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Abstract
Bile acids (BAs) have many physiological roles and exhibit both toxic and protective influences
within the liver. Alterations in the BA profile may be the result of disease induced liver injury.
Nonalcoholic fatty liver disease (NAFLD) is a prevalent form of chronic liver disease
characterized by the pathophysiological progression from simple steatosis to nonalcoholic
steatohepatitis (NASH). The hypothesis of this study is that the ‘classical’ (neutral) and
‘alternative’ (acidic) BA synthesis pathways are altered together with hepatic BA composition
during progression of human NAFLD. This study employed the use of transcriptomic and
metabolomic assays to study the hepatic toxicologic BA profile in progressive human NAFLD.
Individual human liver samples diagnosed as normal, steatosis, and NASH were utilized in the
assays. The transcriptomic analysis of 70 BA genes revealed an enrichment of downregulated BA
metabolism and transcription factor/receptor genes in livers diagnosed as NASH. Increased
mRNA expression of BAAT and CYP7B1 were observed in contrast to decreased CYP8B1
expression in NASH samples. The BA metabolomic profile of NASH livers exhibited an increase
in taurine together with elevated levels of conjugated BA species, taurocholic acid (TCA) and
taurodeoxycholic acid (TDCA). Conversely, cholic acid (CA) and glycodeoxycholic acid (GDCA)
were decreased in NASH liver. These findings reveal a potential shift toward the alternative
pathway of BA synthesis during NASH, mediated by increased mRNA and protein expression of
CYP7B1. Overall, the transcriptomic changes of BA synthesis pathway enzymes together with
altered hepatic BA composition signify an attempt by the liver to reduce hepatotoxicity during
disease progression to NASH.
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Introduction
Hepatotoxicity in chronic liver disease is a result of alterations to hepatobiliary function, bile
acid (BA) composition, and BA biosynthesis (Crosignani et al., 2007; Trottier et al., 2011;
Trauner et al., 2008; Zollner et al., 2007). BAs are endogenous molecules that normally
regulate cholesterol homeostasis, lipid solubilization and metabolic signaling (Li et al.,
2011b; Rezen, 2011; Trauner et al., 2010). Exposure to increased levels of BAs in the
diseased liver increases the risk of hepatotoxicity from activation of inflammatory, oxidative
stress and necrotic cell death pathways (Tan et al., 2007; Allen et al., 2011). Nonalcoholic
fatty liver disease (NAFLD) has become the most prevalent form of liver disease and is
estimated to afflict 30-40% of the United States population (Ali et al., 2009). NAFLD is
closely associated with features of the metabolic syndrome such as central girth obesity,
insulin resistance and dyslipidemia (Dowman et al., 2010). This disease is particularly
concerning to clinicians due to the potential for advancement in some patients to
nonalcoholic steatohepatitis (NASH), which is characterized by extensive liver injury due to
inflammation and fibrosis (McCullough, 2006). NASH is estimated to afflict up to 5.7-17%
of the United States population and places patients at risk of further progression to
cryptogenic cirrhosis and hepatocellular carcinoma (Dowman et al., 2010; McCullough,
2006; Sanyal et al., 2011). The mechanisms of disease progression in NAFLD are not fully
understood and the contribution of altered BA composition and synthesis to the
pathophysiological progression of the disease has not yet been characterized. In the current
study we analyze altered BA synthesis in parallel with BA composition using transcriptomic
and metabolomic methods in hepatic tissue samples representing the complete spectrum of
NAFLD.

Changes in BA composition and synthesis can potentiate hepatotoxicity through pro-
inflammatory mechanisms, membrane damage or cytotoxicity (Hofmann, 1999; Zhang et
al., 2012; Zollner et al., 2007; Allen et al., 2011). BA synthesis occurs in the liver through
the ‘classical’ (neutral) pathway and utilizes approximately 500 mg of cholesterol daily.
Cholesterol is converted to primary BAs by several enzymes including CYP7A1, CYP8B1
and CYP27A1 (Thomas et al., 2008; Russell, 2003). A secondary BA synthesis pathway, the
‘alternative’ or oxysterol (acidic) pathway is also present and is reported to become more
predominant and compensates for limitations of the classical pathway during disease
(Crosignani et al., 2007). The alternative pathway utilizes extrahepatic cholesterol sources
with the help of CYP27A1, CYP7B1 and CYP39A1 (Li et al., 2011b; Thomas et al., 2008).
The primary BAs, cholic acid (CA) and chenodeoxycholic acid (CDCA), in addition to
downstream secondary BAs generated by intestinal microflora make up the majority of the
BA pool in humans (Li et al., 2011b). Synthesis contributes a limited amount of fresh BAs
to the pool under normal conditions, because most BAs (95%) are efficiently conserved by
enterohepatic recycling (Hofmann, 1999; Russell, 2003). Disease and other changes that
affect the liver such as pregnancy, have been shown in animal models to alter enterohepatic
recycling and BA synthesis through altered expresson of BA transporters and metabolizing
enzymes (Aleksunes et al., 2012; Csanaky et al., 2009; Crosignani et al., 2007).

