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Constitutive Androstane Receptor 
Differentially Regulates Bile Acid 
Homeostasis in Mouse Models of 
Intrahepatic Cholestasis
Kang Ho Kim ,1 Jong Min Choi,1 Feng Li,1,2 Bingning Dong,1 Clavia Ruth Wooton-Kee,1 Armando Arizpe,3  
Sayeepriyadarshini Anakk ,4 Sung Yun Jung ,1,5 Sean M. Hartig ,1,6 and David D. Moore 1

Bile acid (BA) homeostasis is tightly regulated by multiple transcription factors, including farnesoid X receptor 
(FXR) and small heterodimer partner (SHP). We previously reported that loss of the FXR/SHP axis causes severe 
intrahepatic cholestasis, similar to human progressive familial intrahepatic cholestasis type 5 (PFIC5). In this study, 
we found that constitutive androstane receptor (CAR) is endogenously activated in Fxr:Shp double knockout (DKO) 
mice. To test the hypothesis that CAR activation protects DKO mice from further liver damage, we generated 
Fxr;Shp;Car triple knockout (TKO) mice. In TKO mice, residual adenosine triphosphate (ATP) binding cassette, 
subfamily B member 11 (ABCB11; alias bile salt export pump [BSEP]) function and fecal BA excretion are com-
pletely impaired, resulting in severe hepatic and biliary damage due to excess BA overload. In addition, we discov-
ered that pharmacologic CAR activation has different effects on intrahepatic cholestasis of different etiologies. In 
DKO mice, CAR agonist 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP; here on TC) treatment attenuated 
cholestatic liver injury, as expected. However, in the PFIC2 model Bsep knockout (BKO) mice, TC treatment exhib-
ited opposite effects that ref lect increased BA accumulation and liver injury. These contrasting results may be linked 
to differential regulation of systemic cholesterol homeostasis in DKO and BKO livers. TC treatment selectively up-
regulated hepatic cholesterol levels in BKO mice, supporting de novo BA synthesis. Conclusion: CAR activation in 
DKO mice is generally protective against cholestatic liver injury in these mice, which model PFIC5, but not in the 
PFIC2 model BKO mice. Our results emphasize the importance of the genetic and physiologic background when 
implementing targeted therapies to treat intrahepatic cholestasis. (Hepatology Communications 2019;3:147-159).

Bile acids (BAs) act as endogenous surfactants 
required for digestion of fats and fat-soluble 
vitamins. BAs are also implicated in multiple 

biological processes, acting as metabolic hormones 
to regulate liver functions, including systemic energy 
homeostasis.(1) BAs are primarily synthesized from 

cholesterol in the liver by a variety of enzymatic reac-
tions in the endoplasmic reticulum, mitochondria, 
peroxisomes, and cytosol(2); they are then excreted, 
mostly reabsorbed in the intestine, and returned to the 
liver in a process known as enterohepatic circulation 
that is crucial for maintaining normal BA levels.(3)

Abbreviations: ABCB11, adenosine triphosphate binding cassette subfamily B member 11; ALT, alanine aminotransferase; ANOVA, analysis 
of variance; AST, aspartate aminotransferase; ATP, adenosine triphosphate; BA, bile acid; BKO, bile acid export pump knockout; BSEP, bile acid 
export pump; BW, body weight; CAR, constitutive androstane receptor; Ces, carboxylesterase; CO, corn oil; CYP7A1, cytochrome P450, family 7, 
subfamily a, polypeptide 1; DKO, double knockout; FXR, farnesoid X receptor; GGT, gamma-glutamyltransferase; GST, glutathione S-transferase; 
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Hereditary or acquired disruption of enterohepatic 
BA circulation causes cholestasis. The common hall-
mark of cholestasis is the accumulation of toxic BAs in 
the liver and in circulation. This can be due to reduced 
hepatic BA excretion (intrahepatic) or bile duct 
obstruction (extrahepatic). Intrahepatic cholestasis 
reflects dysregulation of membrane BA and phospho-
lipid transport as well as BA synthesis and conjuga-
tion processes.(4) Classical hereditary defects identify 
progressive familial intrahepatic cholestasis (PFIC), 
which is a group of five autosomal recessive disorders 
caused by gene mutations in adenosine triphosphate 
8B1 (ATP8B1) (aliases FIC1, PFIC1), residual ade-
nosine triphosphate binding cassette, subfamily B, 
member 11 (ABCB11) (aliases bile salt export pump 
[BSEP], PFIC2), ABCB4 (aliases multidrug resistance 
3 [MDR3], PFIC3), tight junction protein 2 (TJP2; 
alias PFIC4), and nuclear receptor subfamily 1, group 
H, member 4 (NR1H4; aliases farnesoid X receptor 
[FXR], PFIC5).(5) PFIC typically emerges in infancy 
and childhood, resulting in end-stage liver disease and 
death unless it is properly treated.(6)

Physiologic levels of BAs are tightly regulated 
through a multistep feedback loop by FXR (NR1H4) 
and its downstream target small heterodimer part-
ner (SHP) (NR0B2).(7) FXR is directly activated by 
BAs, like chenodeoxycholic acid, which suppresses  

de novo BA synthesis and enhances BA excretion, 
largely through repression of cytochrome P450, 
family 7, subfamily a, polypeptide 1 (CYP7A1) and 
induction of BSEP (ABCB11) expression.(8) SHP is 
a direct FXR target gene and acts as a transcriptional 
repressor of several transcription factors to inhibit 
Cyp7a1 expression.(9) Thus, FXR and SHP activation 
restrains BA synthesis and facilitates enterohepatic 
BA circulation to maintain BA homeostasis.

