finally, the association of BAs with previously identified genetic 

variants associated with risk for NASH remains unknown. In the present study, we used a 

robust and validated stable isotope dilution LC/MS/MS method to investigate the association 

between plasma levels of BAs and various histological components of NAFLD/NASH 
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(fibrosis, inflammation, ballooning and steatosis) in a large, well-characterized cohort of 

patients with biopsy-proven NAFLD. Our major findings are summarized in Fig. 7. Plasma 

levels of the secondary BAs 7-Keto-DCA and 7-Keto-LCA were dose dependently related to 

ballooning and NASH, while the levels of conjugated primary BAs were related to 

inflammation and fibrosis. Others have reported increased TCA and GCA in NAFLD 

patients with fibrosis stages F0–F1 vs F≥2 [34], and elevated total BAs across the F0–F4 

[35]. Our observations are consistent with these reports, yet substantially extend these data 

to both identify specific molecular species whose levels are associated with distinct 

histopathological features of NASH (Figure 7). Moreover, our studies show that the total 

plasma BA pool is related to the fibrosis stages. By comparison, a large Chinese study did 

not observe an association of total BAs, as measured by an enzymatic assay, with 

ultrasound-based diagnoses of NAFLD [36]. However, differences in the ethnicities of 

patients (European vs. Asian), our LC/MS/MS method to quantify BAs, and most 

importantly, our reliance on hepatic biopsy proven NAFLD and NASH likely account for the 

observed differences. Importantly, our use of liver biopsy proven NAFLD and NASH 

classification enabled discovery of BA molecular species whose circulating levels are dose 

dependently related to histological features of NAFLD/NASH. We also observed that of the 

glycine conjugated primary BAs (GCDCA and GCA), GCDCA remained significantly 

associated with fibrosis after adjusting for the predefined multiple risk factors for NAFLD. 

Interestingly, the increase in individual tauro- primary BAs were associated with severity of 

lobular inflammation but not with the stage of fibrosis. The cause for the association 

between elevated plasma levels of the observed BAs amongst subjects at risk for progression 

of NAFLD, especially with heightened stage of inflammation and severe fibrosis stages, is 

unknown.

In contrast to a previous report of an inverse correlation between total free secondary BAs 

and fibrosis score in NAFLD patients [35], by examining individual molecular species of 

BAs in detailed fashion, we observed patterns of specific BA metabolic pathways associated 

with distinct aspects of NAFLD of interestaore advanced fibrotic disease, suggesting 

possible therapeutic targets for future investigation. For example, an increase in 7-Keto-

DCA with more severe fibrosis was observed. 7-Keto-DCA, synthetized by microbial 7α-

hydroxysteroid dehydrogenase (7α-HSDH) from CA, was associated with worsening 

severity of NAFLD. 7-Keto-LCA, BAs generated by the same enzyme as the primary BA 

CDCA, was also associated with progression of NASH, hepatocellular ballooning, and 

steatosis. These observations suggest that a common biochemical signature of NAFLD 

progression is increased circulating levels of 7-Keto-BA. It is possible that increased 

circulating 7-Keto-BA levels amongst those with more advanced NAFLD may be due to 

heightened microbial production of this BA, either due to an increase in substrate (CA) 

availability to the microbes as subjects with NAFLD have been reported to have increased 

CA and CDCA in feces, and/or a shift in microbial community structure (dysbiosis), which 

also has been reported in subjects with NAFLD or NASH [37]. In addition to oxidation on 

position 7 to generate 7-Keto-BA, BAs can lose the same hydroxyl group by gut microbiota 

via a multi-step reaction to generate DCA and LCA from CA and CDCA, respectively. Both 

DCA and LCA can further undergo isomerization of the hydroxyl group at position 6 and 

form Iso-DCA and Iso-LCA, respectively. Consistent with this interpretation, both Iso-BAs 
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in our cohort were related to higher hepatocyte ballooning grade (Fig. 7). Moreover, elevated 

plasma levels of GUDCA reflect the intestinal conversion of GCDCA excess to their 

respective hydrophilic UDCA conjugate [33] in more severe forms of NAFLD to moderate 

BA mediated hepatotoxicity.

It is notable that recently, obeticholic acid (6α-ethyl-chenodeoxycholic acid), a semi-

synthetic primary bile acid analogue, is being evaluated by the FDA for NASH [38, 39]. 

