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ABSTRACT

Activation of Constitutive Androstane Receptor (CAR) protects against bile acid (BA)-induced liver injury. This study was
performed to determine the effect of CAR activation on bile flow, BA profile, as well as expression of BA synthesis and
transport genes. Synthetic CAR ligand 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) was administered to mice for
4 days. BAs were quantified by UPLC-MS/MS (ultraperformance liquid chromatography-tandem mass spectrometry). CAR
activation decreases total BAs in livers of male (49%) and female mice (26%), largely attributable to decreases of the 12a-
hydroxylated BA taurocholic acid (T-CA) (males (M) 65%, females (F) 45%). Bile flow in both sexes was increased by CAR
activation, and the increases were BA-independent. CAR activation did not alter biliary excretion of total BAs, but overall BA
composition changed. Excretion of muricholic (6-hydroxylated) BAs was increased in males (101%), and the 12a-OH
proportion of biliary BAs was decreased in both males (37%) and females (28%). The decrease of T-CA in livers of males and
females correlates with the decreased mRNA of the sterol 12a-hydroxylase Cyp8b1 in males (71%) and females (54%). As a
response to restore BAs to physiologic concentrations in liver, mRNA of Cyp7a1 is upregulated following TCPOBOP (males
185%, females 132%). In ilea, mRNA of the negative feedback regulator Fgf15 was unaltered by CAR activation, indicating
biliary BA excretion was sufficient to maintain concentrations of total BAs in the small intestine. In summary, the effects of
CAR activation on BAs in male and female mice are quite similar, with a marked decrease in the major BA T-CA in the liver.

Key words: constitutive androstane receptor; bile acids; biliary excretion; TCPOBOP; taurocholic acid; muricholic acid.

Introduction

Bile acid (BA) synthesis is a critical function of the liver. BAs
synthesized in the liver are termed “primary” BAs (Table 1).
Whereas the major primary BAs in humans are cholic acid (CA)
and chenodeoxycholic acid (CDCA), mice have 2 additional
major primary BAs, a-muricholic acid (aMCA) and bMCA. BAs
are viewed as being derived from either the classical or the al-
ternative pathway of synthesis. [AQ7]The classical pathway in-
cludes cholesterol 7a-hydroxylase Cytochrome P450 7a1
(Cyp7a1), which is the rate-limiting enzyme of BA synthesis.

Cyp8b1 is a 12a-hydroxylase and thus responsible for the forma-
tion of CA, the major 12a-hydroxylated (12a-OH) BA. The alter-
native pathway of BA synthesis is initiated by 27-hydroxylation
of cholesterol by mitochondrial Cyp27a1, and includes 7a-
hydroxylase Cyp7b1. BAs undergo conjugation with glycine or
taurine before excretion into bile for delivery to the small intes-
tine. Bacteria in the intestine metabolize primary BAs to form
secondary BAs (Table 1). The steps involved in BA synthesis
have been reviewed by Russell (2003). Ninety-five percent of BAs
undergo reabsorption from the intestinal lumen via active
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transport and recirculate to the liver by the portal blood, making
them available for efficient reuptake by active transport into the
liver (Chiang 2003).

This process of biliary excretion, intestinal absorption, portal
circulation, and reuptake into liver is referred to as enterohep-
atic circulation (EHC). EHC allows the 2- to 4-g pool of BAs in
humans to be conserved for a variety of physiologic functions
(Hofmann, 1984). The best known function of BAs is to form mi-
celles and emulsify fatty acids, monoglycerides, and fat-soluble
vitamins and aid in their absorption (Monte et al., 2009). These
beneficial functions of BAs are largely attributable to the amphi-
pathic nature of BAs. Conversely, accumulation of BAs in hep-
atocytes and the biliary tract can lead to oxidative stress,
inflammation, and necrosis (Perez and Briz, 2009). Considering
that the pool of BAs typically circulates 4–10 times daily and
BAs are toxic, tight regulation of BA concentrations is thought
to be critical (Lindstedt, 1957; Danielsson et al., 1963).

