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Highlights
� Cell cycle, inflammation, and glucose homeostasis

are some of the common pathways altered in a
variety of liver disorders.

� Phase I and II metabolic genes are induced in Fxr
−/−Shp−/− double knockouts (DKOs) and bile-acid-
fed control mice.

� Activation of xeno-sensor, constitutive androstane
receptor (CAR), is observed in cholestasis.

� Inhibiting CAR activity in DKO mice exacerbates
zoxazolamine-induced paralysis and acetamino-
phen-induced hepatotoxicity.

� A subset of patients with biliary atresia display
increased expression of CAR target protein CYP2B6.

Lay summary
Transcriptomic analysis of diverse liver diseases
revealed alterations in common and distinct path-
ways. Specifically, in cholestasis, we found that
detoxification genes and their activity are increased.
Thus, cholestatic patients may have an unintended
consequence on drug metabolism and not only have a
beneficial effect against liver toxicity, but also may
require adjustments to their therapeutic dosage.
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Background & Aims: Liver diseases are caused by many factors, such as genetics, nutrition, and viruses. Therefore, it is
important to delineate transcriptomic changes that occur in various liver diseases.
Methods: We performed high-throughput sequencing of mouse livers with diverse types of injuries, including cholestasis,
diet-induced steatosis, and partial hepatectomy. Comparative analysis of liver transcriptome frommice and human samples of
viral infections (HBV and HCV), alcoholic hepatitis (AH), non-alcoholic steatohepatitis (NASH), and biliary atresia revealed
distinct and overlapping gene profiles associated with liver diseases. We hypothesised that discrete molecular signatures
could be utilised to assess therapeutic outcomes. We focused on cholestasis to test and validate the hypothesis using phar-
macological approaches.
Results: Here, we report significant overlap in the expression of inflammatory and proliferation-related genes across liver
diseases. However, cholestatic livers were unique and displayed robust induction of genes involved in drug metabolism.
Consistently, we found that constitutive androstane receptor (CAR) activation is crucial for the induction of the drug metabolic
gene programme in cholestasis. When challenged, cholestatic mice were protected against zoxazolamine-induced paralysis
and acetaminophen-induced hepatotoxicity. These protective effects were diminished upon inhibition of CAR activity. Further,
drug metabolic genes were also induced in the livers from a subset of biliary atresia patients, but not in HBV and HCV in-
fections, AH, or NASH. We also found a higher expression of CYP2B6, a CAR target, in the livers of biliary atresia patients,
underscoring the clinical importance of our findings.
Conclusions: Comparative transcriptome analysis of different liver disorders revealed specific induction of phase I and II
metabolic genes in cholestasis. Our results demonstrate that CAR activation may lead to variations in drug metabolism and
clinical outcomes in biliary atresia.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The liver plays a fundamental role in drug metabolism and
detoxification. Multiple factors, including genetics, diet, alcohol,
and viral infections, can compromise its function. For instance,
cholestatic liver disease can be induced by drugs, secondary to
mutations, or caused by immune modulation.1–3 High-fat and
Western diet primarily drive the development of fatty liver
disease and non-alcoholic steatohepatitis (NASH), whereas
excessive alcohol consumption and hepatitis B and C infections
can lead to cirrhosis and eventually to cancer. As different
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therapeutic interventions are employed to treat these conditions,
it is essential to understand the molecular networks perturbed
during these disease states.

Here, we used high-throughput sequencing to analyse
different liver diseases to identify their common and distinct
gene signatures. We generated transcriptome data from mouse
models of cholestasis, diet-induced fatty liver disease, and liver
regeneration following partial hepatectomy (PHx). We antici-
pated that liver function would be compromised during diseased
states resulting in reduced metabolic capacity.