BA conjugation processes result in less toxic and more water-soluble BA species that are
capable of protecting against damage from more toxic, hydrophobic BAs which can cause
increased oxidative stress and cell death signaling (Perez et al., 2009; Delzenne et al., 1992;
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Thomas et al., 2008). It is estimated that 98% of hepatic BAs are conjugated to either taurine
or glycine by the enzymes bile acid CoA synthase (BACS) and bile acid coenzyme A:amino
acid N-acyltransferase enzyme (BAAT) (Russell, 2003). Liver defense mechanisms may
also be activated through modifications in hepatic bile acid composition. Prior studies have
analyzed the in vivo toxicological profiles of fed and endogenous BAs in rodent plasma and
hepatic tissue and found increased conjugation (Zhang et al., 2012; Song et al., 2011).
Altered plasma profiles of BA composition are also reported for many human chronic liver
diseases including cholestasis, primary biliary cirrhosis, and NAFLD (Trottier et al., 2012;
Kalhan et al., 2011). The purpose of this study is to determine whether hepatic BA
composition and BA synthesis pathways are altered in the progression to human NASH as
an adaptive attempt to reduce hepatocellular stress and toxicity. We have employed high-
throughput metabolomic profiling techniques to characterize the altered BA profile and
coupled that with a transcriptomic analysis of the classical and alternative (acidic) pathways
of BA synthesis in NAFLD.

Materials and Methods
Human Liver Samples

Individual postmortem or biopsied human liver tissue samples were previously acquired
from the Liver Tissue Cell Distribution System (LTCDS) funded by the National Institutes
of Health. The LTCDS is comprised of the following institutions: the University of
Minnesota, Virginia Commonwealth University and the University of Pittsburgh. Clinical
information on these same liver tissue samples has been previously described in detail and
published (Fisher et al., 2009). The classification of each liver sample was performed by an
LTCDS medical pathologist using the NAFLD activity scoring (NAS)system (Kleiner et al.,
2005). The samples were diagnosed by the scoring criteria as normal, steatosis, NASH
(Fatty) or NASH (Not Fatty). The stage of steatosis was diagnosed as having >10% fat
deposition within hepatocytes and no accompanying inflammation or fibrosis. NASH with
fatty liver was characterized by >5% fat deposition in the presence of inflammation and
fibrosis. NASH without fatty liver was distinguished by <5% fat deposition and increased
inflammation and fibrosis. Normal (n=19), steatosis (n=10), NASH with fatty liver (n=9)
and NASH without fatty liver (n=7) samples were utilized for mRNA isolation and
application to Affymetrix 1.0 ST GeneChip microarrays as described previously (Lake et al.,
2011). Samples reserved for metabolomic analysis included fewer normal (n=17) and
steatosis (n=4) samples. An increased sample size of NASH with fatty liver (n=14) and
NASH without fatty liver samples (n=23) were utilized in the metabolomic assays.

Human NAFLD Microarrays
Individual Affymetrix GeneChip Human 1.0 ST Arrays (Affymetrix, La Jolla, CA) were
generated from purified mRNA for each NAFLD liver sample as described previously (Lake
et al., 2011). A total of 33,252 genes for four pathologically defined groups (normal,
steatosis, NASH fatty and NASH not fatty) are available in this array data set. It is publicly
accessible through the ArrayExpress public repository for microarray data under the
accession number E-MEXP-3291 (http://www.webcitation.org/5zyojNu7T). NASH fatty
and NASH not fatty tissue categories were combined into one category for NASH due to the
lack of mechanistic gene expression changes between these two pathologically differentiated
NASH groups as explained previously for transcriptomic analyses (Lake et al., 2011).