The Farnesoid X Receptor (Fxr) is a BA receptor that regulates
BA homeostasis. In liver, Fxr has a negative feedback regulation
of BA synthesis. Specifically, activation of hepatic Fxr by the BA
ligand induces transcription of Short Heterodimer Partner (Shp),
which in turn represses Liver Receptor Homolog-1 (Lrh-1) from
promoting Cyp7a1 transcription (Goodwin et al., 2000). In the in-
testine, more specifically the ileum enterocytes, BAs activate
Fxr that induces transcription of Fibroblast Growth Factor (Fgf)
15 (Fgf19 in humans), which also exerts a negative feedback
regulation of Cyp7a1 in liver (Lu et al., 2000; Holt et al., 2003;
Inagaki et al., 2005). This occurs by the ileal synthesis of Fgf15
that is released into the portal blood and activates the FGF
Receptor 4 (Fgfr4) on hepatocytes (Xie et al., 1999; Inagaki et al.,
2005; Song et al., 2009). Fxr signaling is not only important for
regulating BA synthesis but also in glucose metabolism and en-
ergy homeostasis. BA sequestrant therapy has been shown to
improve glycemic control in type 2 diabetes (Garg and Grundy,
1994; Yamakawa et al., 2007; Zieve et al., 2007; Bays et al., 2008;
Fonseca et al., 2008; Goldberg et al., 2008). BAs have also been
shown to function as ligands of the Transmembrane G-protein-
coupled Receptor 5 (Tgr5) in mice, leading to increased mito-
chondrial activity and energy expenditure (Watanabe et al.,
2006).

Individual BAs can be distinguished structurally, on the
basis of the number, position, and orientation of hydroxyl
groups, as well as keto groups and conjugation (glycine, taurine,
sulfate, and glucuronide) (Hofmann and Hagey, 2008). Given
these differences, there is a gradient of hydrophobicity among
the predominant BA species: UDCA<CA<CDCA<DCA< LCA
(Heuman, 1989; Thomas et al., 2008). The hydrophobicity of BAs
is generally considered to be associated with their degree of
hepatotoxicity (Palmer, 1972; Billington et al., 1980), and this has
been observed in BA-feeding studies in mice (Song et al., 2011).
Individual BAs also differ in terms of capacity to activate recep-
tors such as Fxr (CDCA>DCA> LCA>CA), as well as Tgr5
(LCA>DCA>CDCA>CA) in vitro (Parks et al., 1999; Sato et al.,
2008).

Accumulation of BAs in hepatocytes is thought to be a major
cause of cholestatic liver injury in certain forms of liver disease,
as well as in drug-induced liver injury (Trauner et al., 1998;
Bhamidimarri and Schiff, 2013). Accordingly, various cellular
targets have been investigated as a means to achieve hepato-
protection from BA-induced injury produced by experimental
cholestasis (Halilbasic et al., 2013). One such target in the liver is
the nuclear receptor constitutive androstane receptor (CAR,
NR1I3). Activation of CAR is well known to induce transcription
of genes responsible for hydroxylation, conjugation, and

excretion of drugs and other xenobiotics (Assem et al., 2004;
Saini et al., 2004; Wagner et al., 2005).

Phenobarbital (PB) is an anticonvulsant drug and a classical
CAR activator that has been widely used as a microsomal en-
zyme inducer (Kakizaki et al., 2003). PB activation of CAR induces
the marker gene Cyp2b in rodent and human hepatocytes, and
is well known as an inducer of P450 enzyme activities
(Honkakoski et al., 1998; Sueyoshi et al., 1999; Madan et al., 2003).
PB treatment results in dephosphorylation of threonine 38 of

human CAR (serine 202 of mouse CAR), allowing translocation
to the nucleus to regulate gene expression (Kawamoto et al.,
1999; Hosseinpour et al., 2005; Mutoh et al., 2009). TCPOBOP is a
direct ligand and agonist of CAR in mice (Tzameli et al., 2000). In
addition to induction of some phase I and II drug metabolizing
enzymes, PB and TCPOBOP are known to induce transporters as
well (Maher et al., 2005; Buckley and Klaassen, 2009). Studies in
mice have shown TCPOBOP to be approximately 650 times more
potent than PB, and the extent of maximal induction of P450 ac-
tivity is slightly greater for TCPOBOP (Poland et al., 1980).
Comprehensive comparisons of the PB and TCPOBOP target
genes and induction profiles have been reported (Slatter et al.,
2006). Both PB and TCPOBOP have been shown to be hepatopro-
tective against lithocholic acid (LCA)-induced injury in mice by
decreasing hepatic concentrations of di- and tri-hydroxyl BAs
(Beilke et al., 2009). TCPOBOP has also been shown to increase
fecal excretion of muricholic acids (MCAs) (Sberna et al., 2011).