Recently, we reported surprising distinct molecular 
pathogenesis in two PFIC models, despite common 
cholestasis phenotypes.(10) Combined deletion of FXR 
and SHP (double knockout [DKO]) causes juvenile 
onset intrahepatic cholestasis with severe liver dam-
age,(11) similar to the human PFIC5 disease.(12) DKO 
mice exhibit substantially higher Cyp7a1 expression 
and decreased Abcb11 expression compared to Fxr 
or Shp single knockouts. DKO alters the expression 
of many genes involved in BA metabolism and BA 
transport.(11) Bile salt export pump knockouts (BSEP 
KOs), which recapitulate human PFIC2 disease,(13) 
share many aspects of the DKO phenotype, including 
similarly elevated total hepatic BAs and hepatomeg-
aly. However, DKO and BKO have very different BA 
composition and gene expression profiles.(10) This is 
primarily due to activation of constitutive androstane 
receptor (CAR) and pregnane X receptor (PXR) in 
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DKO but not BKO livers.(10) However, the detailed 
molecular mechanisms that account for this striking 
difference are largely unknown.

Multiple BA-activated nuclear receptors, such as 
FXR, CAR, PXR, and vitamin D receptor, play crucial 
roles in hepatobiliary BA homeostasis.(14) Although 
there is no evidence that BAs directly activate CAR 
following cholestatic liver injury, CAR activation gen-
erally mitigates BA-induced liver injury.(15,16) Genetic 
ablation of CAR accelerates liver injury in lithocholic 
acid-treated or bile duct-ligated mice.(16,17) CAR ago-
nist 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TC) 
treatment reverses these phenotypes through enhanced 
bilirubin and BA clearance.(16,18) However, these studies 
were mainly based on the extrahepatic cholestasis model 
induced by surgical biliary obstruction or a hydropho-
bic BA-containing diet. CAR function in a genetic  
model of intrahepatic cholestasis has not been evaluated.

Here, we investigated the selective function of 
CAR in intrahepatic cholestasis. We found that loss of 
CAR in DKO mice exacerbated BA-induced toxicity, 
implying a protective function of endogenous CAR 
activation in DKO liver. Interestingly, pharmacologic 
CAR activation differentially regulated BA homeosta-
sis in DKO and BKO models. Using transcriptomic 
and proteomic approaches, we analyzed the molecular 
mechanism underlying the distinct responses of CAR, 
which may ultimately establish CAR as a selective 
therapeutic target to treat specific subsets of intrahe-
patic cholestatic disease.

Materials and Methods
ANIMAL STUDIES

C57BL/6J and BKO mice were purchased from 
the Jackson Laboratory (#000664 and #004125, 
respectively; Bar Harbor, ME). Car KO (Nr1i3–/–) 
and Fxr:Shp DKO (Nr1h4–/–;Nr0b2–/–) have been 
described.(11,19) Male mice were used for all exper-
iments. Gallbladder volume was calculated by use 
of the ellipsoid formula (volume = 0.52 × length ×  
width2). To activate CAR, TC (T1443; Sigma Aldrich,  
St Louis, MO) was intraperitoneally injected in DKO 
and BKO mice for 2 weeks (twice per week, 2 mg/
kg body weight [BW]). To measure the BA excre-
tion rate, urine, bile, and feces were collected the day 
after TC treatment. All animal studies and procedures 
were approved by the Institutional Animal Care and 

Use Committee of Baylor College of Medicine. The 
serum liver panel was analyzed by the Center for 
Comparative Medicine (Baylor College of Medicine).

TOTAL BA AND CHOLESTEROL 
LEVEL

To analyze serum BA and cholesterol level, serum 
was separated from whole blood using a gel bar-
rier collection tube (CAPIJECT 3T-MGA; Terumo 
Medical Corporation, Somerset, NJ) and then analyzed 
with the Total Bile Acid Assay Kit (GWB-BQK090; 
GenWay Biotech, San Diego, CA) or the Infinity 
Total Cholesterol Reagent (TR13421; Thermo Fisher 
Scientific, Waltham, MA). For hepatic BA analysis, liver 
homogenate in 70% ethanol was used. For hepatic cho-
lesterol level, liver homogenates were mixed with a 1:2 
chloroform:methanol solution and the lipid-containing 
chloroform layer was isolated according to the mod-
ified Folch method. After evaporation, lipids were 
resuspended in 100% ethanol containing 1% Tween 20. 
Uninary, biliary, and fecal BA levels were analyzed in 
gallbladder bile and dried feces. Serum fractions were 
collected by high-performance liquid chromatography 
to measure lipoprotein lipid profiles (Mouse Metabolic 
and Phenotyping Core, Baylor College of Medicine).