Obeticholic acid is a highly selective agonist of liver nuclear BA receptor; farnesoid X 

receptor (FXR). It has been found that activation of FXR by BAs will decrease hepatic lipid 

synthesis and plasma triglycerides, and will also promote insulin sensitivity by decreasing 

gluconeogenesis [40, 41]. In addition, FXR regulates other pathways with direct anti-

inflammatory and anti-fibrotic effects that make obeticholic acid effective in reversing 

NASH and reducing fibrosis [19]. The numerous BA profile changes observed in the present 

studies further raise the question of whether associations observed are a consequence of the 

disease, versus a contributor to the disease – and the reported clinical beneficial effects of 

obeticholic acid therapy on NASH progression argues for a possible causal contribution.

Since clinical association studies cannot directly address cause vs effect, we sought to 

determine if genetic variants previously reported to increase susceptibility to NAFLD and 

NASH were associated with any of the candidate molecular species of BAs whose 

circulating levels are associated with histopathological features of NASH. Evaluation of 

genetic susceptibility factors for NAFLD/NASH revealed multiple directionally consistent 

associations with increased plasma levels of several of the eight clinically relevant BAs 

(Table 3). In particular, 7-Keto-DCA, which showed multiple significant associations 

including hepatic fibrosis, NASH and ballooning (Fig. 7), was nominally associated with 

variants in the patatin-like phospholipase domain-containing 3 (PNPLA3)I148M gene, 

which has been linked to inter-individual differences in liver steatosis and susceptibility to 

progressive NASH [14, 27–29]. Functionally, PNPLA3 is involved in multiple lipid 

metabolic processes, including lipid droplet remodeling, VLDL secretion, triglyceride and 

retinyl-palmitate esterase activity in hepatic stellate cells, and also has been linked to hepatic 

fibrosis [42]. Of note, prior studies have also demonstrated that perturbation of PNPLA3 
expression in hepatoma cells alters levels of another secondary BA, taurolithocholate [43]. 

Taken together with our present findings, these observations support the notion that 

PNPLA3 may play a potentially broader role in BA metabolism.

In further genetic analyses, additional validated genetic variants for NAFLD/NASH were 

found to be associated with differences in levels of other specific BA molecular species. For 

example, elevated 7-Keto-DCA levels were also associated with genetic variants at the 

ERLIN1-CHUK-CWF19L1 locus, which has previously been identified as influencing both 

simple steatosis and hepatic steatosis with inflammation (ALT elevation) [28]. Another 

interesting observation is the associations observed between plasma GCA and GUDCA 

levels and both hepatic fibrosis and inflammation (Fig. 7). Increased plasma levels of both 

GCA and GUDCA are similarly associated with the NAFLD/NASH risk allele of rs2954021 

(A) at the TRIB1 locus (Table 3). Experimental evidence suggests that TRIB1 may play a 

role in reducing hepatic triglyceride synthesis and secretion in humans, possibly through a 

direct interaction with hepatocyte nuclear factor 4-alpha (HNF4A) [44]. Among its many 
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metabolic functions, HNF4A is essential for BA metabolism, since mice deficient for this 

nuclear receptor have markedly elevated levels of glycine conjugated BAs [45]. Taken 

together, the present and prior published observations suggest that one potential mechanism 

for association of genetic variation at TRIB1 specifically with plasma BAs conjugated with 

glycine may be mediated through interactions with HNF4A. However, we note that nearly 

all of the association signals observed, while intriguing, do not exceed a Bonferroni-

corrected threshold for testing 12 variants (p=0.05/12=4.2×10−3) or an even more 

conservative approach that further takes into account the eight BA species that were 

evaluated. Therefore, replication of these genetic findings will be necessary before definitive 

conclusions can be drawn with respect to BA metabolism being one mechanism through 

which these variants are associated with NAFLD and NASH-related traits.

In conclusion, our results demonstrate numerous intriguing associations between changes in 

plasma BA profile and the severity of NAFLD. While genetic data partially support potential 

contributions of BAs to NAFLD progression, they will require independent replication in 

additional cohorts, as well as further mechanistic investigation. The detailed exploration of 

specific BA molecular species and NAFLD/NASH relevant phenopytes in the present studies 

lays the foundation for hypotheses that can be tested in future studies. Microbial 

transplantation studies will be necessary before a direct causal contribution of gut microbiota 

to a specific BA and NAFLD/NASH relevant phenotypes can be made. In particular, our 

studies point to 7-Keto-BAs as molecular species worthy of further investigation. 

