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Abstract

Background—The fasting-state serum bile acid profile in nonalcoholic-fatty-liver-disease
(NAFLD) has been reported to differ when nonalcoholic-steatohepatitis is compared to
nonalcoholic-fatty-liver. However, there are few data comparing changes in NAFLD versus non-
NAFLD or whether the bile acid profile differs according to the degree of fibrosis.
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Aim—To examine the serum bile acid profile across the entire spectrum of NAFLD.

Methods—We performed a cross-sectional analysis of 2 complementary cohorts: a Twin and
Family cohort of 156 participants, and a biopsy-proven-NAFLD cohort of 156 participants with
fasting bile acid profiling using liquid-chromatography/mass-spectrometry.

Results—In the Twin and Family cohort (mean age 46.3 years and body-mass-index (BMI) 26.6
kg/m?2), 36 (23%) participants had NAFLD (magnetic-resonance-imaging-proton-density-fat-
fraction=5%). Higher chenodeoxycholyl-conjugates (6.5% versus 9.0%,p=0.019) and lower
glycohycholate (1.2% versus 3.6%,p<0.001) was observed in NAFLD compared to non-NAFLD-
controls. In the biopsy-proven-NAFLD cohort (mean age 49.8 years, BMI 32.0 kg/m?), no
differences in total bile acid were seen between nonalcoholic-fatty-liver versus nonalcoholic-
steatohepatitis. The total unconjugated-bile acid significantly decreased across nonalcoholic-
steatohepatitis categories (p=0.044). The distribution of stage of fibrosis was FO: 42.3%, F1.
32.7%, F2: 10.3%, F3: 8.3%, and F4: 6.4%. The total serum bile acid increased with increase in
fibrosis-stage (p< 0.001). The primary-conjugated-bile-acid proportion increased (p< 0.001)
whereas unconjugated-bile-acid (p=0.006), unconjugated-cholyl (p<0.001) and chenodeoxycholyl-
conjugates (p<0.002) significantly decreased with increase in liver fibrosis stage.

Conclusions—Fasting-state serum bile acid profile alterations are seen across the entire
spectrum of NAFLD. The total serum bile acids did not differ significantly between NAFLD
versus non-NAFLD and nonalcoholic-fatty-liver versus nonalcoholic-steatohepatitis but were
significantly perturbed progressively as liver fibrosis increases.

Keywords
Bile acids; fibrosis; steatosis; non-alcoholic fatty liver

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is now the most common cause of chronic liver
disease worldwide 1-3. NAFLD affects approximately one-third of American adult
population and it is strongly associated with obesity and insulin resistance*. NAFLD
encompasses a spectrum of liver disease ranging from nonalcoholic fatty liver (NAFL),
which is thought to have a minimal risk of progression to cirrhosis, and nonalcoholic
steatohepatitis (NASH), the more progressive form of NAFLD, which is considered to have
a significantly increased risk of progression to cirrhosis and hepatocellular carcinoma °.
However, the pathogenesis of NASH and its progression towards advanced fibrosis and
cirrhosis remains poorly understood.

In recent years, impaired bile acid metabolism has been shown to potentially contribute to
the pathophysiology of metabolic diseases including NAFLD . Bile acids are synthetized
from cholesterol in the liver and secreted into the bile. Chenodeoxycholic acid (CDCA) and
cholic acid (CA) are the major primary bile acids in humans. Before secretion into the bile,
primary bile acids are conjugated in the hepatocytes (mainly to glycine and less to taurine in
humans). Upon release into the small intestine, bile acids facilitate dietary lipids
solubilization and absorption. The intestinal microbiota also converts primary bile acids into
secondary bile acid, deoxycholic acid (DCA), ursodeoxycholic acid (UDCA) and
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hyodeoxycholic acid (HDCA). Bile acids are further reabsorbed from the ileum and undergo
several cycles of enterohepatic circulation. Due to their detergent properties, accumulation
of bile acids induces hepatotoxicity by activation of inflammation, apoptosis and liver cell
necrosis /8. Hence, the bile acids secretion is tightly regulated especially through a negative
feedback mechanism by bile acid activating nuclear receptors such as the farnesoid X
receptor (FXR) and thereby decreasing bile acid synthesis 411,

Over the last decade, bile acids have emerged as important modulators of metabolic
homeostasis including insulin sensitivity, the principal risk factor of NAFLD 1213, Indeed,
bile acids act as specific signalling molecules regulating multiple metabolic pathways
through interactions with bile acid receptors, Takeda G-protein-coupled receptor 5 and FXR
12 Finally, bile acid related pathways are currently actively being evaluated as a potential
therapy for improving NASH 14 and NASH-related fibrosis 1°.