Gene Set Enrichment Analysis
A total of 70 genes specifically implicated in hepatic BA synthesis were selected using
literature database searches and examination of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Database (http://www.kegg.jp/). Gene sets for BA metabolism, transport,
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and transcription factor/receptor were tested for enrichment among differentially expressed
genes during NASH. All enrichment analyses were performed between two groups, a
normal/steatosis combined group and the NASH group utilizing the generally applicable
gene set enrichment analysis (GAGE) method (Luo et al., 2009).

Analytical Methods for LC/MS
A total of 17 healthy, 4 steatosis, 14 NASH (Fatty) and 23 NASH (Not Fatty) liver samples
were weighed (weights recorded between 60 and 140 mg) and homogenized in 10 times the
tissue weight of ice-cold methanol solution with 0.1% formic for 18-20 seconds using a
polytron homogenizer over ice. Liver samples were kept frozen and on dry ice during all
steps of the process. Samples were spun for 10 minutes at 4 degrees Celsius at 10000 RPM
in a Beckman Coulter Allegra 25 centrifuge with a TA 10.250 rotor (Beckman Coulter Inc.
Indianapolis, IN). Supernatants were transferred to new tubes, gently vortexed, and 200
microliter aliquots of each sample were added to the corresponding positions in a 96 deep
well polypropylene plate (BrandTech Scientific, Inc. Essex, CT). The 96 well plate was
dried using a V&P Scientific Model VP 177 96 well plate manifold dryer (V&P Scientific
Inc. San Diego, CA) with nitrogen gas for approximately 6 hours prior to storage in a −80
degrees Celsius freezer and processing for UHPLC high resolution LC-MS analysis.
Samples were reconstituted in a 90:10 water:methanol solution. D5-hippurate was added to
each sample as an internal standard. The samples were then injected in randomized fashion
onto a Thermo UHPLC Accela coupled to a Thermo Exactive high resolution orbitrap mass
spectrometer. A total of 11 BA metabolites were acquired in negative ion mode and the
organic sulfonic acid taurine was measured and acquired in positive ion mode (separate
injections) with a mass accuracy within 5 ppm at 25K resolution. Metabolite peak areas
under the curve (AUC) measurements for LC-MS were calculated using Component
Elucidator, a software package developed by BMS scientists (Bristol-Myers Squibb Co,
Princeton, NJ). The separation of DCA and CDCA using the conditions in this protocol was
not possible and for the remainder of the analysis these BAs will be presented
simultaneously. This study utilizes relative quantification of metabolites, a technique that is
utilized in large, non-targeted profiling studies and normalizes metabolite intensities to that
of an internal standard such as d5-hippurate.

Statistical Analysis of Metabolomics Data
A total of 11 metabolites including the organic acid taurine were analyzed by the University
of Arizona Statistical and Bioinformatics Consortium. The peak area under the curve (AUC)
values for the LC-MS data were log transformed based upon a normal distribution
approximation. After log transformation a one-way ANOVA with post hoc Tukey honest
significant differences (HSD) testing was used for multiple comparisons of metabolites
among the different diagnosis groups to test for mean differences. NASH (Fatty) and NASH
(Not Fatty) diagnosis groups did not exhibit significant differences from one another in the
analysis of BA metabolite levels. Thus, results for the two pathological categories were
combined and presented as one group designated as NASH. Significance was defined as p
values ≤ 0.05 and represented by an asterisk (*) if significantly changed from normal
samples and a pound sign (#) if significantly changed from steatosis samples (Figure 3).
Percent of normal values were calculated using the raw metabolite data of the steatosis and
NASH sample groups. Hierarchical clustering analysis was performed on the metabolite
data to reveal clustering effects related to the stage of the disease.