However, confounding liver metabolic function data have
been reported in the context of primary biliary cirrhosis, liver
cirrhosis, and biliary obstruction.4–6 Of importance, some of the
phase I metabolic genes, such as Cyp2bs and Cyp3as, which can
hydroxylate and facilitate bile acid excretion,7 are increased
during cholestatic liver diseases.8,9 Consistent with this finding,
we observed upregulation of drug metabolic genes specifically in
cholestatic mouse livers and not in other liver diseases.
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As phase I and II genes are transcriptionally regulated by
nuclear receptors constitutive androstane receptor (CAR) and
pregnane X receptor (PXR),10 we analysed the liver
transcriptome after activating CAR with its ligand and used
publicly available PXR data. We hypothesised that increases in
CAR activation in the cholestatic double-knockout (DKO) mice
might alter drug metabolism. To test this, we examined
acetaminophen-induced liver toxicity and zoxazolamine-
induced paralysis in control and DKO mice in the presence and
absence of CAR inverse agonist, androstanol.

To investigate potential clinical significance, we tested if
similar gene expression patterns are maintained in humans by
analysing publicly available liver transcriptome data sets of
hepatitis B and C viral infections,11 alcoholic hepatitis (AH),12

NASH,13 and biliary atresia.14 Finally, we evaluated if CYP2B6
protein expression, one of the CAR targets, is altered in biliary
atresia patient livers.
Materials and methods
Animals
Fxr−/−Shp−/− (DKO) male mice were generated as previously
described.15 Age-matched wild-type (WT) males were used as
controls. Individual floxed farnesoid X receptor (Fxr) and floxed
small heterodimer partner (Shp) mice obtained from Dr Kristina
Schoonjans’s laboratory (École Polytechnique Fédérale de Lau-
sanne, Lausanne, Switzerland) were intercrossed to generate
double-floxed homozygous Fxr-Shp mice (fl/fl Fxr fl/fl Shp). The
mice were housed on a standard 12-h light/dark cycle. All the
experiments were carried out on 12- to 16-week-old male mice
on C57/B6 background, unless specified, as outlined in the Guide
for the Care and Use of Laboratory Animals of the National
Academy of Sciences (NIH publication 86-23, revised 1985) and
approved by the Institutional Animal Care and Use Committee at
University of Illinois at Urbana-Champaign (UIUC; Urbana, IL,
USA). To test if increased expression of detoxification genes is a
generalised injury response of the liver, the following experi-
mental cohorts were used:

� Bile-acid-induced stress, in which fl/fl Fxr fl/fl Shp C57/B6
mice were fed with either normal chow or 1% cholic acid
(CA) (TD.140532) diet for 5 days

� High-fat-diet-induced fatty liver, in which C57/B6 mice were
fed either a chow or 60% fat containing diet (TD.06414) for 8
weeks (this led to steatosis but not NASH)

� Liver regeneration model, in which livers from C3H/HeN
mice were collected 48 h post two-thirds PHx to determine if
CAR is activated in the regenerating liver

All the mouse diets were obtained from Harlan (ENVIGO,
Indianapolis, IN, USA).

Chemicals
Murine CAR agonist 1,4-bis (2-[3,5-dichloropyridyloxy]) benzene
(TCPOBOP), referred here as TC, was obtained from Sigma, St.
Louis, MO, USA. TC was first dissolved in 100% ethanol at a
concentration of 4 mg/ml, followed by dilution in corn oil and
stirred overnight to make a final concentration of 2 mg/ml.
Thirty-six hours after a single intraperitoneal injection with corn
oil or 3 mg/kg TC, WT mice were sacrificed to collect livers. For
acetaminophen treatments, WT and DKO mice were fasted
overnight, followed by a single intraperitoneal injection with
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0.9% saline or 300 mg/kg acetaminophen (Sigma). Another
cohort of control and DKO mice were also treated with andros-
tanol (100 mg/kg) 1 h after acetaminophen injection. The mice
were then sacrificed to collect liver and blood serum after 1, 6,
and 24 h. A 0-h time point was used as controls. WT and DKO
mice were injected intraperitoneally once with either 250 mg/kg
zoxazolamine (Sigma) alone, or with 100 mg/kg androstanol
(Sigma) 3 days before zoxazolamine treatment to inhibit CAR
activity. Immediately after zoxazolamine injection, the mice
were placed on their backs. The time taken by the mice to regain
the righting reflex and start walking was recorded as the paral-
ysis time.
Histology and immuno-staining
Liver tissues were fixed in 10% formalin for 24 h, processed, and
embedded in paraffin. Liver sections were cut to obtain 5-lm-
thick slices, followed by deparaffinisation in xylene and ethanol
(100%, 95%, 80%, and 50%) and rehydration in water. These slices
were stained with haematoxylin and eosin as per manufacturer’s
protocol.