Significant gaps remain in our understanding of the effect of
CAR activation on the BA profile in mice. Therefore, the object-
ives of the present study were to determine the effect of CAR ac-
tivation on biliary excretion of individual BAs, as well as hepatic
and serum content of individual BAs in male and female mice.
In both liver and ileum, the effects of CAR activation on major
pathways of BA regulation, synthesis, uptake, and excretion
were also investigated.

Materials and Methods
Chemicals

Bile acid standards were purchased from Steraloids, Inc.
(Newport, Rhode Island) and Sigma-Aldrich (St Louis, Missouri).
CAR ligand TCPOBOP or TCPO and corn oil used as vehicle were
also purchased from Sigma-Aldrich. All other chemicals were

also purchased from Sigma-Aldrich unless otherwise noted.

Animals

Male and female C57BL/6 wild-type (WT) mice were purchased
from Charles River Laboratories, Inc. (Wilmington,
Massachusetts). Prior to experiments, mice were acclimated for
at least 1 week in a standard temperature-, light-, and humid-
ity-controlled facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International. Mice had free access to Laboratory Rodent Chow
8604 (Harlan, Madison, Wisconsin) and drinking water. Studies
were approved by the University of Kansas Medical Center
Institutional Animal Care and Use Committee. Male mice used
in experiments were 12–15 weeks of age, whereas females were
16–19 weeks of age, to provide a similar weight of animals for
surgery.
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Chemical treatment followed by collection of livers,
blood, and ilea

Corn oil vehicle or TCPOBOP (3 mg/kg; 5 ml/kg) in corn oil was
administered daily for 4 consecutive days by the intraperitoneal
(IP) route to male and female mice (n¼ 5–6 per treatment group).
At 24 h after the fourth dose, blood was collected from the retro-
orbital sinus of mice anesthetized with 50 mg/kg pentobarbital,
and livers and ilea were removed. Serum samples were sepa-
rated using Microtainer separating tubes (BD Biosciences, San
Jose, California). Liver and ileum samples were frozen in liquid
nitrogen and stored at�80 �C until further analysis.

Chemical treatment followed by bile collection

Corn oil vehicle or TCPOBOP (3 mg/kg; 5 ml/kg) in corn oil was
administered daily IP to male and female mice for 4 consecutive
days (n¼ 5–6 per treatment group). On day 5, mice were anes-
thetized with a ketamine/midazolam mixture (100 and 5 mg/kg,
respectively, IP), and the common bile duct of each mouse was
cannulated through a high abdominal incision with the shaft of
a 30-gauge needle attached to PE-10 tubing. Bile was collected
for 40 min in preweighed 0.6-ml tubes on ice. The volumes of
bile were determined gravimetrically, using 1.0 for specific
gravity.

RNA extraction

Total RNA of livers and ilea was extracted using RNA-Bee re-
agent (Tel-Test, Inc., Friendswood, Texas) according to the
manufacturer’s protocol. Each RNA pellet was dissolved in
0.2 ml of deionized water containing 0.1% diethyl pyrocarbon-
ate. RNA concentrations were quantified using a NanoDrop1000
Spectrophotometer (NanoDrop Technologies, Wilmington,
Delaware) at a wavelength of 260 nm. RNA integrity was con-
firmed by agarose gel electrophoresis and ethidium bromide
staining of 5 mg of total RNA to visualize intact 18S and 28S
bands.

Messenger RNA quantification

Messenger RNA of genes in liver and ileum samples was deter-
mined using QuantiGene Plex 2.0 Assay (Affymetrix/Panomics,
Inc., Fremont, California). Individual bead-based oligonucleotide

probe sets, specific for each gene examined, were developed by
Affymetrix/Panomics, Inc. Genes and reference sequence num-
bers are available at https://www.ebioscience.com/application/
gene-expression.htm, Accessed March 20, 2016 (sets Nos. 21330
and 21383). Samples were analyzed using a Bio-Plex 200 System
Array reader with Luminex 100 xMAP. Data were acquired using
Bio-Plex Data Manager version 5.0 (Bio-Rad, Hercules,
California).