Immunoblot Protein Analysis
Western blots were performed to validate the protein expression of CYP7B1, CYP8B1 and
BAAT in normal (n=7), steatosis (n=7), and NASH Fatty (n=8) and NASH Not Fatty (n=7)
whole cell liver lysate samples. Samples were prepared at a concentration of 80 micrograms
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in Laemmli sample dye (Bio-Rad Laboratories, Hercules, CA) with β-mercaptoethanol and
boiled for 10 minutes. Proteins were separated on 10% SDS polyacrylamide gels and
transferred to methanol activated polyvinylidene difluoride (PVDF) membranes (Bio-Rad,
Hercules, CA) at 30 milliamps for 12.5 hours. Primary antibodies were acquired from
Abcam Inc. (Cambridge, MA) and Santa Cruz Biotechnology (Santa Cruz, CA). CYP8B1
(sc-101387) was used in 5% nonfat dry milk at a concentration of 1:7,000 with 1:100,000
secondary antibody (sc-2005). BAAT (ab97455) and CYP7B1 (ab77157) antibodies were
utilized at primary concentrations of 1:7,000 in TBST with secondary antibody
concentrations of 1:100,000 (sc-2004) and 1:200,000 (sc-2302) respectively. For total
protein control pan-Cadherin primary antibody was used at a concentration of 1:7,000
(ab16505) (Abcam, Cambridge, MA). Blots were imaged with advanced chemiluminescence
substrate (GE Healthcare, Piscataway, NJ). Relative protein expression was determined
using densitometric Image J software (National Institutes of Health, Bethesda, MD). All
proteins were normalized to total pan-cadherin protein. The pathological stages of NASH
(Fatty) and NASH (Not Fatty) did not exhibit significant changes from each other, and
results are presented as one combined group designated as NASH (n=15). Statistical
significance was determined by one way ANOVA with a Tukey post hoc testing analysis in
GraphPad Prism 5 software (La Jolla, CA).

Spearman Correlation Analysis of BA Metabolites and Genes
The correlations between the levels of BA metabolites and BA gene expression were
calculated by Spearman tests. Corresponding p values were computed using the algorithm
AS 89 (Best et al., 1975). P value corrections for the multiple testing were adjusted
according to the methods of Benjamini and Hochberg.

Results
Bile Acid Gene Set Enrichment Analysis

Genes divided into BA metabolism, transporter and transcription factor/receptor categories
were analyzed for gene set enrichment using the previously published human NAFLD
microarray data set (Lake et al., 2011). The purpose of the enrichment testing was to
demonstrate which gene categories were more frequently up or downregulated when
compared against a background set of genes (Table 1). The gene set enrichment analysis
revealed that the BA gene category containing all 70 genes was on average enriched for
downregulated genes during NASH (Table 1). BA metabolism and transcription factor/
receptor categories were enriched for downregulation in samples diagnosed as NASH.
Conversely, the number of differentially expressed genes within the BA transport gene
category did not exhibit significant deviation from the array average (Table 1 and
Supplemental Table 1).

Gene Expression of Individual Bile Acid Metabolizing Enzymes
The mRNA expression levels for the enzymes CYP7A1, CYP27A1, CYP7B1, CYP8B1,
AKR1D1, HSD3B7 and BAAT were analyzed using the log transformed human microarray
data (Figure 1). CYP27A1 and HSD3B7 genes were significantly decreased in NASH liver
samples while CYP7A1 and AKR1D1 did not change. CYP7B1 mRNA levels were
significantly increased in expression during NASH when compared to normal or steatosis
(Figure 1). This upregulation of CYP7B1 is consistent with the regulation of the alternative
(acidic) BA synthesis pathway during NASH (Figure 1 and 6). The conjugating enzyme
BAAT also exhibited a significant increase, while in contrast CYP8B1 was significantly
decreased in NASH liver samples.
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Hierarchical Clustering Analysis
An unsupervised hierarchical clustering analysis demonstrated that expression changes of
the BA genes were sufficient to distinguish NASH from normal and steatosis diagnosis
groups (Figure 2). Clustering revealed two major groups in the diagnosis groups on the
heatmap. One cluster corresponded to NASH samples while the other corresponded to a
mixture of normal and steatosis samples (Figure 2).