In health, the concentration of bile acids in the systemic circulation is relatively low and
corresponds to the small proportion of bile acids which escapes hepatic uptake and thereby
target peripheral tissues 6. However, elevation of the total bile acids concentration has been
reported in patients with type 2 diabetes 616 and in patients with insulin resistance 17. A few
studies have investigated circulating bile acid profile in NAFLD 18-23_ |ncrease of total
serum bile acids has been reported in patients with NASH compared to healthy controls
18.22.23 | jkewise, increases in individual bile acid concentration and alteration of the
composition of bile acids have also been reported in NASH 18.20-22 Recently, Puri et al.
have reported alteration in serum bile acid composition in patients with NAFL versus
NASH. 22 However, these studies included a relative small number of participants with
NASH (n=37) participants and therefore were not able to examine the bile acid alterations
with well-defined stages of fibrosis over the entire spectrum from stage 0, 1, 2, 3and 4
NAFLD.

Therefore the characterisation of fasting serum bile acids profile across the entire spectrum
of NAFLD is needed to provide a comprehensive insight into the association between serum
bile acid profiles and to determine whether these alterations are reflective of changes from
NAFL to NASH or whether there are consistent alterations as fibrosis progresses. These
important data should enable the generation of hypotheses and studies to better understand
the potential role of bile acids in the pathogenesis and progression of NAFLD. Here we
report fasting-state serum bile acid profiles in two complementary well-characterized
cohorts encompassing the entire spectrum of NAFLD. We assessed the fasting serum bile
acids profile in twins with and without NAFLD, and then examined the relationship between
bile acid profile and individual stages of fibrosis in a large prospective cohort of participant
with biopsy-proven NAFLD.

MATERIAL AND METHODS

Study participants of the Twin and Family cohort

This cross-sectional analysis included 156 participants (100 twins (50 twin pairs) including
37 pairs of monozygotic (MZ), 13 pairs of dizygotic (DZ) and 56 participants who were
either siblings or parents-offspring) residing in Southern California from the Twin and
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Family Study (ClinicalTrials.gov:NCT01643512). All participants underwent a standardized
clinical research visit that included detailed medical history, alcohol intake quantification
using the Skinner and Audit questionnaire, anthropometric exam, physical exam, and
biochemical testing at the University of California at San Diego (UCSD) NAFLD Research
Center 24-32 hetween December 2011 and January 2014. NAFLD was assessed clinically
and quantified by magnetic-resonance-imaging proton-density-fat-fraction (MRI-PDFF) at
the MR3T Research Laboratory. Research visits and imaging procedures were performed the
same day for each pair of twins, parent-offspring or siblings. This study was Health
Insurance Portability and Accountability Act (HIPAA) compliant and was approved by the
UCSD Institutional Review Board approval number: 111282. Informed written consent was
obtained from each participant before enrolling in the study.

Inclusion and exclusion criteria of the Twin and Family cohort

Patients were included if they were twins, siblings or parent-offspring at least 18 years old,
willing and able to complete all research procedures and observations. Please see
Supplementary Material for details.

Participants were excluded from the study if they met any of the following criteria:
significant alcohol intake (>10 g/day in females or >20 g/day in males) for at least 3
consecutive months over the previous 12 months or if the quantity of alcohol consumed
could not be reliably ascertained; clinical or biochemical evidence of liver diseases other
than NAFLD please see Supplementary Material for details.

Study participants of the biopsy-proven NAFLD cohort

The biopsy-proven NAFLD cohort included 156 participants prospectively recruited
between October 2011 and May 2014 at the University of California at San Diego (UCSD)
NAFLD Research Center 26-29.33.34 A|| patients with suspected NAFLD with a clinical
indication for liver biopsy underwent a careful evaluation for other causes of hepatic
steatosis and liver disease. This study was compliant with Health Insurance Portability and
Accountability Act (HIPAA) and was approved by the UCSD Institutional Review Board.
Informed written consent was obtained from each participant before enrolling in the study
Please see Supplementary material for additional details.

Inclusion criteria and exclusion criteria of the biopsy-proven NAFLD cohort

Participants were included in the study if they were 18 years or older with suspected
NAFLD and were willing and able to provide informed consent.

Participants were excluded if they met any of the following criteria: history of regular and
excessive alcohol consumption within 2 years of recruitment (=14 drinks/week for men or
>7 drinks/week for women); use of hepatotoxic drugs or drugs known to cause hepatic
steatosis; any evidence of secondary causes of hepatic steatosis; use of ursodeoxycholic
acid. See Supplementary Material for further details.
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Histologic Evaluation in UCSD NAFLD cohort

All liver biopsy interpretations were performed by an experienced liver pathologist who was

blinded to the patient’s clinical and radiological data. Histologic scoring was done using the
Nonalcoholic Steatohepatitis Clinical Research Network Histologic Scoring System 3°.