For some mRNAs, real-time RT-PCR was used. These
included Abca1, Abcg5, Abcg8, Atp8b1, breast cancer resistance
protein (Bcrp), ß-klotho, Ent1, I-babp, Mate1, Mdr1, Mrp1, Mrp4,
Mrp6, Oatp1a4, Oatp2b1, Oat2, Oct1, Osta, and Ostß (Table 1).
Primers were designed with Primer3 software (version 4).
Primer sequences for I-babp were published previously (Cui
et al., 2012). Total RNA was reverse-transcribed with MultiScribe
MuLV Reverse Transcriptase using a High Capacity cDNA
Reverse Transcription Kit from Applied Biosystems (Foster City,
California). Power SYBR Green Master Mix (Applied Biosystems)
was used for real-time RT-PCR analysis. Differences in gene ex-
pression between groups were calculated using cycle threshold
(Ct) values that were normalized to ribosomal protein L13A
(Rpl13a) of the same sample (Rockwell et al., 2012). Relative
mRNA levels were calculated with vehicle controls set as 100%.

Ultraperformance liquid chromatography-tandem mass
spectrometry analysis of BAs in mouse liver, bile, and
serum

Sample extraction and quantification of individual BAs were
performed according to methods described previously (Alnouti
et al., 2008; Zhang and Klaassen, 2010).

Calculations of primary, secondary, 6-hydroxylated (6-
OH), and 12a-OH BAs

Concentrations of various BA groups (primary, secondary, 6-
hydroxylated (6-OH), and 12a-OH) were determined by calculat-
ing the sum concentration of the group members, as shown in
Table 1.

Statistical analysis

Individual values were log-transformed to obtain a normal dis-
tribution before performing Student’s t tests. Statistical signifi-
cance was determined using a P-value of 0.05. Asterisks (*)
denote differences between vehicle- and TCPOBOP-treated
mice.

Results
Effects of CAR Activation on BA Concentrations and
Composition in Mouse Serum

In both male and female mice, CAR activation did not produce
alterations in serum concentrations of the major BA categories,
including total (R) BAs, conjugated BAs, unconjugated BAs (U-
BAs), primary BAs, secondary BAs, 6-OH BAs, and 12a-OH BAs
(Figure 1, top graphs). In male mice, increases in T-aþßMCA
(307%), T-UDCA (tauro-ursodeoxycholic acid) (70%), T-HDCA
(tauro-hyodeoxycholic acid) (148%), and aMCA (130%) were
observed, whereas T-DCA and deoxycholic acid (DCA) were
decreased 95% and 83%, respectively (Figure1, middle left and
bottom left). In female mice, the only statistically significant al-
teration was a 17-fold increase in T-CDCA, a minor BA in mice
(Figure 1, middle right).

TABLE 1. Summary of Primary, Secondary, 6-Hydroxy- (6-OH), and
12a-Hydroxylated (12a-OH) Bile Acids (BA)

Primary Secondary 6-OH 12a-OH

T-aMCA T-xMCA T-aMCA T-CA
T-ßMCA T-UDCA T-ßMCA T-DCA
T-CA T-HDCA T-xMCA CA
T-CDCA T-DCA aMCA DCA
aMCA T-LCA ßMCA
ßMCA T-HCA xMCA
CA xMCA
CDCA UDCA

HDCA
DCA
LCA
HCA

MCA, muricholic acid; CA, cholic acid; UDCA, ursodeoxycholic acid; DCA, deoxy-

cholic acid; HDCA, hyodeoxycholic acid; CDCA, chenodeoxycholic acid; LCA,

lithocholic acid; HCA, hyocholic acid.
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The relative proportion of each BA in the serum is shown in
Figure 2. The most abundant BA is indicated at the top of the
graph, with BAs being in clockwise order of most abundant to
least abundant in vehicle-treated males and females.
Percentages are shown for BAs with serum composition of �
5%, as well as for those that were significantly altered by CAR
activation. Taurocholic acid (T-CA) was the most abundant BA
in serum of control male mice (29%). CAR activation resulted in
T-aþßMCA becoming the most abundant (35%) BA in male
mouse serum, whereas it was fourth most abundant in controls
(10%). Additionally, CAR activation decreased T-DCA from 3.9%
to 0.15% and DCA from 5.2% to 0.82%.