REAL-TIME QUANTITATIVE 
POLYMERASE CHAIN REACTION

Tissue RNA was isolated by PureXtract RNAsol 
reagent (R6101; GenDEPOT, Inc. Katy, TX), and 
complementary DNA was synthesized by the qScript 
Reverse Transcriptase Kit (95047; Quantabio, Beverly, 
MA). KAPA SYBR FAST quantitative polymerase 
chain reaction (qPCR) reagent (KAPA Biosystems, 
Wilmington, MA) was used on the LightCycler 480 
Real-Time PCR system (Roche, Basel, Switzerland). 
Relative expression level to glyceraldehyde-3-phos-
phate dehydrogenase was calculated by the compara-
tive cycle threshold (ΔΔCt) method. Primer sequences 
are listed in Supporting Table S1.

PROTEOME PROFILING BY 
LIQUID CHROMATOGRAPHY–
TANDEM MASS SPECTROMETRY

The detailed procedure has been described.(20) 
Briefly, liver tissue was homogenized in a lysis buffer 
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(50 mM NH5CO3 and 1 mM CaCl2). After dena-
turation and subsequent trypsinization, peptides 
were extracted by 50% acetonitrile/0.1% formic acid 
and 80% acetonitrile/0.1% formic acid solution. 
The hepatic proteome was profiled by nano-liquid 
chromatography–tandem mass spectrometry (LC/
MS-MS) analysis with a nano-LC1000 coupled to 
a Thermo Q-Exactive (Thermo Fisher Scientific). 
Obtained MS-MS spectra were searched against the 
target-decoy mouse Reference Sequence database 
in the Proteome Discoverer 1.4 interface (PD1.4; 
Thermo Fisher Scientific) with the Mascot algorithm 
(Mascot 2.4; Matrix Science, Boston, MA). The rel-
ative amount was calculated by the intensity-based 
absolute quantification algorithm and normalized to 
the intensity-based fraction of the total.

IMMUNOHISTOCHEMISTRY
Immunohistochemical analysis of keratin 19 (KRT19; 

alias CK19), ABCB11 (BSEP), ABCC3 (alias multi-
drug-resistance like protein 3 [MRP3]), and ABCC4 
(alias MRP4) was carried out according to the gen-
eral guidelines of immunohistochemistry (Abcam, 
Cambridge, United Kingdom). Briefly, after antigen 
retrieval in sodium citrate buffer (pH 6.0), sections 
were incubated with blocking buffer (5% normal goat 
serum, 30 minutes) followed by diluted anti-KRT19 
(1:200, Ab133496; Abcam; Research Resource Identifier 
[RRID], AB_11155282), anti-ABCB11 (1:100, R31844; 
NSJ Bioreagents, San Diego, CA; RRID, AB_2725751), 
anti-ABCC3 (1:20, sc-59612; Santa Cruz Biotechnology, 
Dallas, TX; RRID, AB_631970), and anti-ABCC4 
(1:50, sc-376262; Santa Cruz Biotechnology; RRID, 
AB_10987858) antibodies at room temperature for 2 
hours. Antigen-antibody complex was then visualized 
by sequential incubation with biotin-conjugated second-
ary antibodies (rabbit, BA-1000; mouse, BA-2000; Vector 
Laboratories, Burlingame, CA; RRID, AB_2313606 
and AB_2313581, respectively) for 1.5 hours,  
Vectastatin Elite ABC Reagent (PK-7100; Vector 
Laboratories) for 30 minutes, and Vector NovaRed 
Peroxidase Substrate Kit (SK-4800; Vector Laboratories).

GENE EXPRESSION OMNIBUS 
DATA SET

The GSE40120 and GSE20599 data sets were used 
for TC-treated and DKO liver gene expression profiles, 

respectively. To compare the data sets of different 
platforms (GSE40120, Affymetrix Mouse Expression 
430A Array; GSE20599, Illumina mouseRef-8 v1.1 
expression beadchip), data were first sorted by offi-
cial gene symbols; the most significantly changed 
gene (lower P value) was then selected for duplicated 
genes. In total, 11,608 nonduplicated genes were com-
pared. Of these, 513 genes were commonly found in 
both microarrays (P < 0.01) and further classified 
into four groups according to the expression pattern. 
Genes that were commonly increased or decreased in 
both microarrays (n = 347) were analyzed by DAVID 
Bioinformatics Resources tools (https://david.ncif-
crf.gov; National Institute of Allergy and Infectious 
Diseases, Rockville, MD). The top four functional cat-
egories were displayed (Kyoto Encyclopedia of Genes 
and Genomes Pathway [KEGG]). Complete lists of 
KEGG and Gene Ontology-Biological Pathway anal-
yses are provided in Supporting Table S2.