Definition of NAFLD

NAFLD was defined as a MRI-PDFF =5% without any secondary causes of hepatic steatosis
(see exclusion criteria listed above for details)

MRI assessment

Outcomes

MRI was performed at the UCSD MR3T Research Laboratory using the 3T research scanner
(GE Signa EXCITE HDxt; GE Healthcare, Waukesha, WI) with all participants in the supine
position. The details of the MRI protocol have been previously described in references 2536
and are detailed in Supplementary material.

The primary outcome in the Twin and Family cohort was the presence of NAFLD as defined
as MRI-PDFF = 5%. The primary outcome in the biopsy-proven NAFLD cohort was the
stage of liver fibrosis (0, 1, 2, 3 and 4) as defined by the NASH CRN Histologic Scoring
System 35, The secondary outcome was the category of NASH (NAFL, borderline NASH
and definite NASH as defined by the NASH CRN Histologic Scoring System 35.

Bile Acid profiling

Serum bile acids assessment was performed by Metabolon, Inc (Durham, NC, USA) using
liquid chromatography tandem-mass spectrometry (LC/MS/MS) platforms3”. All subjects
were fasting when serum was obtained. Software was used to match ions to an in-house
library of standards for bile acids s identification and relative quantitation by peak area
integration 38. A number of internal standards were added to each experimental and process
standard sample just prior to injection into the mass spectrometer. A measure of the platform
variability was determined by calculating the median relative standard deviation (RSD) for
these internal standards. For further details regarding serum bile acid data acquisition, please
see Supplementary Material.

Statistical analysis

Data preparation—Serum bile acid raw data in origin scale was normalized in scaled
intensity obtained by re-scaling raw data to have median equal to 1. Bile acids for which
there were more than 50% missing values were excluded from the analysis. Please see
Supplemental Material for additional details.

Data analysis—~Patients’ demographic, anthropometric, clinical, and biochemical
characteristics were summarized. Categorical variables were shown as counts and
percentages, and associations were tested using a chi-squared test or Fisher’s exact test.
Normally distributed continuous variables were shown as mean (z standard deviation), and
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differences between groups were analyzed using a two-independent samples t test or
Wilcoxon-Mann-Whitney test.

Statistical comparison of serum bile acids and proportion of individual and categories of bile
acids between NAFLD and non-NAFLD groups were assessed using Welch’s t-tests. Group
means and medians were compared using analysis of variance (ANOVA) followed by post-
test for linear trend. Nonparametric tests were performed for non-normally distributed data
using Kruskal-Wallis test or Mann-Whitney test. Spearman correlations were performed
between histological features of NAFLD and individual bile acid. Plasma bile acid level are
reported in tabular presentation classified as suggested in reference 3. The odds ratios of
bile acids proportion were determined using univariate and multi-adjusted logistic
regression. In addition, odds ratio derived from generalized estimation equations (PROC
GENMOD) were performed to account for intrapair correlation with twinship in the Twin
and Family cohort. All statistical analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC), SPSS (IBM, Chicago, IL) or GraphPad Prism 7(La Jolla, CA). A two-tailed P
value <0.05 was considered statistically significant.

Baseline characteristics of the study population

A total of 312 participants from 2 complementary cohorts encompassing the entire spectrum
of NAFLD were studied. Among them, 156 participants from the Twin and Family cohort
who underwent fasting serum bile acid assessment, clinical evaluation and advanced
magnetic resonance imaging assessment were included in the study. The mean (z standard
deviation) age was 46.3 years (+19.8) and body mass index (BMI) was 26.6 kg/m? (+6.0),
and the prevalence of NAFLD as defined by MRI-PDFF=5% was 23% (36/156). The study
also included 156 participants with biopsy-proven NAFLD who underwent fasting serum
bile acid assessment, clinical evaluation and liver biopsy. The mean (+standard deviation)
age was 49.8 years (+14.3) and body mass index was 32.0 kg/m? (+6.0). Among them, 20
(13.0%) participants had NAFL, 18 (11.7%) borderline NASH and 116 (75.3%) definite
NASH. The distribution of stage of fibrosis was FO: 42.3%, F1: 32.7%, F2: 10.3%, F3:
8.3%, and F4: 6.4%. Detailed demographic, biochemical, and imaging data of subjects of the
Twin and Family cohort biopsy-proven NAFLD cohort are provided in Table 1 and Table 2.