For immunofluorescence staining, the rehydrated sections
were antigen retrieved in Tris-EDTA buffer (pH 8.0) in a slow
cooker at 90�C for 5min, followed by cool down in cold tap
water. Next, the sections were washed in TBS +0.05% Triton X-
100 buffer twice for 5 min, and blocked in 10% normal goat
serum and 1% BSA at room temperature for 2 h. Post blocking,
anti-CYP2B6 (catalogue number TA504328; OriGene) was
applied to the sections at 1:100 dilution and incubated overnight
at 4�C. Following this, the sections were washed in TBS + Triton
X-100 buffer, and secondary fluorescent antibodies (goat
anti-mouse; 1:500 in 1% BSA + TBS) were applied for 1 h at
room temperature. The sections were then coverslipped using
CC/MountTM aqueous mounting media (Sigma) and imaged on a
ZEISS LSM 710 microscope at the Carl R. Woese Institute for
Genomic Biology (IGB) core facility, UIUC. For immunohisto-
chemistry, biliary atresia liver tissue samples were stained with
anti-CYP2B6 (catalogue number TA504328; OriGene) at 1:2000
dilution and incubated overnight at 4�C. Following this, the
sections were incubated with Vector Immpress anti-mouse
ready to use secondary antibody (Vector Biolabs, Burlinghame,
CA, USA) and visualized on a Nikon Eclipse Ni microscope at
Texas Childrens' Hospital, TX.
RNA-Seq analysis
RNA was isolated using RNeasy Tissue Mini Kit (QIAGEN) from
the livers of the following cohorts of mice:

� Cohort 1: chow-fed WT and DKO (Fxr−/−Shp−/− DKO) mice
� Cohort 2: corn oil- or TC-treated WT mice
� Cohort 3: chow- or high-fat-diet-fed WT mice
� Cohort 4: sham or partial hepatectomised (PHx) mice
� Cohort 5: chow- or CA-fed mice

RNA quality was tested using an Agilent bioanalyzer by the
Functional Genomics Core at the Roy J. Carver Biotechnology
Center, UIUC. Hi-Seq libraries were prepared and Illumina
sequencing was performed on a HiSeq 4000 at the High-
Throughput Sequencing and Genotyping Unit, UIUC. The
sequencing details are outlined in Table S1. Reads were processed
for quality using Trimmomatic and aligned to the mouse genome
(mm10) using STAR (Spliced Transcripts Alignment to a
2vol. 2 j 100140



Reference). Read count values and differential gene expression
were obtained from HTseq and DESeq2, respectively. Fold change
>1.5, calculated relative to the respective controls, was consid-
ered significant. Log2 fold change was plotted as heat maps. Up-
and downregulated genes were clustered into biological path-
ways using DAVID Gene Ontology tool (https://david.ncifcrf.gov/
tools.jsp).

The data discussed in this publication have been deposited in
the NCBI’s Gene Expression Omnibus (GEO)16 and are accessible
through GEO series accession number GSE116627 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116627).

Quantitative Venn diagrams
BioVenn17 was used to generate Venn diagrams comparing the
overlapping phase I and II metabolic genes between the
following groups:

� Group 1: DKO, CAR-activated, and PXR-activated mice
� Group 2: DKO, Fxr−/− (FXR knockout [FXRKO]), and Shp−/−

(SHP knockout [SHPKO]) 5-week-old mice15

� Group 3: DKO and CA-fed mice

InteractiVenn18 was used to generate Venn diagrams to depict
overlap between human transcriptomic data sets of HBV, HCV,
AH, and NASH. Genes showing significant changes were
included.

Analysis of serum bile acid composition
Pooled serum from DKO, CA-diet-fed mice, or their respective
controls (n = 5 mice per group) was quantitated for individual
bile acid species using liquid chromatographic-mass spectrom-
etry at the Metabolomics Core at Baylor College of Medicine,
Houston, TX, USA. A Waters ACQUITY UPLC® BEH C18 column
was used. L-zeatine was spiked into each sample as an internal
standard.