STATISTICAL ANALYSIS
All results are presented as mean ± SEM, and 

statistical significance between corn oil (CO-) or 
TC-treated mice in each genotype (wild type [WT], 
DKO, or BKO) was calculated by the 2-tailed Student 
t test. For comparison of three or five groups, 1-way 
analysis of variance (ANOVA) followed by the posthoc 
Tukey honestly significant difference (HSD) test was 
used. 

Results
DKO CHOLESTASIS ACTIVATES 
CAR

Previously, we found that CAR and PXR signal-
ing is activated in DKO liver.(10) We first examined 
the broad DKO gene signature for CAR activation 
by comparing two microarrays from CAR agonist 
TC-treated (GSE40120) and DKO (GSE20599) 
liver (Fig. 1A). Among 11,608 common genes, we 
identified 2,185 (19%, DKO) and 1,352 (12%, TC) 
differentially regulated genes (P < 0.01); 513 genes 
were detected on both arrays (hypergeometric test, 
P = 4.47 × 10–70), and 67% (347/513) of these genes 
shared identical patterns of regulation.

KEGG pathway analysis showed that the up-reg-
ulated genes are enriched for chemical carcinogenesis 

https://david.ncifcrf.gov
https://david.ncifcrf.gov
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and xenobiotic metabolism pathways, including both 
CYP genes and glutathione S-transferases (GSTs) as 
components of their gene signature (Fig. 1B). Many 
CYPs and GSTs were highly induced by TC treat-
ment and blunted in Car KO (Fig. 1C). Of note, 
CAR-sensitive CYP and GST genes were exclusively 
dependent on the FXR/SHP axis (Fig. 1D).

LOSS OF CAR EXACERBATES 
CHOLESTATIC LIVER 
DAMAGE AND REGULATES BA 
HOMEOSTASIS

CYPs and GSTs are controlled by multiple tran-
scription factors, including the xenobiotic nuclear 
receptors CAR and PXR.(21) To define the CAR-
specific function in DKO liver, we generated 

Fxr:Shp:Car TKO mice. TKO mice exhibited signifi-
cantly reduced BW at 3-5 months of age (Fig. 2A),  
with severe jaundice compared to DKO mice. 
Consistent with the ability of CAR activation to pro-
mote liver growth,(18) the hepatomegaly phenotype of 
DKO was partially reversed in TKO (Fig. 2B,C) and 
hepatocyte proliferation was decreased (Supporting 
Fig. S1). Strikingly, TKO showed greater gallbladder 
volume and cholecystomegaly (Fig. 2B, arrowhead;  
Fig. 2D). Immunohistochemical analysis with the bil-
iary marker keratin-19 (KRT19) indicated enhanced 
biliary proliferation due to biliary tract damage (Fig. 
2E), which was less severe in DKO mice (Fig. 2E and 
Anakk et al.(11)).

In addition to phenotypic changes, TKO mice 
exhibited slightly increased serum and hepatic total 
BA levels (Fig. 3A). Metabolomic analysis of primary 

FIG. 1. DKO gene signature indicates potential CAR activation. (A) Comparison of DKO and TC-treated liver microarrays. Among 
513 genes that were significantly changed in both microarrays, 347 genes (173 + 174, 67.6%) were regulated in the same manner. (B) 
KEGG pathway analysis of 347 genes; the top four gene categories in each analysis are shown. (C,D) Representative CYP and GST 
gene expressions (C) by TC treatment in WT and Car knockout (n = 4) as well as (D) in Fxr knockout, Shp knockout, and DKO  
(n = 3-6). Student t test, *P < 0.05, ***P < 0.005 compared to CO-treated WT. ANOVA followed by Tukey HSD; ##P < 0.01,  
###P < 0.005. In some cases, the actual P value is presented.
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BAs revealed elevated levels of most BA species in 
TKO serum. More specifically, tauro-cholic acid and 
tauro-αβ-muricholic acid were elevated in TKO liver 
(Supporting Fig. S2A,B). Increased liver and other 
tissue injury were further supported by increased 
serum alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), lactate dehydrogenase, and 
bilirubin levels (Fig. 3B). The proportion of direct and 
indirect bilirubin was not changed (data not shown), 
indicating that both DKO and TKO mice exhibited 
conjugated hyperbilirubinemia. Elevated gamma-glu-
tamyltransferase (GGT) levels indicated biliary tract 

FIG. 2. Loss of CAR accelerates cholestatic liver injury. (A) BW changes of WT, DKO, and TKO mice (n = 3-5). (B) Representative 
image of whole body and liver at 3 months old. Scale bar, 10 mm; arrowhead, cholecystomegaly. (C) BW, liver weight, liver/BW ratio 
(%) (n = 8), and (D) gallbladder volume (n = 5) were measured. (E) Hematoxylin and eosin staining (magnification ×100) and KRT19 
immunostaining (magnification ×40). ANOVA followed by Tukey HSD; #P < 0.05, ###P < 0.005. Abbreviations: GB, gallbladder; 
H&E, hematoxylin and eosin; LW, liver weight.