Alteration in serum bile acids in relation to the presence of nonalcoholic fatty liver disease

The fasting serum bile acid profile in NAFLD (MRI-PDFF=5%) versus non-NAFLD
controls (MRI-PDFF <5%) participants was assessed in the Twin and Family cohort. There
was no significant difference in total fasting serum bile acids in NAFLD participants
compared to non-NAFLD controls p=0.56 (Figure 1A). The distribution of the proportion of
bile acids categories in NAFLD and non-NAFLD is shown in Supplemental Figure 1.
Fasting serum bile acid in NAFLD participants and non-NAFLD controls are provided in
Supplemental Table 1. A significant increase of the median proportion of both cholate
conjugates, 6.0% versus 9.8%, p=0.009 (Figure 1B), and chenodeoxycholate conjugates,
6.5% versus 9.0%, p=0.019 (Figure 1C), was observed in NAFLD participants compared to
non-NAFLD controls. Conversely, the median proportion of an uncommon primary bile
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acid, glycohyocholate, was significantly lower in NAFLD participants compared to non-
NAFLD controls: 1.2% versus 3.6%, p<0.001, (Figure 1D). We performed sensitivity
analyses comparing NAFLD participant with non-NAFLD participant matched for BMI and
the findings remained unchanged Supplemental Table 1. After adjustment for age, sex and
Hispanic ethnicity, the presence of type 2 diabetes and obesity, the increased proportion of
glycohyocholate remained significantly associated with decrease risk of NAFLD: OR of
0.76 (95%Cl: 0.573-0.999), p=0.0496 in generalized estimation equations accounting for
intrapair correlation with twinship.

Alteration in bile acid profile in relation to liver fibrosis

The fasting serum bile acid profile across liver fibrosis stages, NASH category and
histological features was assessed in the biopsy-proven NAFLD cohort. The distribution of
the proportion of bile acid categories across liver fibrosis and NASH category is shown in
Supplemental Figure 1. Fasting serum bile acids across stages of fibrosis in the biopsy-
proven NAFLD Cohort are provided in Supplemental Table 3. A stepwise increase of the
mean total fasting serum bile acid was observed along with increase in fibrosis stage p for
trend < 0.001 (Figure 2A). This result remained clinically and statistically significant even
after exclusion of the participant with cirrhosis (stage 4), p for trend = 0.003. Likewise, the
mean proportion of primary conjugated bile acid increased along with the increase of
fibrosis stage p for trend < 0.001 (Supplemental Figure 2). The median proportion of total
unconjugated bile acid significantly decreased gradually along with increase in fibrosis
stages p=0.006 Figure 2C. Likewise, a significant decrease in the proportion of unconjugated
form of cholate and chenodeoxycholate was observed when the fibrosis stage increases,
p<0.001 and p<0.002 Figure 2C.

The fasting serum bile acid profile in NAFL versus NASH in the biopsy-proven NAFLD

cohort

Fasting serum bile acid across NASH categories in the biopsy-proven NAFLD Cohort are
detailed in Supplemental Table 4. There was no significant difference in mean total bile
acids across NASH categories p=0.679 Figure 2B. However, the median proportion of total
unconjugated bile acid significantly progressively decreased in participant with NAFL,
borderline NASH and NASH p=0.044 Figure 2C. In addition, the proportion of cholate
conjugates significantly increased across NASH categories, p=0.030 Figure 2C. In addition,
the total fasting serum bile acid and the proportion of both conjugated deoxycholate and
cholate were positively correlated with the degree of hepatocellular ballooning, whereas the
proportion of total unconjugated bile acid was negatively correlated with the degree of
lobular inflammation and hepatocellular ballooning Figure 2D, Supplemental Table 5.

Sensitivity analyses in the biopsy-proven NAFLD cohort

We conducted sensitivity analysis to further assess the association between the bile acid
profile and liver fibrosis stage in multivariable adjusted models using logistic regression.
Increasing total serum bile acid and the proportion of primary conjugated bile acid were
associated with a significant increase risk of significant fibrosis (stage =2) in a multivariable
adjusted model for age, sex, ethnicity, presence of obesity and type 2 diabetes : OR: 1.01
(1.00-1.03), p=0.015 and OR:1.02 (1.02-1.09), p=0.003, respectively Supplemental Table 6.
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Conversely, increasing proportion of total unconjugated bile acid was associated with a
decreased risk of significant fibrosis (stage =2) in a multivariable adjusted model for age,
sex, ethnicity, presence of obesity and type 2 diabetes : OR: 0.97 (0.95-1.00), p=0.030.
Supplemental Table 6.

DISCUSSION
Main findings

We have leveraged from two well-characterized, prospectively recruited cohorts,
encompassing the entire spectrum from twins with or without non-alcoholic fatty liver
disease to patients with various stage of fibrosis in biopsy-confirmed nonalcoholic fatty liver
disease. We report new data showing that significant alteration of serum bile acid occurs
across the entire spectrum of nonalcoholic fatty liver disease as summarized in Figure 3. The
main findings of this study include that total serum bile acid did not differ significantly
between NAFL versus NASH but were significantly perturbed progressively as liver fibrosis
increases.