Bile Acid Metabolomics
The metabolomics analysis of hepatic BAs measured by LC-MS revealed significant
changes among samples diagnosed as NASH (Figure 3, Supplemental Tables 2 & 3). The
average area under the curve (AUC) measurements for cholic acid (CA) exhibited a
significant decrease in liver samples diagnosed as NASH (31% of normal) while
glycodeoxycholic acid (GDCA) was significantly decreased to 9% of normal in NASH
(Figure 3, Supplemental Tables 2 & 3). Conversely, significant increases in the metabolite
levels of taurocholic acid (TCA) (298% of normal), taurodeoxycholic acid (TDCA) (507%
of normal), and glycochenodeoxycholic acid (GCDCA) (197% of normal) were observed in
samples diagnosed as NASH. Glycoursodeoxycholic acid (GUDCA), tauroursocholic acid
(TUCA) and tauroursodeoxycholic acid (TUDCA) did not show any statistically significant
differences between diagnosis categories. The organic sulfonic acid, taurine, showed a
significant increase to 304% of normal in NASH samples (Figure 3, Supplemental Tables 2
& 3). However, no statistically significant changes were observed in steatosis when
compared to normal samples for taurine (Figure 3, Supplemental Table 3). A hierarchical
clustering analysis of rank-transformed AUC values revealed that metabolite levels of these
bile acids and taurine distinguish NASH samples from those diagnosed as normal or
steatosis. Samples diagnosed as NASH formed a cluster together according to BA
composition changes (Figure 4). The biochemical observations of the decreased classical
pathway BAs (CA and GDCA) and increased taurine-conjugated BA species (TDCA and
TCA) are consistent with the transcriptional findings (Figure 1 and 6).

Correlation Analysis of Bile Acid Genes and Metabolites
Correlation testing for associations between metabolite and mRNA levels was performed to
reveal the relationship between transcriptomic and metabolomic data sets. Metabolites and
mRNA levels were both rank-transformed to perform a Spearman correlation analysis in
order to determine whether expression levels of mRNA correlated with bile acid metabolite
levels. To correct for multiple testing, p values were adjusted according to Benjamini and
Hochberg (Table 2). CA, DCA and GDCA revealed significantly negative correlations
[−0.5843 (p value=0.0057), −0.5489 (p value=0.012), −0.6013 (p value=0.004)] with
CYP7B1 gene expression by Spearman correlation testing (Table 2). Significant positive
correlations between CYP7B1 and taurine [0.6838 (p value=0.000581)] as well as CYP8B1
and GDCA [0.4733 (p value=0.0412)] were observed in the correlation tests for normal to
NASH samples (Table2). Correlations of all 70 BA genes with metabolites are shown in
supplemental data (Supplemental Table 2).

Protein Expression of Bile Acid Synthesis Enzymes
The protein expression levels of CYP7B1, CYP8B1 and BAAT were analyzed by western
blot analysis in normal, steatosis and NASH human liver whole cell lysates with pan-
cadherin total protein. CYP7B1 was significantly increased in NASH samples compared to
normal and steatosis (Figure 5). The relative protein levels of CYP8B1 and BAAT were not
significantly altered at any stage of NAFLD (Figure 5).
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Discussion
In the current study, we have demonstrated altered BA composition and a shift from the
classical to the alternative BA synthesis pathway in human livers diagnosed as NASH
(Figure 3 and 6). Alterations in BA composition and synthesis are important mechanisms
that modulate hepatotoxicity. The accumulation of BAs in the liver and the associated
toxicity is a significant problem in many diseases (Trottier et al., 2011; Trottier et al., 2012;
Perez et al., 2009; Crosignani et al., 2007). Evidence of BA toxicity is abundant and results
from excessive exposure to either primary or secondary BAs (Delzenne et al., 1992;
Hofmann, 1999; Song et al., 2011). While the mechanisms of BA injury in NASH are not
completely understood, it is established that oxidative stress and the antioxidant response
play a role in the pathological progression to NASH (Hardwick et al., 2010). Hydrophobic
BAs are known to impair the mitochondrial electron transport chain resulting in massive
ROS production and oxidative stress. Increased exposure to hydrophobic BAs also results in
the direct activation of apoptosis and necrosis pathways (Perez et al., 2009; Sharma et al.,
2010). BAs are also reported to act as inflammatory mediators in rodent liver injury models
(Zhang et al., 2012) and isolated hepatocyte experiments (Allen et al., 2011). Furthermore,
BAs are capable of activating stellate cells and profibrogenic mechanisms (Svegliati-Baroni
et al., 2005) which are both pathological components of NASH. The hydrophobicity, and
thus the potential for BA toxicity has been reported in the following order:
DCA>CDCA>CA>UDCA (Perez et al., 2009; Song et al., 2011). Hydrophobic BAs are
recognized as the main precursors of many toxic events in the liver however, some BA
species are actually beneficial. TDCA, and TUDCA have been shown in the literature to
protect organs against oxidative and endoplasmic reticulum stress (Ratziu et al., 2011;
Seyhun et al., 2011; Yang et al., 2010). In the present study we demonstrate a significant
increase in metabolite levels of more hydrophilic BA components in NASH samples (TCA,
TDCA, GCDCA and GCA). The concurrent decrease of CA and GDCA in NASH altogether
is suggestive of an attempt in these livers to reduce the profile of more toxic hydrophobic
BAs (Figure 3 and 6).