FIG. 3. TKO increases BA-induced liver toxicity. (A) Total BA levels in serum and liver (n = 6-8). (B) Serum biochemistry analysis  
(n = 8). ANOVA followed by Tukey HSD; #P < 0.05, ###P < 0.005. Abbreviations: ALP, alkaline phosphatase; D-Bil, direct bilirubin; 
I-Bil, indirect bilirubin; LDH, lactate dehydrogenase; T-Bil, total bilirubin.
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damage in TKO mice (Fig. 3B), accounting for cho-
lecystomegaly in Fig. 2D. Overall, loss of CAR accel-
erated cholestatic liver injury in DKO mice, which 
indicates a protective role of CAR activation in DKO 
pathogenesis.

TKO IMPAIRS BA EXPORT 
THROUGH BLUNTED BSEP 
FUNCTION

CAR activation induces CYP and GST expression 
to facilitate clearance of xenobiotics and toxic cellu-
lar components, such as BAs.(19,22) We tested whether 
loss of CAR (TKO) diminishes the induction of CYPs 
and GSTs (Fig. 1D). In contrast to our expectation, 
only a few genes induced in DKO livers were strongly 
decreased in TKO (Cyp2b13, Gstm3, and Cyp3a11; 
Supporting Figs. S3 and S4), potentially due to the 
compensatory activation of other transcription factors, 
including the xenobiotic nuclear receptor PXR.(22)

To determine the molecular mechanism of acceler-
ated liver injury in TKO mice, we further profiled the 
messenger RNA (mRNA) levels of genes involved in 
BA synthesis, hydroxylation, conjugation, and trans-
port (Supporting Fig. S4). Most genes were not altered 
in TKO livers, except for Abcb11. ABCA11/BSEP 
is a major canalicular BA transporter that mainly 
excretes tauro-conjugated and glyco-conjugated BAs 
into bile.(23) Decreased mRNA and protein levels of 
ABCB11 in DKO mice were further suppressed in 
TKO mice (Fig. 4A,B). Direct immunohistochemical 
analysis of ABCB11 protein showed that the normal 
canalicular ABCB11 expression in DKO mice was 
completely abolished in TKO mice (Fig. 4C). Despite 
markedly decreased ABCB11 expression relative to 
WT, DKO mice retained canalicular BA efflux with 
slightly reduced biliary and fecal BA excretion, but 
these phenotypes were strongly attenuated in TKO 
mice (Fig. 4D). Thus, loss of CAR activation in TKO 
results in loss of residual DKO ABCB11 function, 
which likely accelerates cholestatic liver injury.

PHARMACOLOGIC CAR 
ACTIVATION EXHIBITS DISTINCT 
PHENOTYPES IN DKO AND BKO

This genetic analysis strongly predicts that CAR 
activation should be protective against DKO cholesta-
sis. We investigated the therapeutic potential of CAR 

activation in DKO and compared it to another mouse 
model of intrahepatic cholestasis, BKO (PFIC2 
model). BKO mice on a C57BL/6 background pro-
gressively develop cholestatic liver damage with ele-
vated ALT and AST levels.(13)

TC treatment dramatically increased liver size in 
both DKO and BKO mice (Fig. 5A,B). This effect 
was expected from the well-known ability of CAR 
activation to increase liver weight. In DKO mice, TC 
reduced serum and hepatic BA levels (Fig. 5C) and 
partially reversed BA toxicity and liver injury (Fig. 
5D). TC treatment did not affect basal BA levels in 
WT mice. In accord with our previous demonstra-
tion of a direct induction of clearance of elevated 
bilirubin levels on CAR activation,(15) TC treatment 
strongly reduced direct, indirect, and total bilirubin in 
DKO livers. The very low basal levels of bilirubin in 

FIG. 4. TKO further attenuates ABCB11-mediated fecal 
BA excretion. (A) mRNA (n = 8) and (B) protein levels  
(n = 3) of ABCB11 were analyzed by q-PCR and proteomics, 
respectively. Ratio (%) indicates the proportion of ABCB11 
expressions compared to WT. (C) Immunostaining of ABCB11 
(magnification ×200); arrowhead, residual canalicular ABCB11 
expression. (D) BA levels in gallbladder-collected bile (n = 4) 
and feces (n = 3). ANOVA followed by Tukey HSD, #P < 0.05,  
###P < 0.005. Abbreviation: iFOT, intensity-based fraction of 
total.
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WT mice were not affected. We observed an unex-
pected increase of GGT levels, likely due to direct 
TC-dependent induction of Ggt1 mRNA expression, 
which was not coupled with biliary tract damage 
(Supporting Fig. S5).