Manipulating the exposure to 7-Keto-DCA or other BAs in different NAFLD models could 

clarify whether 7-Keto-DCA participates in the pathogenesis of the disease. Our data also 

lay the foundation for use of several circulating BAs as relatively minimally invasive 

(compared to liver biopsy) biomarkers of simple steatosis progression risk into NASH. Such 

approaches will require independent validation, as this was not our initial intent when 

designing the present studies. Instead, we aimed to gain potential insights into candidate 

BAs linked to adverse liver remodeling during the transformation of simple steatosis to 

NASH. Finally, our studies suggest that examination of a comprehensive BA profile may 

provide useful information in the future when evaluating potential NASH targeting 

therapeutics, since discovery of non-invasive, circulating biomarkers to monitor both 

candidacy for initiation of therapy and therapeutic efficacy of agents are needed.
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ABBREVIATIONS:

1° primary

2° secondary

7-αHSDH 7α-hydroxysteroid dehydrogenase

3-Keto-DCA 3-ketodeoxycholic acid

7-Keto-DCA 7-ketodeoxycholic acid

7-Keto-LCA 7-ketolithocholic acid

ALT alanine aminotransferase

BA bile acid

CA cholic acid

CDCA chenodeoxycholic acid

DCA deoxycholic acid

FXR farnesoid X receptor

GCA glycocholic acid

GCDCA glycochenodeoxycholic acid

GDCA glycodeoxycholic acid

GHCA glycohyocholic acid

GHDCA glycohyodeoxycholic acid

GLCA glycolithocholic acid

glyco-BA glycine-conjugated bile acid

GUDCA glycoursodeoxycholic acid

HOMO-IR homeostatic model assessment for insulin resistance

HCA hyocholic acid

HDCA hyodeoxycholic acid

Iso-DCA isodeoxycholic acid

Iso-LCA isolithocholic acid

LCA lithocholic acid

LCA 3-sulfate lithocholic acid 3-sulfate

TCA taurocholic acid
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TCDCA taurochenodeoxycholic acid

TDCA taurodeoxycholic acid

TGR5 Takeda G-protein coupled receptor 5

TLCA taurolithocholic acid

TUDCA tauroursodeoxycholic acid

UDCA ursodeoxycholic acid
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HIGHLIGHTS

• Plasma bile acid (BA) alterations are observed through the entire spectrum of 

NAFLD

• Glycine conjugated primary BAs are associated with liver fibrosis

• 7-Keto-BAs are a common biochemical signature of NAFLD progression

• Iso-deoxycholic acid and Iso-lithocholic acid are associated with ballooning

Nimer et al. Page 18

Metabolism. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Glycine conjugated primary BAs are predominantly associated with the progress of 
hepatic fibrosis.
(A) Changes in total plasma BAs, primary (1°), secondary (2°) and glycine conjugated BAs 

through the progression of fibrosis. Pie chart plot representing the proportion of each bile 

acid in the plasma BA pool (expressed as a percentage of the total plasma BA pool) through 

the progression of fibrosis. Colors reflect the BAs patterns and pie sizes reflect changes in 

the sum of plasma BAs pool. Percentage values are for the most abundant or significant BAs 

in the circulating pool. (B) GCDCA, GCA, 7-Keto-DCA and GUDCA plasma levels 

increased significantly along with the increase in fibrosis severity. Box-whisker plots for 

individual plasma BAs showing significant differences between no fibrosis and fibrosis 
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subjects, lower and upper lines of the box indicate the 25th and 75th percentiles, line in the 

middle indicates the median, upper and lower whiskers indicate 5th and 95th percentiles. P-

values were calculated by the Kruskal-Wallis test (K.W.) with post hoc analysis using 

Dunn’s test and by test for trend for increasing BAs within each group.
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Fig. 2. Significant changes in plasma BA profile are associated with the severity of fibrosis in 
NAFLD.
(A) Distinct changes in total plasma BAs through the progression from steatosis to NASH. 

Pie charts representing the proportion of each BA in the plasma BA pool (expressed as a 

percentage of the total plasma BA pool). The pie size is the measure of plasma BAs pool 

concentration. Percentage values are for the most abundant or significant BAs in the 

circulating pool. (B) Plasma levels of 7-Keto-DCA and 7-Keto-LCA are significantly 

increased in NASH compared to steatosis and both are both associated with increasing NAS. 