Hepatic glutathione assay
Total hepatic glutathione disulphide (GSH) levels were measured
in liver homogenates from WT and DKO mice post acetamino-
phen treatments using a Glutathione Assay Kit (Sigma-Aldrich, St
Louis, MO, USA), according to the manufacturer’s protocol.
Briefly, total GSH was extracted from liver lysates in 5% sulpho-
salicylic acid and oxidised to GSSG by 5,5ʹ-dithiobis-(2-
nitrobenzoic acid). This is followed by the addition of NADPH
to measure the rate of GSH formation in the presence of gluta-
thione reductase kinetically at 412 nm using BioTek Synergy2,
Winooski, VT, USA.

Western blotting
Radioimmunoprecipitation assay buffer (25 mM Tris [pH 7], 150
mM NaCl, 0.5% sodium deoxycholate, protease inhibitor [Pier-
ceTM Protease Inhibitor Mini Tablets, EDTA free; Thermo Fisher
Scientific], phosphatase inhibitor [Phosphatase Inhibitor Cocktail
3; Sigma-Aldrich], and 1% Triton X-100) was added to each liver
sample, which was homogenised, and sonicated to extract pro-
teins. Protein concentration was measured by bicinchoninic acid
assay (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific).
For Western blot, 50 lg of total protein was loaded onto 8–12%
SDS-PAGE gels. After transfer, the membrane was incubated with
Cyp2E1 antibody (1:1000; Abcam, Cambridge, MA, USA) fol-
lowed by goat anti-rabbit secondary antibody (1:5000, GE
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Healthcare, Chicago, IL, USA). Chemiluminiscence was detected
using Bio-rad ChemiDoc system XRS+, Hercules, CA, USA.

qRT-PCR analysis
RNAwas isolated fromWT and DKO livers (n = 5 per group) using
TRIzolTM (Invitrogen), reverse transcribed, and analysed by
SYBR® GreenTM-based qRT-PCR using ABI Quant Studio 3,
Thermo Fisher Scientific. Mouse-specific primer sets are listed
in Table S2. Relative gene expression was calculated by delta-
delta Ct method and normalised to 36b4 levels as loading
control.

Statistical analysis
Data are presented as mean ± SEM. Unpaired Student t test was
used to compare between WT and DKO. One-way ANOVA with a
Bonferroni post hoc test was used for the zoxazolamine and
acetaminophen experiments. Student's t test was used for the
expression analysis of the human samples. All statistical analyses
were done using GraphPad Prism. Correlation was assessed using
Pearson correlation coefficient test. Level of significance was p
<0.05.
Results
Genome-wide analysis of diseased murine and human livers
revealed upregulation of drug metabolic genes during
cholestasis
The liver is a central hub responsible for the breakdown of
carbohydrates, fat, protein, and foreign compounds, including
prescription drugs. To examine the alterations in transcriptional
programmes during different insults to the liver, we performed
and analysed RNA-seq on cholestatic, fatty, and regenerating
mouse livers. As a model of cholestatic liver disease, we
employed the combined deletion of both Fxr and Shp (DKO),
which accumulate excessive bile acids.15,19 Histological analysis
revealed hepatocyte ballooning, ductular reactions, and focal
inflammation, consistent with severe cholestasis in the DKO
livers. Mice fed with high-fat diet, as expected, developed macro-
steatosis and fatty liver, and PHx resulted in a robust regenera-
tive response, indicated by the presence of mitotic bodies
(Fig. S1).

During cholestasis, many metabolic pathways, including drug
metabolism, were upregulated, whereas DNA damage, hypoxia,
and insulin response were downregulated (Fig. 1A). As expected,
the livers of mice fed with high-fat diet showed upregulation of
genes related to lipid transport, immune response activation, and
acyl CoA metabolism, whereas regenerating livers showed
upregulation of genes related to cell cycle, mitosis, and acute
phase response. Interestingly, both models exhibited down-
regulation of glucose homeostasis, oxidation-reduction, steroid,
and P450-dependent metabolic pathways (Fig. 1B and C). When
we assessed common pathways between the three mouse
models, gene ontology analysis revealed enrichment in cellular
proliferation, inflammation, and downregulation of glucose and
lipid homeostasis (Fig. 1D; Table S3).