TC treatment had different effects in BKO mice. 
These effects were mixed but generally deleterious, 
with increased BA levels, accelerated liver and other 
tissue injury (Fig. 5C,D, brown bar), and hepatocyte 
hyperplasia (Fig. 5E, right panel; Blanco-Bose et al.(24)).  
For reasons that were not clear, BKO hepatocytes 
appeared much smaller than those of DKO on hema-
toxylin and eosin histology (Fig. 5E). TC treatment 

increased hepatocyte size and apparent ploidy as indi-
cated by nuclear size in pericentral zone 3 hepatocytes 
(Fig. 5F) where CAR was differentially expressed.

CAR ACTIVATION REGULATES BA 
TRANSPORTER EXPRESSIONS

To elucidate the molecular mechanism of distinct 
TC responses in DKO and BKO mice, we analyzed 
CYP and GST gene expression. As noted earlier, basal 
levels were highly up-regulated in DKO (Fig. 1C) 
but not BKO mice.(10) TC treatment did not further 
enhance DKO CYP and GST expression (Supporting 

FIG. 5. CAR activation has differential effects in DKO and BKO. (A) Representative whole body and liver image. Scale bar, 10 mm. 
(B) BW, liver weight, and liver/BW ratio (n = 4). (C) Serum and hepatic TBA levels (n = 4). (D) Serum biochemistry (n = 4). (E) 
Hematoxylin and eosin staining (magnification ×100). Student t test; *P < 0.05, **P < 0.01, ***P < 0.005 compared to CO-treated group. 
In some cases, actual P value is presented. Abbreviations: ALP, alkaline phosphatase; D-Bil, direct bilirubin; I-Bil, indirect bilirubin; 
LDH, lactate dehydrogenase; LW, liver weight; T-Bil, total bilirubin.
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Fig. S6). As expected, however, TC strongly up-regu-
lated these genes in BKO mice to levels comparable 
to those observed in DKO mice (Supporting Fig. S6).

CAR activation induces both canalicular and baso-
lateral BA transporters, including Abcb11/BSEP, 
Abcc2/MRP2, and Abcc3/MRP3, to enhance BA 
excretion.(21,25) Both DKO and BKO mice showed 
a tendency toward increased fecal BA excretion on 
TC treatment, whereas urinary BAs were increased in 
DKO mice (Fig. 6A). TC treatment slightly restored 
Abcb11 mRNA (Fig. 6B) and canalicular ABCB11 
expression (Fig. 6C, arrowhead) in DKO, which sup-
ports increased BA excretion and reduced BA burden 
(Fig. 5C). No further induction of other transporters 
was observed at the mRNA level in DKO livers (Fig. 
6B). In BKO, TC treatment enhanced alternative BA 
transporter Abcc2/MRP2, which further increased 
fecal BA excretion (Fig. 6A). Also, TC treatment 
strongly activated BA transport into the circulation, 
mediated by ABCC3 and ABCC4 (Fig. 6B,C, arrow-
head), explaining increased serum BA levels (Fig. 5C).

CAR ACTIVATION 
DIFFERENTIALLY MODULATES 
CHOLESTEROL TRAFFICKING IN 
DKO AND BKO MICE

It remained unclear why TC unexpectedly increased 
BKO hepatic BA levels (Fig. 5C) despite increased 
fecal BA excretion and BA transporter expressions 
(Fig. 6). To address this question, we first investigated 
whether CAR directly regulates BA absorption in the 
intestine. No gene markers of intestinal BA homeo-
stasis were affected by TC treatment (Supporting Fig. 
S7), as previously observed.(18,26) Furthermore, BA syn-
thetic enzymes encoded by Cyp7a1, Cyp7b1, Cyp8b1, 
and Cyp27a1 were unchanged or even decreased (data 
not shown), suggesting that neither BA synthesis nor 
absorption pathways contribute to the BKO phenotype.

Next, we hypothesized that CAR activation could 
affect cholesterol synthesis and mobilization. Liver BA 
synthesis is dependent on cholesterol, which is replen-
ished by de novo cholesterol synthesis and lipoprotein 

FIG. 6. TC treatment enhances canalicular and basolateral BA transporters. (A) Fecal BA excretion (n = 4) and urinary BA 
concentration (n = 3) in TC-treated (1 week) DKO and BKO. (B) mRNA levels of BA transporters (n = 4). (C) Immunostaining of 
ABCB11, ABCC3, and ABCC4 (magnification ×200). Arrowhead, positive area. Student t test; *P < 0.05, ***P < 0.005 compared to 
CO-treated group. Abbreviation: MDR, multidrug resistance.
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uptake.(27) CAR activation stimulates reverse cho-
lesterol transport to facilitate elimination of sterols 
through fecal BA excretion.(28) In this scenario, the 
liver enhances cholesterol uptake and conversion into 
BAs, with fecal excretion ultimately decreasing sys-
temic cholesterol levels.(29,30) In DKO mice, basal total 
cholesterol levels were markedly lower than WT and 
were not induced by TC treatment (Fig. 7A), despite 
partial recovery of high-density lipoprotein (HDL) 
cholesterol levels. In BKO liver and serum, TC 
increased total cholesterol (Fig. 7A) and HDL cho-
lesterol levels (Fig. 7B). The increase in serum levels 

argues that the increased hepatic levels are probably 
not due to defective hepatic secretion; they are also 
not due to increased activity of cholesterol biosynthe-
sis or uptake pathways in response to TC.