In serum of female mice, the effect of CAR activation was
more modest than in male mice (Figure 2). T-CA was the most
abundant BA in serum of both control (34%) and TCPOBOP-
treated (19%) mice. CAR activation increased the proportion of
T-xMCA from 7.4% to 16%, as well as T-CDCA from 0.03% to
0.48%. TCPOBOP decreased T-DCA from 2.3% to 0.77%. The effect
of CAR activation on relative composition for each BA in serum
of male and female mice is listed in Supplementary Table 2. In
serum of vehicle-treated mice, the U-BAs are 39% (males) and

38% (females) of total bile acids (R-BAs). CAR activation in male
and female mice did not alter the percent of R-BAs that are
unconjugated. To summarize, the overall effect of TCPOBOP on
serum BA concentrations was relatively small, but a 48% in-
crease in 6-OH BAs (MCAs) was observed in male mice, with a
similar tendency (29% increase) in female mice.

Effects of CAR Activation on BA Concentrations and
Composition in Mouse Liver

The effects of TCPOBOP-induced CAR activation on the concen-
trations of BAs in liver were generally also more pronounced in
male than female mice (Figure 3). In males, CAR activation
decreased R-BAs (49%), T-BAs (48%), U-BAs (68%), primary BAs
(47%), and secondary BAs (61%) (Figure 3, top left). In female
mice, CAR activation tended to decrease total BAs (26%) and pri-
mary BAs (26%), although not statistically significant (Figure 3,
top right). CAR activation decreased 12a-OH BAs in livers of both
male (68%) and female mice (46%), whereas 6-OH BAs (MCAs)
were not altered in livers of either sex. In male mice, CAR acti-
vation decreased hepatic concentrations of the 12a-OH BAs

FIG. 1. Effect of TCPOBOP on bile acid concentrations in sera of male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4 consecu-

tive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, blood was collected and serum separated. Individual BAs were quantified

by UPLC-MS/MS. Data represent means 6 SEM. Asterisks (*) denote statistically different from vehicle control (P<0.05). Primary bile acids (1� BAs), secondary bile acids

(2� BAs), 6-hydroxylated (6-OH), 12a-hydroxylated (12a-OH), bile acid (BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), females (F), hyodeox-

ycholic acid (HDCA), lithocholic acid (LCA), males (M), muricholic acid (MCA), total bile acids (R-BAs), taurine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-

dichloropyridyloxy])benzene (TCPOBOP), unconjugated bile acids (U-BAs), ursodeoxycholic acid (UDCA), vehicle (veh). Color image is available in the online version of

the article.
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T-CA (65%), CA (96%), T-DCA (87%), and DCA (92%), as well as
the non-12a-hydroxylated (non12a-OH) BAs T-LCA (75%), aMCA
(72%), ßMCA (47%), CDCA (74%), and UDCA (94%) (Figure 3, mid-
dle left and bottom left). In female mice, CAR activation
decreased hepatic concentrations of the 12a-OH BAs T-CA
(45%), T-DCA (53%), CA (34%), and DCA (58%). The only BA
increased in liver by TCPOBOP was T-CDCA (38%) (Figure 3, mid-
dle right).

The relative proportion of each BA in liver is shown in
Figure 4. T-CA was the most abundant BA in liver of control

male mice (52%). However, CAR activation decreased the pro-
portion of the 12a-OH BAs, including T-CA (52% to 36%), T-
DCA (5.4% to 1.4%), and DCA (0.04% to 0.01%). Thus, CAR acti-
vation resulted in T-aþßMCA being the most abundant BA
(42%) in livers of male mice, such that the 6-OH (MCA) pro-
portion of BAs in liver increased by 51%. TCPOBOP also
increased T-CDCA (2.6% to 6.4%), whereas it decreased the
proportion of UDCA (0.07% to 0.01%).