As many liver disorders exhibit accumulation of bile acids, we
examined the cholestaticDKOmice and founda specific increase in
the P450 metabolic gene profile. This led us to focus on drug
metabolism. To test if bile acid overload can activate
drug-metabolising phase I and II genes, we examined the liver
transcriptomes of CA-fedWTand DKOmice. Both groups revealed
the upregulation of oxidation-reduction, glutathione metabolism,
3vol. 2 j 100140
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Fig. 1. Genome-wide profiling reveals common and unique gene networks in cholestasis, steatosis, and regeneration. Specific up- and downregulated
pathways in (A) cholestatic (double knockout [DKO]), (B) diet-induced steatosis (high-fat diet [HFD]), and (C) regenerating (partial hepatectomy [PHx]) livers are
shown. (D) Venn diagrams represent the overlap of either downregulated or upregulated gene expression amongst mouse models of cholestasis, fatty, and
regeneration. Bar graph exhibits DAVID Gene Ontology network analysis for the common pathways in these diseased models. (n = 2–3 mice per group; fold
change >1.5; FDR <30).
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and cellular drug response pathways with a 95% overlap in phase I
and IImetabolic gene expression (Fig. S2A–C; Fig.1A). As expected,
these twomousemodels exhibited increased total serumbile acids
and changes in bile acid composition15,20 with CA levels increased
upon CA diet. By contrast, T-CA and T-MCA were high in DKO
mice (Fig. S2D–F).
JHEP Reports 2020
Transcriptome profile of cholestatic DKO livers overlaps
mainly with CAR activation
Nuclear receptors CAR and PXR coordinate phase I and II meta-
bolic genes to detoxify and clear foreign compounds.21,22

Therefore, we performed RNA-seq analysis of livers after acti-
vation of CAR (TC treated), and compared it with the DKO data
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>1.5; FDR <30). Venn diagrams show major overlap of (C) phase I genes between 1,4-bis (2-[3,5-dichloropyridyloxy]) benzene (TC)-treated and double-knockout
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and the published PXR-activated (pregnenolone 16 alpha-
carbonitrile [PCN]-treated) data set.23 TC and PCN treatments
caused the upregulation of xenobiotic and steroid metabolism
(Fig. 2A and B) with the expected Cyp2bs and 2cs response in CAR
and Cyp3as response in PXR. We also found a strong upregula-
tion of cell-cycle-associated transcripts with TC treatment,
JHEP Reports 2020
suggesting an essential role for CAR in proliferation. Further, the
changes in DKO livers showed approximately 37% (Fig. S3A)
overlap with the entire CAR-activated genes. When we narrowed
on drug-metabolising genes, DKO expression profile overlapped
46% (41/89 genes) with CAR activation vs. 21% (19/89) with PXR-
activated genes (Fig. 2C and D).
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treatment in control WT and cholestatic DKO mice. (G) Histological analysis of liver sections at 0, 6, and 24 h after APAP injection shows reduced necrosis in the
DKO compared with WT mice (n = 4–6 mice per group; mean ± SEM; one-way ANOVA; *p <0.05, **p <0.01, ***p <0.005, ****p <0.001).

Research article
CA-fed livers mimicked the profile of cholestatic DKO mice
with increases in phase I genes. However, 48 h after PHx, and
in diet-induced steatosis, Cyp450 genes remained suppressed
(Fig. 2E). Phase II sulphotransferase (Sult) genes were robustly
induced only in DKO and TC-treated WT mice. By contrast,
increases in glutathione sulphotransferases (Gsts) were
observed in DKO, CA-fed, and PCN- and TC-treated mice, but
not in the steatotic and regenerating livers, except Gsta1
(Fig. 2F).
JHEP Reports 2020
As the cholestatic DKO mice exhibited increases in drug
metabolism genes, we investigated if this is a consequence of
Fxr and Shp deletion. We compared DKO, FXRKO, and SHPKO
livers, and found that CYP450 drug metabolism genes were
unaltered except for increased expression of Cyp2a5
and Cyp2c39 in FXRKO (Fig. S3B and C). By contrast, the
expression of several Gst genes was higher in both DKO and
FXRKO, but their levels were reduced in SHPKO livers
(Fig. S3D and E).
6vol. 2 j 100140