These data confirm the association between alterations in circulating bile acids metabolism
and nonalcoholic fatty liver disease which are associated with the severity of the disease and
now links it to fibrosis stage. Although these data do not elucidate the causal relationship
between bile acid alteration and nonalcoholic fatty liver disease or stages of fibrosis, they do
provide the foundation to generate hypotheses and studies to better understand the role of
bile acids in the pathogenesis and progression of nonalcoholic fatty liver disease.
Furthermore, bile acid profiling could be potential non-invasive biomarker of nonalcoholic
fatty liver disease severity and especially significant fibrosis which is the most important
predictor of mortality and liver-related events in long-term longitudinal studies 40.

In context of published literature

This study report significant increase in total serum bile acids associated with the severity of
nonalcoholic fatty liver disease as previously described by other independent investigators
18,20.22 Moreover, the total fasting serum bile acid was not significantly different in NAFLD
compared to non-NAFLD controls in the Twin and Family cohort. Similar results were
observed by Bechman et al. in obese subjects with non-NAFLD, NAFL or NASH
undergoing bariatric surgery 1°. In agreement, a recent study by Puri et al. did not observe
significant alteration in total serum bile acids in participant with NAFL compared to healthy
controls. However, we report early alterations in bile acids composition in nonalcoholic fatty
liver disease including an increase in chenodeoxycholate conjugates and decrease in an
uncommon primary bile acids, glycohyocholate. We were able to assess these early
alterations because the Twin and Family cohort was characterized by advanced magnetic
resonance imaging for the presence or absence of NAFLD. Therefore, there was no overlap
between cases versus controls, and this study had a significantly larger sample size (N=156).

Alteration in bile acid metabolism have been previously associated with metabolic disorder
especially insulin resistance and presence of type 2 diabetes 616:17, These metabolic
parameters are strongly associated with nonalcoholic fatty liver disease 6. Hence, studying
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alteration of bile acid metabolism in nonalcoholic fatty liver disease independently from
these confounding metabolic parameters remains challenging. Legry et al. have recently
shown that the serum bile acids profile was unchanged in obese patients with NASH
compared to healthy controls when patients were matched for the body mass index and
insulin resistance index. Interestingly, in our study, only the proportion of glycohyocholate
remained significantly associated with the presence of nonalcoholic fatty liver disease after
multivariable adjustment including age, sex, Hispanic ethnicity, presence of type 2 diabetes
and obesity. These data suggest that, early specific alteration in circulating bile acids
composition occurs in NAFLD and might trigger the progression of the disease even though
alteration related to additional metabolic parameters, such as insulin resistance, also
contribute to the pathogenesis of the disease. Further longitudinal studies are needed to
determine if and how bile acids alteration play a causal role in the development and
progression of nonalcoholic fatty liver disease 41.

In the biopsy-proven NAFLD cohort, no significant alterations in total bile acid in
participant with NASH versus NAFL were observed. Likewise, the recent study by Puri et
al. including only 62 participants with biopsy-proven NAFLD did not show significant
differences in total circulating bile acids in NAFL versus NASH. However Puri et al. have
reported a significant increase in total circulating bile acids in NASH versus healthy controls
22 Interestingly, a majority of patients with NASH patients had significant fibrosis (stage
>2) in that study. In addition, most of the other previous studies comparing NASH versus
healthy controls did not provide detailed histological data especially regarding liver fibrosis
stage. Therefore, it can be speculated that most of the patients with NASH included in these
studies may have had significant liver fibrosis and did not have the power to detect the bile
acid alterations by fibrosis stage. Hence, it is plausible that previous alteration in circulating
bile acids reported in patients NASH were mainly driven by the presence of significant liver
fibrosis. In addition, Aranha et al. have reported an increase of deoxycholate ,
chenodeoxycholate and cholate in liver tissue of patients with NASH compared to controls
with a significant correlation between hepatic chenodeoxycholate and fibrosis 42.

Contrary to previously published studies, we provide a comprehensive assessment of fasting-
state serum bile acid profile across all stages of fibrosis in a larger cohort including 156
participants with biopsy proven NAFLD. Therefore, we were able to identify significant
alteration in bile acids profile associated with higher liver fibrosis stages. While alteration of
serum bile acids have been long established in presence of cirrhosis 43, significant dose-
dependent alteration of fasting-state serum bile acids profile associated with increased
individual stage of fibrosis (stage >2) has not been reported yet. Indeed, even after
multivariable adjustment for age, sex, Hispanic ethnicity, presence of type 2 diabetes and
obesity, the proportion of primary conjugated bile acids and total unconjugated bile acid
remained significant predictor of dichotomized stage of fibrosis = 2, =23 and >4.