As in males, T-CA was the most abundant BA in female
mouse livers (53%) (Figure 4). Although CAR activation

FIG. 2. Effect of TCPOBOP on serum composition of individual bile acids in male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for

4 consecutive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, blood was collected and serum separated. Individual BAs were

quantified by UPLC-MS/MS. Each section in pie charts was calculated to represent the mean proportion of an individual BA relative to the total BA concentration.

Asterisks (*) denote statistically different from vehicle control (P<0.05). Primary bile acids (1� BAs), secondary bile acids (2� BAs), 6-hydroxylated (6-OH), 12a-hydroxy-

lated (12a-OH), bile acid (BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), females (F), hyodeoxycholic acid (HDCA), lithocholic acid (LCA),

males (M), muricholic acid (MCA), total bile acids (R-BAs), taurine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPOBOP), unconjugated

bile acids (U-BAs), ursodeoxycholic acid (UDCA), vehicle (veh). Color image is available in the online version of the article.

LICKTEIG ET AL. | 407

Deleted Text: bile acid
Deleted Text: bile acid
Deleted Text: bile acid
Deleted Text:  to 
Deleted Text:  to 
Deleted Text:  to 
Deleted Text:  to 
Deleted Text:  to 


decreased the proportion of T-CA to 39% in livers of female
mice, T-CA remained the most abundant. The proportion of the
other major 12a-OH BA, T-DCA, was also decreased (7.5% to
4.7%). Accordingly, CAR activation increased the proportion of
6-OH BAs (by 34%), TxMCA (7.9% to 11%), and T-CDCA (2.6% to
8.4%) in female mouse livers. The effect of CAR activation on
relative composition of each BA in livers of male and female
mice is listed in Supplementary Table 3. In livers of vehicle-
treated mice, the proportion of total BAs that are U-BAs is 6% in
males and 4% in females, which means a decrease of 85%
(males) and 90% (females) relative to the proportions in serum.
CAR activation did not alter the proportion of U-BAs in males or
females. In summary, activating the CAR receptor in mice by
TCPOBOP decreases the total concentration of BAs in liver pri-
marily by decreasing the 12a-OH BAs.

Effects of CAR Activation on Biliary Excretion of BAs

CAR activation did not alter the biliary excretion of R-BAs or T-
BAs, but increased the biliary excretion of U-BAs in both male
(174%) and female (169%) mice (Figure 5, top graphs). However,
the biliary excretion of 6-OH BAs was increased, but only in
male mice (101%), and this increase was largely attributable to
260% and 82% increases in the quantitatively major 6-OH BAs,
T-aMCA and T-ßMCA, respectively (Figure 5, middle left graph).
Additionally, biliary excretion was increased for the non12a-OH
BAs T-CDCA (224%), T-LCA (150%), T-HCA (tauro-hyocholic acid)
(68%), aMCA (482%), ßMCA (134%), and xMCA (189%).

In female mice, CAR activation increased the biliary excre-
tion of T-aMCA (154%), aMCA (394%), and ßMCA (307%), as well
as the 12a-OH BA CA (193%) (Figure 5, middle and bottom
graphs). Just as CAR activation decreased T-DCA concentration

FIG. 3. Effect of TCPOBOP on concentrations of bile acids in livers of male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4 con-

secutive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, livers were collected and individual BAs were quantified by UPLC-MS/

MS. Data represent means 6 SEM. Asterisks (*) denote statistically different from vehicle control (P<0.05). Primary bile acids (1� BAs), secondary bile acids (2� BAs), 6-

hydroxylated (6-OH), 12a-hydroxylated (12a-OH), bile acid (BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), females (F), lithocholic acid

(LCA), males (M), muricholic acid (MCA), total bile acids (R-BAs), taurine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPOBOP), unconju-

gated bile acids (U-BAs), ursodeoxycholic acid (UDCA), vehicle (veh). Color image is available in the online version of the article.
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in female mouse liver (53%), biliary excretion of T-DCA (71%)
was also decreased.