CAR is responsible for increased phase I gene expression in
cholestasis
CYP2Bs and CYP3As orchestrate phase I metabolism of many of
the commonly prescribed drugs and are regulated by CAR
activity24 (Table S4). qRT-PCR validated our RNA-seq results,
such that CYP450 genes, including Cyp2b10 and Cyp3a11, were
induced along with alterations in Sults and Gsts in the chole-
static DKO mice (Fig. 2; Fig. S4A). We further examined the
protein expression of CYP2B6, a CAR target protein, and found
it elevated in the DKO livers (Fig. 3A). To test the functional
consequence of this expression profile, we used a pharmaco-
logical approach. We treated WT and DKO mice with the
paralytic agent zoxazolamine and found that DKOs exhibited
lower paralysis time compared with WT mice (Fig. 3B). Inhib-
iting CAR activity with androstanol was sufficient to increase
paralysis time both in WT and DKO (Fig. 3B). To test the
consequence of CAR activation on a commonly used prescrip-
tion drug, we challenged WT and DKO mice with high doses of
acetaminophen (APAP), which causes severe hepatotoxicity
(Fig. 3C).

Despite serum ALT and AST being higher at baseline as well as
1 h post APAP, the fold change of this increase at 6- and 24-h
time point is lower in the DKO compared with control mice
(Fig. 4A; Fig. S4B). We examined transcript expression of Cyp2e1,
which is responsible for converting APAP to the toxic N-acetyl-p-
benzoquinone imine (NAPQI) metabolite, and found it to be
lower at baseline but was higher at the 24-h time point in the
DKO mice (Fig. 3D). Further, cholestatic mice showed a decrease
in Cyp1a2 and Gstp1 (Fig. 3E), which correlated well with a
higher concentration of reduced GSH at the 6-h time point
(Fig. 3F) and protection against liver injury (Fig. 3G). To investi-
gate the early response to APAP toxicity, we analysed reduced
GSH levels, and they plummeted 1 h post-injection in both WT
and DKO mice. No difference in CYP2E1 protein expression was
observed, suggesting that the initial injury is similar between the
two groups (Fig. 4A–F). We postulated that CAR-mediated phase
I and II genes protected the DKO mice, and to test this, we
challenged mice with APAP and inhibited CAR activity using
androstanol. Serum liver injury markers, ALT, and AST were
elevated to the same extent as control, and reduced GSH levels
were significantly lowered in DKO mice upon androstanol
treatment (Fig. 4G–L). These experiments highlight the relevance
of CAR activation in protecting the DKO mice from APAP toxicity
and zoxazolamine-induced paralysis.

Drug-metabolising genes are induced in biliary atresia
patients
To determine if phase I drug metabolism is induced in human
liver diseases, we first analysed the liver transcriptomes of
post-HBV or -HCV infected,11 AH,12 NASH,13 and biliary atresia14

patient cohorts. We did not find significant overlap in gene
expression between these different human cohorts (Fig. 5A).
Interestingly, gene ontology pathway analysis revealed upregu-
lation of P450 pathway in biliary atresia transcriptome (Fig. 5B;
Fig. S5). Although the gene ontology ‘response to drugs’ was
upregulated in viral infections (Fig. S5A), this was not related to
the P450 detoxification genes. However, we found a robust
decrease in CYP2C19 and UGT2A1 in post-HCV group (Fig. 5C and
D). Additionally, transcriptomic data analysis from patient sam-
ples with AH12 revealed an overall downregulation of phase I and
II genes, except for CYP1B1 and SULT1C2 expression. Similarly,
NASH liver samples13 also exhibited reduced expression of many
JHEP Reports 2020
phase I genes except for induction in CYP3A5, CYP3A7, and
CYP3A43 along with SULT1C2 and UGT2B28 (Fig. 5C and D).