Instead, basal expression of cholesterol synthesis 
genes, such as sterol regulatory element binding tran-
scription factor 2 (Srebf2; alias sterol regulatory ele-
ment binding protein 2 [Srebp2]) and its downstream 
targets 3-hydroxy-3-methylglutaryl–coenzyme A syn-
thase 1 (Hmgcs1) and HMG CoA reductase (Hmgr), 
was elevated in BKO relative to DKO mice (Fig. 
7C). As expected in response to the increased hepatic 

FIG. 7. TC differentially controls cholesterol homeostasis in DKO and BKO. (A) Total cholesterol levels in serum and liver (n = 4). (B) 
Cholesterol (upper) and triglyceride (lower) concentration in lipoprotein fractions. Gene expression profiles involved in (C) cholesterol 
and (D) lipoprotein metabolism (n = 4). ANOVA followed by Tukey HSD; #P < 0.05, ##P < 0.01, ###P < 0.005. Abbreviations: 
CETP, cholesteryl ester transfer protein; CM, chylomicrons; Hmgcs1, 3-hydroxy-3-methylglutaryl–coenzyme A synthase 1; Hmgr 
3-hydroxy-3-methylglutaryl–coenzyme A reductase; IDL, intermediate density lipoprotein; Ldlr, low-density lipoprotein receptor; 
Scarb1, scavenger receptor class B, member 1; VLDL, very low density lipoprotein.
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cholesterol levels (Fig. 7A), this elevated expression was 
significantly decreased by TC treatment in BKO but 
not DKO liver. Biliary cholesterol transporter Abcg5 
and Abcg8 were reduced by TC treatment, inhibit-
ing cholesterol efflux into bile canaliculi (Fig. 7C). 
Interestingly, carboxylesterase 2 (Ces2a and Ces2c), 
which catalyzes hydrolysis of cholesteryl esters into 
free cholesterol, was markedly induced by TC (Fig. 
7C), presumably increasing the free cholesterol pool 
that serves as the substrate for de novo BA synthesis.

Many genes involved in lipoprotein metabolism 
were also differentially regulated (Fig. 7D). Basal 
expression of HDL metabolism (lecithin cholesterol 
acyltransferase [Lcat] and plasma phospholipid trans-
fer protein [Pltp]) and HDL/low-density lipopro-
tein (LDL) receptor genes (Scarb1, Ldlr) was higher 
in BKO relative to DKO and was decreased by TC 
(Fig. 7D). Because these genes are also SREBP tar-
gets, this is an expected consequence of increased 
hepatic cholesterol accumulation after TC treatment. 
In contrast to these expected responses, TC robustly 
increased expression of hepatic lipoprotein lipase (Lpl) 
in TC-treated BKO livers but not in DKO or con-
trol livers (Fig. 7D and data not shown). LPL is a key 
enzyme that hydrolyzes triglycerides in chylomicrons 
and very low-density lipoproteins(31) and has been 
linked with pre-β HDL formation, HDL matura-
tion, and uptake.(32-35) Although LPL is not normally 
expressed at significant levels in mouse liver, it can be 
induced in response to liver X receptor activation to 
promote lipid accumulation.(36) A recent report sug-
gests that induced LPL expression also contributes to 
liver fat accumulation in a novel tree shrew model in 
response to a diet high in fat and cholesterol.(37) It 
is possible that increased liver LPL expression con-
tributes to elevated BKO liver cholesterol and that 
the elevated substrate levels contribute to increased 
hepatic BA levels in response to TC treatment.

Discussion
In DKO livers, pathologic BA overload directly and 

indirectly controls many adaptive programs that relieve 
cholestatic liver injury; this enhances BA and bilirubin 
metabolism/clearance.(11) A transcriptomic analysis 
indicated that the xenobiotic nuclear receptor CAR is 
endogenously activated to induce CYP and GST expres-
sion (Fig. 1). However, in TKO mice lacking CAR in 

addition to FXR and SHP, we did not observe a signif-
icant decrease in induction of a range of known CAR 
target genes (Supporting Figs. S3 and S4C). This nega-
tive result is consistent with both the known functional 
redundancy of CAR and PXR in the induction of a 
range of drug metabolism genes(22) and the direct acti-
vation of PXR by elevated BA levels.(38) In accord with 
this, we previously found that combined CAR/PXR 
deletion in the DKO background (Fxr;Shp;Car;Pxr qua-
druple knockout) completely abolished CYP gene induc-
tion.(10) This impairs bilirubin-conjugation processes and 
results in a dramatic accumulation of indirect bilirubin. 
However, up-regulation of GST expression was not lost 
in the quadruple knockouts and may be due to activation 
of other transcription factors, including aryl hydrocarbon 
receptor and nuclear transcription factor E2-related fac-
tor 2.(39,40) Further studies are required to test the func-
tional roles of these additional factors in the DKO livers.