The relative proportion of each BA in bile is shown in Figure
6. The most abundant BA in bile of male mice was T-CA (56%),
and CAR activation decreased it to 37%. T-ßMCA became the
most abundant BA (41%) following CAR activation, and T-aMCA
was increased from 5.9% to 15%. Thus, the 6-OH proportion of
BAs in bile increased by 51%, as it did in liver of male mice. CAR
activation also produced a number of increases in BAs that rep-
resent smaller proportions of bile composition, including in-
creases in T-CDCA (0.88% to 2.0%), ßMCA (0.07% to 0.12%),
xMCA (0.07% to 0.14%), T-LCA (0.03% to 0.05%), and aMCA (0.01%

to 0.04%). These changes are consistent with the overall in-
crease in biliary excretion rate of non12a-OH BAs in male mice.

In bile of female mice, T-CA (63%) was also the most abun-
dant BA (Figure 6). CAR activation decreased the fraction of T-
CA in bile to 39%. T-ßMCA became the most abundant (41%) fol-
lowing CAR activation, and T-aMCA was increased from 5.4% to
15%. The 6-OH proportion of BAs in bile increased by 75%. As in
males, CAR activation produced a number of increases in BAs in
female mice that are quantitatively low in bile, including in-
creases in T-CDCA (1.3% to 2.5%), T-HCA (0.11% to 0.26%), ßMCA
(0.02% to 0.08%), and aMCA (0.01% to 0.05%). The effect of CAR
activation on relative composition for each BA in bile is listed in

FIG. 4. Effect of TCPOBOP on liver composition of individual bile acids in male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4

consecutive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, livers were collected and individual BAs were quantified by UPLC-

MS/MS. Each section in pie charts was calculated to represent the mean proportion of an individual BA relative to the total BA concentration. Asterisks (*) denote statis-

tically different from vehicle control (P< 0.05). Primary bile acids (1� BAs), secondary bile acids (2� BAs), 6-hydroxylated (6-OH), 12a-hydroxylated (12a-OH), bile acid

(BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), females (F), lithocholic acid (LCA), males (M), muricholic acid (MCA), total bile acids (R-

BAs), taurine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPOBOP), unconjugated bile acids (U-BAs), ursodeoxycholic acid (UDCA), ve-

hicle (veh). Color image is available in the online version of the article.
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Supplementary Table 4. In bile of vehicle-treated mice, the pro-
portion of U-BAs is < 0.2% in males (0.16%) and females (0.08%).
CAR activation increased the proportion of U-BAs in bile by 94%
(males) and 188% (females). Nonetheless, the relative propor-
tion of U-BAs remained quite small (0.31% in males, 0.23% in fe-
males). Comparing bile with serum, the proportion of U-BAs in
bile is> 99.5% lower than in serum. This difference was
observed in males and females. In summary, the CAR activator
had no effect on the biliary excretion of total BAs, but there was
an increase in unconjugated BAs and MCAs, and a decrease in
CAs.

Effects of CAR Activation on Liver Weight and Bile Flow

The CAR activator TCPOBOP increased liver weights of male and
female mice by 61% and 105%, respectively (Figure 7). CAR acti-
vation increased bile flow relative to bodyweight in both male
(64%) and female mice (50%), whereas bile flow was not
increased when calculated per unit liver weight. Therefore, CAR

increased liver weight and bile flow in both male and female
mice.

Effects of CAR Activation on mRNAs of BA and
Xenobiotic Transporters in Mouse Liver

In male mice, TCPOBOP-induced CAR activation increased
mRNA of the conjugated BA uptake transporter Ntcp (222%), as
well as Oatp1b2 (132%), which is the major uptake transporter
of unconjugated BAs (Csanaky et al., 2011) (Figure 8, top left).
CAR activation also increased mRNA of bile salt export pump
(Bsep) (136%) and Mrp2 (523%), which are major drivers of BA-
dependent and BA-independent bile flow, respectively (Figure 8,
middle left). Further, CAR activation increased Mdr2 (138%), an
ATP-dependent “floppase” of phosphatidylcholine from the
inner- to outer-leaflet of canalicular membranes. Sinusoidal ef-
flux transporters of BAs into the blood, Mrp3 (795%) and Mrp4
(1388%), were increased, whereas there were decreases in Mrp6
(89%), Osta (61%), and Abca1 (44%) (Figure 8, bottom left).