Moreover, we mined publicly available biliary atresia tran-
scriptomic data for the expression profile of detoxification
genes.14,25 Biliary atresia samples compared with normal control
sample displayed increases in CYP3A7 and several SULT and UGT
detoxification genes (Fig. 5C and D). Further, we found dramat-
ically high coefficient of variation 70–150% within samples:
normal controls (n = 7) and biliary atresia (n = 161). We
compared within the biliary atresia (22–169 days old) samples
rather than comparing with control deceased liver samples
(1.8–3.5 years old) because CYP expression changes markedly
with age.26 We segregated the biliary atresia sample based on
serum gamma-glutamyl transferase (GGT) levels. In this manner,
we were able to identify samples with dramatically elevated GGT,
which correlate with higher expression of drug metabolism
genes. We found that the phase I and II gene expression pattern
segregated into three categories (Figs. 5 and 6) based on GGT
levels: low (<450 U/L; n = 21), mid (450–850 U/L; n = 31), or high
(>850 U/L; n = 17). Notably, 25% of the samples fell within the
high-GGT category, and this displayed induction of several phase
I genes, including CYP2C8 and CYP3A4 (Figs. 5C and 6A). CYP2B6
transcript expression, however, did not reach statistical signifi-
cance as a result of a high coefficient of variation (97.40%). The
gene expression pattern of the mid-GGT group revealed a similar
trend to that of high GGT (Fig. S6A). Most of the phase II genes
remained unaltered in biliary atresia except for reductions in
SULT1E1 and UGT3A1 expression (Figs. 5D and 6B; Fig. S6B). CAR
and PXR activation is known to suppress these two phase II
genes,27–29 indicating that the xeno-sensing mechanism may be
active in patients with high GGT.

Finally, we stained the biliary atresia patient samples for
hepatic CYP2B6 protein expression and found this CAR target
significantly elevated to different degrees in them (Fig. 6C;
Fig. S7). The variation in increased CYP2B6 expression did not
correlate with the serum liver injury markers (Table S5).
Nevertheless, these clinical samples corroborate our results from
the DKO and CA-fed mouse models, and implicate that activation
of CAR in cholestasis can lead to alterations in drug metabolism
with beneficial effects against hepatotoxicity (graphical abstract).
Discussion
In this study, we took a genome-wide approach to investigate
pathways that are altered under different conditions of liver
diseases using mouse models and by mining publicly available
human data. Analysis of common and distinct molecular path-
ways revealed an increase in cytochrome P450 genes particularly
during cholestasis. We focused on cytochrome P450s because
they are fundamentally responsible for drug metabolism, and
therefore, for therapeutic outcomes.

Also, xeno-sensors CAR and PXR transcriptionally regulate
drug metabolism; therefore, we compared RNA-seq data from
different liver injury models with either activation of CAR or
PXR.23,30 This analysis revealed a substantial overlap of gene
profiles of cholestasis with CAR activation. As DKO mouse model
is a genetic loss of FXR and SHP, we examined and found that the
activation of CAR and PXR is not a default consequence of the
deletion. We did observe one of the drug-metabolising genes,
Cyp2c8, correlates with Fxr expression (Fig. S6C). We postulate
this could be secondary to hepatocyte nuclear factor 4 alpha
(Hnf4a), which is known to mediate Cyp2c8 regulation.31
7vol. 2 j 100140
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Fig. 5. Comparative transcriptomic analyses indicate that drug metabolism is not a generalised response to liver injury. Previously conducted tran-
scriptomic data analyses for liver injury models in patient samples with viral (both hepatitis B and C) infection, alcoholic hepatitis (AH) (Gene Expression
Omnibus [GEO] data set: GSE28619), non-alcoholic steatohepatitis (NASH) (GEO data set: GSE126848), and biliary atresia (GEO data sets: GSE46995 and
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display (C) phase I and (D) phase II drug metabolic genes in the liver diseases (Unpaired Student's t test; fold change >1.5; p <0.05). Biliary atresia gene expression
profile was separated either by circulating gamma-glutamyl transferase (GGT) levels or by age.
Moreover, FXRKO, SHPKO, and BsepKO (deletion of bile salt
canalicular exporter Bsep) do not accumulate bile acids to the
extent of DKO or 1% CA-diet-fed mice,19,20 and did not exhibit
activation in phase I genes. These data suggest that a particularly
high threshold of bile acid concentration is necessary to promote
activation of detoxification pathways in the liver.