Our study provides no insight into the factors responsible for the observed changes or the
drivers of bile acid metabolism related to the presence and severity of nonalcoholic fatty
liver disease. Possibilities include alterations in synthesis rate, hepatic or intestinal transport,
and effect of the microbiome. Unconjugated bile acids arise from intestinal absorption, but
defective conjugation remains a possibility.
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The increased in the proportion of circulating primary conjugated bile acid when the fibrosis
stage increases could result of an increased synthesis of primary bile acids. Indeed, increased
expression of enzymes involved in bile acid synthesis have been reported in the liver of
patients with NASH23:44 as well as an increase of circulating marker of bile acid synthesis
(7-apha-hydroxy-4-cholesten-3-one) in patients with NASH#°. The increase in serum
primary conjugated bile acids associated with liver fibrosis could result from a decreased
conversion to secondary bile acids in the intestine, potentially due to microbiome changes.
Indeed, compositional changes in gut microbiota have been linked to NAFLD, NASH and
NASH-related liver fibrosis 344649, In addition, a higher primary to secondary ratio have
been reported in the fecal bile acids of patients with NASH compared to healthy controls 4
whereas a decreased conversion of primary to secondary fecal bile acids has been reported in
patients with cirrhosis due to a decrease abundance of key microbiome taxa®®. Interestingly,
we report a significant correlation between the proportion of deoxycholate and the degree of
hepatocellular ballooning. This gut-microbiome derived metabolite is known to induce DNA
damage through reactive oxygen species production 1 and is involve in the development of
hepatocellular carcinoma in mice model 2. Hence, these data suggest that increase in
deoxycholate may contribute to liver injury and inflammation leading to the development of
hepatocellular carcinoma due to NASH.

Emerging data suggest that reduced FXR signalling is associated with the severity of
NAFLD 2223 |ndeed, Puri et al. have shown that plasma fibroblast growth factor (FGF) 19
level tended to decrease with higher fibrosis stage and that the hepatic mMRNA expression of
FXR target tended to decrease 22. In line with these data, we report a significant decrease of
the proportion of the primary unconjugated bile acids, especially chenodeoxycholate, the
most potent activator of FXR, when fibrosis stage increases. Interestingly, the bile acids
composition and metabolism assessment in the liver of subjects with NASH performed by
Lake et al. suggest that the hepatic bile acid composition shift to more hydrophilic
component in NASH which are less potent FXR ligands #4. Likewise, a comprehensive
study performed by Jiao et al. have shown that circulating bile acid profile, hepatic gene
expression pattern and gut microbiome composition in NASH are in favour of an increased
proportion of FXR antagonist bile acids which could at least partially explain a reduced
FXR signalling in NASH 23, Finally, the anti-fibrotic effect of the semi-synthetic FXR
agonist, Obeticholic acid (OCA) also suggest that decrease FXR signalling could contribute
to the progression of the disease severity 1553,

Strengths and limitations

There are several notable strengths in this study including the profiling of circulating bile
acids using LC/MS/MS in participant of two independent and complimentary well-
characterized prospective cohorts encompassing the entire spectrum of NAFLD. However,
we acknowledge following limitations, the cross sectional study design provides only a point
in time of the fasting serum bile acids profile across the different stage of NAFLD. Thus,
potential causal role of bile acids alteration in the genesis and progression of NAFLD could
not have been investigated. Despite the large sample size of the biopsy-proven cohort, we
acknowledge that the number of participants with advanced fibrosis is limited (N=15)
corresponding to the expected prevalence of advanced fibrosis in a single center cohort of

Aliment Pharmacol Ther. Author manuscript; available in PMC 2020 January 01.
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patient with NAFLD. Therefore, multicenter with larger sample size and longitudinal,
studies are needed to examine the association between changes in serum bile acids and
advanced fibrosis or long-term outcomes in patients with NAFLD. Although the exclusion
criteria for alcohol consumption was different between the two cohorts, the thresholds used
were less than necessary to suggest an excessive alcohol consumption based upon the
current guidelines for the diagnosis of NAFLD 2.

Implication for future study

In this study, we report significant alteration of serum bile acids profile across the entire
spectrum of NAFLD. These data confirm a strong association between bile acid metabolism
and stage of fibrosis in NAFLD. Further studies are needed to better understand the complex
interplay between changes in bile acids and long-term outcomes associated with NAFLD.
These studies would help to determine whether these alterations indicate a causal role of bile
acids in the progression of NAFLD or if they are only epiphenomena associated with disease
severity in NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEGMENT

The authors would like to thank Dr Julia Kozlitina for the critical revision of the manuscript and thoughtful
comments on the manuscript

Grant support: The study was conducted at the Clinical and Translational Research Institute, University of
California at San Diego. RL is supported in part by the American Gastroenterological Association (AGA)
Foundation — Sucampo — ASP Designated Research Award in Geriatric Gastroenterology and by a T. Franklin
Williams Scholarship Award; Funding provided by: Atlantic Philanthropies, Inc, the John A. Hartford Foundation,
OM, the Association of Specialty Professors, and the American Gastroenterological Association and grant K23-
DKO090303. RL serve Pls on the grant R01-DK106419. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