Despite the subtle impact on CYP and GST 
expressions, TKO mice exhibited even more dramatic 
pathologies than DKO mice. Due to the limited 
capacity of hepatocyte proliferation (Supporting Fig. 
S1), TKO liver did not properly respond to BA over-
load and displayed more aggressive cholestasis (Figs. 2 
and 3). In addition to intrahepatic damage, TKO mice 
showed cholecystomegaly, accounting for biliary dam-
age as a result of high BA levels (Fig. 2D,E). Although 
this phenotype is rare in PFICs, a case of giant gall-
bladder associated with PFIC2 has been reported.(41) 
No direct evidence has established that CAR controls 
gallbladder pathophysiology, but our study aligns with 
other data that demonstrate CAR activation protects 
against cholesterol gallstone disease.(42) However, the 
molecular mechanism underlying the cholecystomeg-
aly phenotype needs to be investigated in the context 
of liver–gallbladder–gut crosstalk as well as BA–cho-
lesterol metabolism.

The broad gene expression profile of BA homeosta-
sis consistently indicates loss of ABCB11 function in 
TKO mice (Fig. 4). In addition to mRNA and protein 
expression (Fig. 4A,B), immunohistochemical anal-
ysis confirmed complete loss of ABCB11 expression  
(Fig. 4C), resulting in the reduction of fecal BA excre-
tion in TKO mice (Fig. 4D). Because ABCB11 mainly 
facilitates the export of monovalent BAs,(43) total abla-
tion of ABCB11 function in TKO also corresponded 
with the selective increase of tauro-conjugated BAs in 
liver (Supporting Fig. S2B). Because Car single knock-
out did not reduce Abcb11 expression under normal 
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conditions (data not shown), this effect is disease-con-
text dependent and only observed in the DKO cholesta-
sis background. Overall, these changes conferred by loss  
of CAR function may explain the aggressive pheno-
types of TKO mice (Supporting Fig. S8A).

Several studies demonstrate the protective effect 
of CAR in extrahepatic cholestasis.(17,18) Thus, we 
initially expected that the CAR agonist TC would 
ameliorate BA-induced liver injury in different con-
texts of intrahepatic cholestasis. However, TC treat-
ment exerted very different effects in the DKO and 
BKO models (Fig. 5). In DKO, TC treatment slightly 
restored canalicular BA transport and further enhanced 
basolateral BA transport (Fig. 7B), which contributed 
to the elimination of hepatic BAs through fecal and 
urinary excretion (Supporting Fig. S8B). These effects 
collectively resolved BA overload and liver damage.

BKO mice have a higher basal expression of genes 
involved in de novo cholesterol synthesis as well as 
cholesterol transport into the liver (Fig. 7C,D). The 
increased basal expression of HDL maturation/remod-
eling genes (LCAT, PLTP) may contribute to hepatic 
cholesterol accumulation by TC. The suppression of 
these genes in response to TC (Fig. 7C,D) is expected as 
a secondary consequence of increased hepatic cholesterol 
levels. Many cholesterol metabolism genes are primarily 
regulated by SREBPs, which are in turn suppressed by 
cellular cholesterol levels (Fig. 7A) in a negative feedback 
loop.(44-46) The basis for the marked increase in hepatic 
cholesterol BKO livers in response to TC is not clear but 
could be linked to increased expression of hepatic LPL.

Why does TC have a marginal effect on the DKO 
cholesterol level? Young DKO mice show higher cho-
lesterol levels,(11) but as cholestasis progresses, circu-
lating cholesterol levels become lower than the WT 
after 3 months (Fig. 7A), reflecting a systemic choles-
terol depletion possibly by prolonged pathologic acti-
vation of de novo BA synthesis. This may be related 
to chronic CAR activation somehow decreasing 
basal cholesterol levels.(30,47) Under this cholesterol-
depleted condition, TC does not sufficiently increase 
total cholesterol levels and subsequent BA synthesis, 
despite elevated HDL cholesterol level (Fig. 7A).

In conclusion, loss of CAR activation in DKO 
accelerates cholestatic liver injury due to BA accumu-
lation, possibly through blunted ABCB11 expression 
and canalicular BA transport. Pharmacologic CAR 
activation ameliorates DKO cholestasis, relieving 
BA overload partially by restored fecal BA excretion. 

Surprisingly, BKO mice unexpectedly show increased 
hepatic cholesterol levels that potentially promote 
de novo BA synthesis, which ultimately exacerbates 
cholestasis phenotypes. These contrasting results pre-
dict the therapeutic potential of CAR agonists for 
treating heterogeneous intrahepatic cholestasis.
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