We tested the functionality of these changes in mice by
measuring APAP toxicity and the zoxazolamine paralysis effect.
CAR activation is associated with increased sensitivity to APAP
toxicity.32 Surprisingly, DKO mice showed resistance to APAP
toxicity. On examining further, in line with CAR activation, we
did observe reduced basal expression of Cyp2e1, which is
important for metabolising APAP and NAPQI generation. How-
ever, we did not find any difference in Cyp2e1 mRNA and protein
JHEP Reports 2020
expression 1 h after APAP. In fact, Cyp2e1 expressionwas induced
at the 24-h time point after APAP injection in DKO livers. This
result indicated that the protection from APAP toxicity could be
attributable to the phase II response. Therefore, we analysed the
expression of different glutathione S-transferase genes and
found Gstp1 expression was reduced. Consistently, we found that
glutathione levels plunged at 1 h, but rebound and stably
maintained in the DKO mice. Inhibiting CAR activity was enough
to decrease significant protection to APAP toxicity in the DKO
mice. Furthermore, even control animals exhibited a decrease in
the concentrations of reduced GSH, albeit not reaching signifi-
cance after androstanol treatment. Recently, bile acids, as well as
Gstp1/2 deletion, were shown to cause resistance to APAP
toxicity.33–36 Thus, bile acids and CAR-driven mechanisms may
9vol. 2 j 100140
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protect the DKO mice from APAP toxicity. Similarly, androstanol
treatment increased the zoxazolamine-induced paralysis time in
DKO animals, thus underscoring the relevance of CAR activation
and pharmacological effects of drugs in cholestasis.

To explore the clinical significance of our findings, we mined
the available data sets for different liver disease states caused by
HBV or HCV infection, AH, NASH, and biliary atresia. We did not
find increases in expression of drug metabolism genes in any of
these liver disease conditions except in biliary atresia samples
with GGT levels >850 U/L. We do not know why such a
significant correlation exists in this high-GGT group, which
accounts for 25% of these patients. All biliary atresia patients
displayed elevated conjugated bilirubin levels to the same extent
(�5 mg/dl) and, unlike serum GGTs, did not separate into distinct
clusters. FXR and SHP expression is reduced in biliary atresia, and
we examined if there was a correlation between these receptors
and CAR, PXR, and P450 genes in humans (Fig. S6). Except for a
direct correlation of FXR expression with CYP2C8 and CYP3A4,
and SHP with CAR, we found no other statistically significant
associations.

Humans have fewer P450s compared with mice; however,
nuclear receptors CAR and PXR are known to regulate drug
metabolism in both species.30,37,38 We examined and vali-
dated higher expression of CYP2B6 protein, key CAR target, in
biliary atresia patient samples. Several studies in the 1970s
JHEP Reports 2020
reported faster clearance of drugs in patients with liver dis-
ease. For instance, tolbutamide was metabolised faster in
cholestatic patients (165 ± 48 min) compared with normal
individuals (384 ± 76 min).39 Patients with chronic alcohol
consumption also had higher metabolism of antipyrine (11.7
vs. 15.7 h), phenobarbital (26.3 vs. 35.1 h), and warfarin (26.5
vs. 41.1 h).9 Many of these drugs are prototypical substrates
of the CAR/PXR target genes CYP2C, 2B, or 3A.

Although we see higher phase I gene and protein
expression, validation of P450 activity in different human
cholestatic conditions is challenging.

In summary, we suggest that severely cholestatic human
hepatocytes may mount a detoxification response to lower
its BA burden. In line with our findings, recent clinical data
of 171 biliary atresia patients revealed enrichment in phase
I, phase II, and glutathione metabolic pathways in the
subset of high-survival patients.25 Further, lower thera-
peutic benefits of certain prescription drugs (tolbutamide,
warfarin, antipyrine, and phenytoin)9,39 have been previ-
ously reported in individuals with cholestasis. Our findings
not only explain this variability, which could be subsequent
to CAR activation, but also reveal that modulating CAR may
improve clinical outcomes in the management of chole-
static diseases.
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