P values are calculated by the Kruskal-Wallis test (K.W.) with post hoc analysis using 

Dunn’s test and by test for trend for increasing BAs within each group.
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Fig. 3. Significant changes in plasma total BA profile with the severity of inflammation in 
NAFLD.
(A) Significantly increased plasma total BA, total primary BAs, glycine conjugated primary 

BAs (GCA+GCDCA) and taurine primary BAs (TCA+TCDCA) with higher grades of 

hepatic inflammation. (B) Significant increase in individual BAs (GCA, TCA, GCDCA and 

TCDCA) with severity of inflammation. Data presented as box-whiskers plots with the 

median. P values are calculated by the Kruskal-Wallis test (K.W.) with post hoc analysis 

using Dunn’s test.
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Fig. 4. Plasma BA association with hepatic ballooning and steatosis in NAFLD.
(A) Plasma levels of 7-Ketodeoxycholic acid (7-Keto-DCA), 7-Ketolithocholic acid (7-Keto-

LCA), iso-deoxycholic acid (Iso-DCA) and isolithocholic acid (Iso-LCA) are significantly 

increased in ballooning. (B) Plasma 7-Keto-DCA, and 7-LCA are significantly associated 

with advanced ballooning grades. (C) Significantly increased plasma 7-Keto-LCA with 

advanced steatosis (G2,3) compared to simple steatosis (G1) in NAFLD and (D) its 

concentration was significantly associated with advanced grades. Data presented as box-

whiskers plots with the median. P values are calculated by the Mann-Whitney test (M.W.) 
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for two group comparions and Kruskal-Wallis test (K.W.) with post hoc analysis using 

Dunn’s test for muti group comparisons.
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Fig. 5. Relationship between individual plasma BAs levels and fibrosis risk.
Heat map showing Spearman correlation between plasma levels of individual BAs and age, 

body mass index (BMI), alanine aminotransferase (ALT), aspartate transaminase (AST), 

fasting glucose, insulin, hemoglobin A1c (HbA1c), homeostatic model assessment for 

insulin resistance (HOMA-IR), cholesterol (Chol), high-density lipoprotein cholesterol 

(HDL-C), low-density lipoprotein cholesterol (LDL-C) and triglycerides (TG). The 

correlation strength is shown by the color bar, with blue/red representing positive/negative 
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association, respectively, and white no association. *P<0.05, **P<0.01. Rho values of 

Spearman’s rank correlation coefficient.
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Fig. 6. Association of structurally defined plasma BAs histopathology components of NAFLD.
Forest plots of odds ratios (OR) of 4th quartile (Q4) versus 1st quartile (Q1) for fibrosis, 

NASH, inflammation, ballooning and steatosis phenotypes. Bars represent 95% confidence 

interval (CI). Black lines with closed/open circle represent unadjusted/adjusted OR, 

respectively. Adjustments are done by multivariable logistic regression model (adjusted for 

age, gender, body mass index (BMI), homeostatic model assessment for insulin resistance 

(HOMA-IR) and alanine aminotransferase (ALT).
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Fig. 7. The relationships between metabolic pathways of specific BAs and NAFLD histology 
phenotypes.
Upward arrows show significant changes in the progression of NAFLD phenotypes. (A) BAs 

originating from cholic acid (CA). (B) BAs originating from chenodeoxycholic acid 

(CDCA). Dashed arrows represent gut microbiota pathways involved in the synthesis of 

secondary BAs, and the solid arrows represent pathways in the host (liver). Gut microbiota 

enzymes: 7-α-HSDH, 7α-hydroxysteroid dehydrogenase; 3-α-HSDH, 3-α-hydroxysteroid 

dehydrogenase; liver enzyme BAAT, bile acid-CoA: amino acid N-acyltransferase.
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Table 1.

Plasma levels of circulating BAs that are significantly different in subject with versus without NAFLD

Control (n=50)
Median (μM) (25th,75th percentiles)

NAFLD (n=102)
Median (μM) (25th,75th percentiles)