CC is supported by grants from the Société Francophone du Diabéte (SFD), the Philippe Foundation

Abbreviations

BA Bile acids

BMI body mass index

MRI-PDFF magnetic resonance imaging-proton density fat fraction
NAFLD nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

UCsD University of California at San Diego

CA cholate

GCA glycocholate
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TCA taurocholate
CDCA chenodeoxycholate
GCDA glycochenodeoxycholate
TCDA taurochenodeoxycholate
DCA deoxycholate
GDCA glycodeoxycholate
TDCA taurodeoxycholate
GHCA glycohyocholate
FXR farnesoid X receptor
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Figure 1. Fasting serum bile acids profile is altered in NAFLD
Fasting serum bile acid profile in the Twin and Family cohort in NAFLD (MRI-PDFF=5%)

and non-NAFLD (MRI-PDFF<5%) participants are represented as (A) Scatter dot plot of log
scaled intensity of total bile acids in NAFLD versus non-NAFLD participant. (B) The mean
and standard error of mean (SEM) of the proportion of cholate (CA), chenodeoxycholate
(CDCA) conjugates and glycohyocholate (GHCA) is presented in NAFLD versus non-
NAFLD participants.
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Figure 2. Fasting serum bile acids profile is significantly associated with histological features of
NAFLD

Fasting serum bile acid profile in the biopsy-proven NAFLD cohort is presented across liver
fibrosis stages: (A) scatter dot plot of log scaled intensity of total bile acids; (B) across
categories of NASH. (C) Heatmap of median proportions of individual bile acids as function
of the total bile acids across liver fibrosis stages and NASH categories with smaller
proportion indicated in blue and higher proportion indicated in purple. Green box in the side
bar along the right side indicates proportion of bile acid that meet statistical significance
across liver fibrosis stages (p-value < 0.05) or NASH categories using Kruskal-Wallis test.
(D) Heatmap of the spearman correlations between individual bile acid and histological
features * p value < 0.05, ** p value <0.01.
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Figure 3. Alteration of serum bile acid across the entire spectrum of NAFLD
Abbreviations: CA: cholate, CDCA: chenodeoxycholate, GHCA : glycohyocholate
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Baseline Characteristics between Non-NAFLD and NAFLD Individuals in the Twin and Family Cohort

Table 1.

NAFLD Non-NAFLD
Characteristics MRI-PDFF =5% | MRI-PDFF <5% P

(n=36") (n=120"
Age years 55.2 (15.7) 43.6 (20.2) 0.001
Female, n (%) 20 (55.6) 94 (78.3) 0.007
Race 0.477
White, n (%) 25 (69.4) 90 (75.0)
Hispanic, n (%) 7 (19.4) 19 (15.8)
Type 2 Diabetes, n (%) 10 (27.8) 2(1.7) <0.001
Obesity, n (%) 21 (60.0) 14 (40.0) <0.001
BMI (kg/m?) 31.8(5.9) 25.0 (5.2) <0.0001
SBP (mm Hg) 137.4 (22.6) 119.5 (19.3) <0.001
DBP (mmHg) 81.0 (12.4) 75.2 (12.0) 0.13
Waist circumference (cm) 102.4 (13.2) 86.9 (11.2) <0.0001
Hip Circumference (cm) 108.8 (13.5) 98.7 (10.34) <0.0001
Glucose (mg/dL) 102.5 (27.5) 88.4 (9.6) 0.005
Insulin (U/L) 25.5 (42.7) 7.67 (4.2) 0.019
HbAlc 6.1(0.7) 5.7 (0.4) 0.001
HOMA-IR 6.6 (11.4) 1.7 (1.0) 0.016
AST (U/L) 28.4 (15.8) 22.4 (6.6) 0.035
ALT (U/L 315 (19.6) 20.1 (11.9) 0.002
Alkaline phosphatase (U/L) 72.4(25.2) 68.5 (22.1) 0.372
Total bilirubin (mg/dL) 0.43 (0.20) 0.46 (0.23) 0.423
Direct bilirubin (mg/dL) 0.12 (0.04) 0.12 (0.04) 0.540
Albumin (g/dL) 45(0.3) 46(0.3) 0.170
GGT (U/L) 447 (53.0) 19.3 (10.8) 0.007
Total cholesterol (mg/dL) 189.2 (39.8) 189.5 (40.6) 0.970
HDL-cholesterol (mg/dL) 49.6 (11.5) 67.2 (19.3) <0.0001
LDL-cholesterol (mg/dL) 111.1(35.1) 105.9 (35.1) 0.441
Triglycerides (mg/dL) 151.1 (70.3) 82.2 (48.2) <0.0001
White blood cell count (x 10%/uL) 6.8 (1.5) 5.8 (1.6) 0.002
Hemoglobin (g/dL) 14.6 (3.8) 13.6 (1.1) 0.116
Hematocrit (%) 41.2 (4.2) 40.3 (3.1) 0.232
Platelet count (x10%/uL) 249.8 (57.8) 257.1 (49.1) 0.454
INR 1.1(0.3) 1.1(0.2) 0.924
Ferritin (ng/mL) 121.1 (136.5) 82.4 (67.8) 0.113
MRI-PDFF (%) 12.7 (6.3) 2.3(0.9) <0.0001
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Mean values are provided with the standard deviation in parenthesis, unless otherwise noted as n (%). Differences between individuals with and
without NAFLD were evaluated with t tests or the Wilcoxon-Mann-Whitney test for continuous variables and the chi squared or Fisher exact test
for categorical variables. Bold indicates significant ~-values <0.05.