The changes in BA levels in NASH depend upon the functional activation or suppression of
enzymes in the classical and alternative BA synthesis pathways. We discovered an
enrichment of downregulated BA metabolism enzymes and transcription factor/receptors in
NASH livers. Similarly, rodent studies examining the role of pregnancy in BA alterations
have also found decreased mRNA levels of many hepatic transcription factors and some BA
metabolizing enzymes (Aleksunes et al., 2012). The enrichment of downregulated BA
metabolism enzymes in human NASH liver included the classical pathway enzyme,
CYP8B1 that is similarly suppressed in farnesoid x receptor (fxr) activated mice (Kong et
al., 2012). The transcriptional decrease of CYP8B1 in NASH liver may be indicative of an
attempt to decrease production of CA through the classical pathway and has also been
observed in animal models of cholestatic liver injury (Zhang et al., 2012). The increased
mRNA and protein levels of CYP7B1 are indicative of a functional upregulation of the
alternative (acidic) pathway in NASH liver (Figure 1 and 5). Furthermore, the
transcriptional increase of BAAT in NASH suggests an attempt by the liver to increase BA
conjugation in the liver. These findings in the BA gene expression data in human NASH are
similar to results in a previous study that examined the BA metabolism pathway in a rodent
model of cholestasis (Beilke et al., 2008). The lithocholic acid (LCA) induced cholestasis
mouse model utilized in our laboratory also explored changes in metabolism pathway
enzymes and BA composition (Beilke et al., 2009; Beilke et al., 2008). Mice treated with
phenobarbital or 1,4-bis[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP) before LCA
exposure exhibited induced expression of constitutive androstane receptor (CAR). The
induction of CAR in these mice also resulted in subsequent alterations in BA composition.
The gene expression of Cyp7b1 was significantly upregulated in these mice and parallels
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what is seen in human NASH. Additionally, increased mRNA expression of the conjugation
enzyme Baat was also observed in the CAR-activated mice compared to mice lacking CAR
expression. The gene expression levels of BA metabolism enzymes for both CYP8B1,
CYP7B1 and BAAT in human NASH liver is supported by these previous studies in animal
models of liver disease (Beilke et al., 2008; Beilke et al., 2009; Kong et al., 2012). The
altered expression of BA metabolism genes aid in a shift from the classical pathway of BA
synthesis to the alternative and is indicative of a defense mechanism altering the overall BA
profile to protect against hepatotoxicity. This finding is similar to the observations of shifted
BA synthesis and composition in the rodent model of LCA-induced cholestasis (Beilke et
al., 2009).

Shifts in BA synthesis and composition have been reported in various human hepatic disease
states such as primary biliary cirrhosis (PBC) and chronic hepatitis C (Crosignani et al.,
2007; Crosignani et al., 2011). The classical pathway of BA synthesis is reported to be
impaired in these patients. In contrast, alternative pathway intermediates are intact in these
patients as represented by normal levels of 27α-hydroxycholesterol in plasma (Crosignani et
al., 2011). Studies in obese patients have also shown an upregulation of the alternative
pathway (Crosignani et al., 2011). The findings of these clinical studies support the results
observed in this study of NASH.