P value P-FDR value

Total BA 1927.0(1038.4–3290.5) 5426.4(3247.5–8169.1) <0.001 <0.001

Total 1° BA 871.5(523.9–1702.2) 3074.6(1830.2–5517.9) <0.001 <0.001

Total 2° BA 1042.7(494.1–1609.4) 1684.0(1092.1–2562.4) <0.001 <0.001

Glycine 1° BA 474.6(267.1–947.2) 1994.6(1002.0–3683.8) <0.001 <0.001

Glycine 2° BA 245.9(127.2–450.4) 742.5(391.3–1217.0) <0.001 <0.001

Primary bile acids

CDCA 68.0 (22.5–366.3) 227.8 (71.7–565.3) 0.001 0.003

GCDCA 383.4 (193.9–762.2) 1442.1 (713.4–2765.6) <0.001 <0.001

TCDCA 44.8 (20.6–86.6) 211.5 (114.0–417.1) <0.001 <0.001

GCA 105.1 (52.0–207.9) 522.0 (202.3–1009.3) <0.001 <0.001

TCA 12.8 (6.2–25.8) 70.2 (28.6–155.1) <0.001 <0.001

GHCA 6.8 (2.5–13.2) 12.9 (6.2–30.9) <0.001 <0.001

Secondary bile acids

GDCA 136.7 (61.3–239.5) 409.7 (158.7–933.7) <0.001 <0.001

TDCA 19.9 (8.5–40.0) 63.4 (23.6–156.5) <0.001 <0.001

LCA 27.7 (19.1–34.2) 18.2 (3.9–36.1) 0.018 0.032

LCA3-Sulfate 8.3(3.6–14.0) 5.0 (1.0–14.2) 0.048 0.079

GUDCA 61.0 (33.3–119.9) 197.1 (89.1–341.5) <0.001 <0.001

HDCA 2.5 (2.5–2.5) 28.7 (8.0–102.6) <0.001 <0.001

7-Keto-DCA 11.7 (9.5–20.7) 3.5 (3.5–10.8) <0.001 <0.001

3-Keto-DCA 1.5 (1.5–5.5) 14.1 (5.5–31.1) <0.001 <0.001

Iso-DCA 2.5 (2.5–7.5) 8.5 (2.5–8.5) <0.001 <0.001

Comparison of different bile acid (BA) pools and individual BAs significantly different in healthy individuals (control n=50) vs individuals with 
NAFLD (n=102). For complete list of all BAs in comparison between plasma levels from healthy controls vs NAFLD, see also Supplementary 
Tables 3 and 4.

Concentrations (μM) are presented as median (25th,75th percentiles). P values in bold denote significance (P <0.05), and were calculated by the 
Mann-Whitney test. P-FDR, false discovery rate adjusted P values.

For definitions of BA pools see Materials and Methods.
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Table 2.

Summary of structurally specific BAs showing significant associations with NAFLD histology phenotypes

Fibrosis NASH Inflammation Ballooning

GCA 7-Keto-DCA GCA 7-Keto-DCA

GCDCA 7-Keto-LCA TCA Iso-DCA

7-Keto-DCA GCDCA 7-Keto-LCA

GUDCA TCDCA Iso-LCA

A panel of structurally specific BAs were quantified in the plasma of serial consenting subjects undergoing elective diagnostic liver biopsy for 
suspected NAFLD / NASH as described under Methods. Shown are those BAs whose circulating levels showed significant associations with one or 
more histopathological features of NAFLD/NASH. NASH: Non-Alcoholic Steatohepatitis; GCA: glycocholic acid; GCDCA: 
glycochenodeoxycholic acid; 7-Keto-DCA: 7-Ketodeoxycholic acid; GUDCA: glycoursodeoxycholic acid; 7-Keto-LCA: 7-Ketolithocholic acid; 
TCA: taurocholic acid; TCDCA: taurochenodeoxycholic acid; Iso-DCA: isodeoxycholic acid; Iso-LCA: isolithocholic acid
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Table 3.

Association of Genetic Determinants for NAFLD and NASH with Plasma BA Levels.

Bile Acid SNP Locus a
 EA/OA

b
 EAF

c
 Beta (SE)

d
 P-value

rs4240624 PPP1R3B A/G 0.91 −0.150 (0.048) 0.002

7-Keto-DCA rs11597086 ERLIN1-CHUK-CWF19L1 A/C 0.58 0.060 (0.028) 0.03

rs738409 PNPLA3 G/C 0.22 −0.084 (0.033) 0.01

GCA rs2954021 TRIB1 A/G 0.52 0.087 (0.037) 0.02

GUDCA
rs12137855 LYPLAL1 C/T 0.81 0.083 (0.041) 0.04

rs2954021 TRIB1 A/G 0.52 0.105 (0.053) 0.009

Iso-DCA rs4240624 PPP1R3B A/G 0.91 0.086 (0.033) 0.049

Shown are the structurally specific individual BAs quantified whose plasma levels were found to be significantly associated with validated genetic 
variants of NAFLD or NASH.

a
EA/OA, effect allele/other allele; EA refers to allele previously reported to increase risk of NAFLD and/or NASH or was associated with 

increased liver enzyme levels.

b
EAF = effect allele frequency.

c
Betas refer to effect of EA on normal inverse transformed plasma values of the indicated BA.

d
P-values were obtained by linear regression analyses using normal inverse transformed values with adjustment for age and sex.
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