*
22 Twins; 14 other relatives (parent, offspring, sibling)

#78 Twins; 42 other relatives (parent, offspring, sibling).

Abbreviations: NAFLD: Nonalcoholic Fatty Liver Disease BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood pressure,
HbAlc: glycated hemoglobin, AST: Aspartate Aminotransferase, ALT: Alanine Aminotransferase, HOMA-IR, homeostatic model assessment-
insulin resistance; AST, asparatate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; INR, international
normalized ratio, HDL : high density lipoprotein, LDL, low density lipoprotein, MRI-PDFF, magnetic resonance imaging-protein density fat
fraction.
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Table 2.

Baseline characteristics of biopsy-proven NAFLD Cohort

Characteristics o =A1”56)
Demographics
Age, years 49.8+14.3
Male, n (%) 65 (41.7)
White, n (%) 71 (45.5)
Hispanic or Latino, n (%) 49 (32.7)
BMI, kg/m? 320+6.0
Clinical
Type 2 Diabetes, n (%) 41 (26.3)
Biological data
AST (U/L) 42.2 (34.0)
ALT (U/L) 59.0 (57.0)
Alkaline phosphatase (U/L) 77.5(28.3)
GGT (UilL) 55.5 (51.0)
Total Bilirubin (mg/dL) 1.7 (15.3)
Direct Bilirubin (mg/dL) 0.14 (0.15)
Albumin (g/dL) 4.46 (0.44)
Glucose (mg/dl) 106.2 (33.1)
Hemoglobin Alc 6.0 (0.9)
HOMA-IR 8.5 (17.3)
Insulin (U/ml) 34.2 (74.9)
Triglycerides (mg/dL) 159.0 (83.5)
Total cholesterol (mg/dL) 182.8 (44.3)
HDL-cholesterol (mg/dL) 48.7 (15.3)
LDL-cholesterol (mg/dL) 105.3 (34.6)
Platelet count (103/uL) 244.5 (782.8)
Prothrombin time
INR 1.01 (0.08)
Ferritin (ng/mL) 190.4 (171.9)
Histology
Fibrosis n (%)
0 66 (42.3)
1 51(32.7)
2 16 (10.3)
3 13 (8.3)
4 10 (6.4)

Steatosis n (%)
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Characteristics (n:A1”56)
0 3(1.9)
1 51(32.7)
2 58 (37.2)
3 44 (28.2)
Lobular inflammation n (%)
0 3(1.9)
1 76 (49.0)
2 70 (45.2)
3 6(3.9)
Ballooning n (%)
0 38 (24.4)
1 87 (55.8)
2 30 (19.2)
3 1(0.6)
NASH, n (%)
NAFL, no NASH 20 (13.0)
Borderline NASH 18 (11.7)
Definite NASH 116 (75.3)
NAS Median (IQR) 4(2)

Page 21

Mean values are provided with the standard deviation in parenthesis, unless otherwise noted as n (%) or Median and Interquartile range (IQR).
Abbreviations: BMI: body mass index, AST: Aspartate Aminotransferase, ALT: Alanine Aminotransferase, GGT: gamma-glutamyl transpeptidase,
HOMA-IR: homeostatic model assessment-insulin resistance, INR: international normalized ratio, HDL: High Density Lipoprotein, LDL: Low

Density Lipoprotein, MRI-PDFF: magnetic resonance imaging-protein density fat fraction, NASH: Nonalcoholic Steatohepatitis, NAFL:
Nonalcoholic Fatty Liver.

GGT: Gamma-Glutamyl Transferase, HbAlc: glycated hemoglobin, HDL: High Density Lipoprotein, LDL: Low Density Lipoprotein, INR:

International Normalized Ratio, HOMA: Homeostasis Model Assessment, NAS: NAFLD Activity Score.
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