In addition to the increased levels of taurine-conjugated BAs (TCA and TDCA) in NASH
livers, a concurrent increase in the levels of the organic acid taurine were observed. Elevated
levels of taurine in serum have been previously reported in studies of NASH patients (Li et
al., 2011a). Additionally, recent pre-clinical and clinical studies support the use of taurine
administration to alleviate inflammation and lipid accumulation in NAFLD (Timbrell et al.,
1995; Chen et al., 2006; Gentile et al., 2011). Increased concentrations of taurine-conjugated
BAs in cholestatic liver disease are reported in the literature and parallel our findings
(Trottier et al., 2012). Additionally, elevated levels of GCDCA and TCA have been reported
in the plasma of NASH patients, corresponding to the increases seen in our hepatic NASH
samples (Kalhan et al., 2011). The elevated levels of taurine and conjugated BA species are
indicative of an initiated protective mechanism by the liver to alter BA composition and
compensate for disease induced hepatotoxicity during NASH. The beneficial aspects of
taurine conjugated BAs are reported in the literature (Hirano et al., 2006; Seyhun et al.,
2011) along with the exploration of taurine as a potential therapeutic in human NAFLD
(Gentile et al., 2011). Composition patterns of BAs in human bile among different states of
liver disease also demonstrate a coordinated pattern of change among glycine and taurine
conjugated BAs (Nagana et al., 2009) which also support our findings of altered BA
composition and increased levels of conjugated BAs in the NASH hepatic samples.

In summary, the transcriptomic results and metabolomic BA profile provide evidence for a
transition from the classical to the alternative pathway of BA synthesis in the livers of
NASH patients (Figure 6). The increased availability of hepatic taurine for bile acid
conjugation reactions is suggestive of an attempt to ameliorate the potential toxic effects of
endogenous BAs in NASH. These results clearly show altered BA composition in the form
of increased levels of taurine-conjugated BAs and decreased levels of CA and GDCA.
Increased protein and mRNA levels of CYP7B1 with the corresponding decrease in gene
expression of CYP8B1 indicate the initiation of mechanisms at the functional and
transcriptional level acting to shift the pathways in NASH. The unique analytical approach
of combining transcriptomic and metabolomic findings demonstrates the importance of gene
expression changes upon the biochemical outcome in these patients. In conclusion, the data
presented here, provide important new insights into the molecular and biochemical
responses to NAFLD progression and provide the foundation for further evaluation of the
contribution of altered BA metabolism in the development of NASH.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NAFLD Nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

BA bile acid

CA cholic acid

DCA deoxycholic acid

CDCA chenodeoxycholic acid

TCA taurocholic acid

TDCA taurodeoxycholic acid

GCA glycocholic acid

GDCA glycodeoxycholic acid

GCDCA glycochenodeoxycholic acid

GUDCA glycoursodeoxycholic acid

TUDCA tauroursodeoxycholic acid

TUCA tauroursocholic acid
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Highlights

• Altered hepatic bile acid composition is observed in progressive NAFLD.

• Bile acid synthesis enzymes are transcriptionally altered in NASH livers.

• Increased levels of taurine and conjugated bile acids are observed in NASH.

• Hepatic bile acid synthesis shifts toward the alternative pathway in NASH.
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Figure 1. Bile Acid mRNA Expression
The mRNA expression of classical and alternative BA synthesis pathways enzymes were
analyzed from the human NAFLD microarrays. Data are presented as the log2 mRNA
expression +/− the standard deviation. A one way ANOVA with a Tukey post hoc test of
mean normalized log2 mRNA expression was utilized to determine statistical significance.
Significance is defined as p values ≤ 0.05. An asterisk (*) represents significance from
normal and a pound sign (#) represents significance from steatosis.
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Figure 2. Hierarchical Clustering Analysis of Bile Acid Genes in Human NAFLD
The heatmap demonstrates the changes in expression for all BA genes in normal, steatosis
and NASH (Fatty) and NASH (Not Fatty) samples. Both genes and samples were sorted
using unsupervised hierarchical clustering. Red and blue colors correspond to increased and
decreased genes respectively. Yellow color correlates to the median expression. Clustering
of diagnosis groups with respect to gene expression changes is shown.
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Figure 3. Bile Acid Metabolite Levels in Hepatic Samples of Human NAFLD
The peak area under the curve (AUC) measurement for each metabolite is revealed as log
transformed mass spectrometry values +/− the standard deviation. Significance is defined as
p values ≤ 0.05. A one way ANOVA with a Tukey post hoc test of mean normalized
metabolites was utilized to determine statistical significance. Asterisk (*) represents
significance from normal, pound sign (#) represents significance from steatosis. Sample
size: normal n=17, steatosis n=5, NASH (Fatty) n=14, NASH (Not Fatty) n=23.
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Figure 4. Hierarchical Clustering Analysis of Metabolites
The heatmap of BA metabolites demonstrates the increase or decrease of each metabolite in
liver samples diagnosed as either normal, steatosis, NASH (Fatty) and NASH (Not Fatty).
Rank transformed metabolite levels and samples were sorted using unsupervised
hierarchical clustering. High, medium and low levels of metabolites are shown in red, black
and green colors respectively.
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Figure 5. Protein Expression of Bile Acid Synthesis Enzymes
The relative protein expression of three key bile acid synthesis enzymes (CYP7B1, BAAT
and CYP8B1) in human whole cell liver lysate samples is shown. Representative blots with
two samples per diagnosis group are given. The relative protein expression of all samples
was analyzed by densitometric analysis and normalized to pan-cadherin total protein. A one
way ANOVA with a Tukey post hoc test of mean normalized relative protein expression
was utilized to determine statistical significance. Significance is defined as p values ≤ 0.05.
Asterisk (*) represents significance from normal and pound sign (#) represents significance
from steatosis.
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Figure 6. Bile Acid Synthesis in Human NASH
A simplified schematic of the hepatic classical and alternative pathways of BA synthesis in
human NASH is provided. Increased levels of metabolites (TCA, TDCA, GCDCA and
taurine) are shown in red. Gene expression increases of metabolizing enzymes (BAAT,
CYP7B1) are also shown in red. Decreased metabolite levels (CA, GDCA) and enzyme
gene expression (CYP27A1, CYP8B1, and HSD3B7) is represented in blue. Unchanged
metabolites (CDCA/DCA, GUDCA, TUCA, TUDCA, GCA) and enzymes (CYP7A1,
AKR1D1) are shown in black. Note: Not every enzymatic step in BA synthesis and systemic
enterohepatic recycling of BAs is shown in this schematic. This pathway is adapted and
modified from (Beilke et al., 2009) and (Thomas et al., 2008).
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Table 1
Gene Enrichment Analysis

Gene set enrichment testing of BA gene categories for either up or downregulated gene expression is shown.
A statistically enriched gene set is defined as p values ≤ 0.05. The false discovery rate (FDR) q value is the
Benjamini and Hochberg adjusted p value.

Downregulation Enrichment Analysis

Gene Category P Value FDR q Value Gene
Set
Size

Bile Acid Transport 0.260 0.260 34

Bile Acid Metabolism 0.040 0.054 26

Bile Acid Receptors and
Transcription Factors

0.012 0.029 21

All Bile Acid Genes 0.015 0.029 81

Upregulation Enrichment Analysis

Bile Acid Transport 0.740 0.988 34

Bile Acid Metabolism 0.960 0.988 26

Bile Acid Receptors and
Transcription Factors

0.988 0.988 21

All Bile Acid Genes 0.985 0.988 81
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Table 2
Spearman Rank Correlations and Adjusted P Values of Selected Bile Acid Genes and
Metabolites

The Spearman rank correlation values of three critical BA pathway genes and metabolites with the
corresponding adjusted p values (in parentheses) is shown. Statistical significance of the correlation is
represented by p value ≤ 0.05 and is designated by asterisk (*).

Metabolites CYP7B1 BAAT CYP8B1

TCA 0.2664 (0.343) 0.2661 (0.343) 0.0664 (0.858)

TDCA 0.4476 (0.0624) 0.2507 (0.383) −0.2048 (0.475)

CA −0.5843 (0.0057)* −0.3572 (0.164) 0.3062 (0.259)

DCA/CDCA −0.5489 (0.012)* −0.4068 (0.0936) 0.1638 (0.581)

GDCA −0.6013 (0.004)* −0.4478 (0.0601) 0.4733 (0.0412)*

GCA 0.1445 (0.636) 0.3369 (0.199) 0.3347 (0.202)

GCDCA 0.3524 (0.169) 0.3159 (0.238) −0.0301 (0.936)

TUCA −0.0574 (0.864) −0.2037 (0.475) 0.2138 (0.458)

TUDCA 0.2529 (0.38) 0.0707 (0.851) −0.0284 (0.942)

GUDCA 0.0272 (0.943) −0.0036 (0.994) 0.2188 (0.68)

Taurine 0.6838 (0.000581)* 0.3936 (0.107) −0.3741 (0.132)
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