FIG. 5. Effect of TCPOBOP on biliary excretion of bile acids in male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4 consecutive

days to male and female mice (n¼5–6 per treatment group). On day 5, bile was collected for 40 min. Bile acids (BAs) were quantified by UPLC-MS/MS. Data represent

means 6 SEM. Asterisks (*) denote statistically different from vehicle control (P< 0.05). Primary bile acids (1� BAs), secondary bile acids (2� BAs), 6-hydroxylated (6-OH),

12a-hydroxylated (12a-OH), bile acid (BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), females (F), hyocholic acid (HCA), hyodeoxycholic

acid (HDCA), lithocholic acid (LCA), males (M), muricholic acid (MCA), total bile acids (R-BAs), taurine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-

dichloropyridyloxy])benzene (TCPOBOP), unconjugated bile acids (U-BAs), ursodeoxycholic acid (UDCA), vehicle (veh). Color image is available in the online version of

the article.
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In female mice, CAR activation decreased mRNA of the si-
nusoidal uptake transporters Oatp1a1 (98%), Oatp2b1 (42%), and
unconjugated BA uptake transporter Oatp1b2 (42%) (Figure 8,
top right). CAR activation also increased the canalicular efflux
transporter Mrp2 (123%), whereas it decreased Bsep (38%), Mdr2
(58%), Atp8b1 (56%), as well as sterol half-transporters Abcg5
(70%) and Abcg8 (74%) (Figure 8, middle right). As in males, CAR
activation in female mice also increased the sinusoidal BA ef-
flux transporters Mrp3 (150%) and Mrp4 (1043%), whereas it
decreased Abca1 (48%), which mediates canalicular efflux of
cholesterol (Figure 8, bottom right). Further, CAR activation in
female mice also decreased Mrp1 (59%) and Ostß (45%). Overall,
the effects of the CAR activator TCPOBOP in both male and

female mice were an increase in the biliary drug efflux trans-
porter Mrp2, and the sinusoidal efflux transporters Mrp3 and
Mrp4.

Effects of CAR Activation on mRNAs of BA Synthesis and
Regulation

In male mice, CAR activation induced the mRNA of Cyp7a1
(185%), whereas the sterol 12a-hydroxylase Cyp8b1 was
decreased 71% (Figure 9, top left). Cyp7a1, also known as choles-
terol 7a-hydroxylase, is the rate-limiting enzyme of the classic
(neutral) BA synthesis pathway. Cyp27a1, which functions in
both the alternative (acidic) and classic pathways, was

FIG. 6. Effect of TCPOBOP on bile composition of individual bile acids in male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4

consecutive days to male and female mice (n¼5–6 per treatment group). On day 5, bile was collected for 40 min. Each section in pie charts was calculated to represent

the mean proportion of an individual BA relative to the total BA concentration. Asterisks (*) denote statistically different from vehicle control (P<0.05). Primary bile

acids (1� BAs), secondary bile acids (2� BAs), 6-hydroxylated (6-OH), 12a-hydroxylated (12a-OH), bile acid (BA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxy-

cholic acid (DCA), females (F), hyocholic acid (HCA), hyodeoxycholic acid (HDCA), lithocholic acid (LCA), males (M), muricholic acid (MCA), total bile acids (R-BAs), taur-

ine-conjugated bile acids (T-BAs), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPOBOP), unconjugated bile acids (U-BAs), ursodeoxycholic acid (UDCA), vehicle (veh).

Color image is available in the online version of the article.
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increased 107%, whereas Cyp7b1 of the alternative pathway
was decreased (61%). The enzymes Baat and Bal, which mediate
taurine-conjugation of BAs, were increased 119% and 57%, re-
spectively. The mRNAs of the transcription factors known to
regulate BA synthesis were also quantified. The mRNA of the
major BA “sensor” Fxr in liver was increased 273%, as well as
the Fxr transcriptional target gene Shp (174%) (Figure 9, bottom
left). The mRNA of Lrh-1 and Hepatocyte nuclear factor 4a

(Hnf4a), both of which have been shown to be positive regula-
tors of Cyp7a1, were increased 196% and 76%, respectively.

In female mice, as in males, TCPOBOP increased Cyp7a1
mRNA (132%), whereas Cyp8b1 was decreased 54% (Figure 9, top
right). These changes occurred despite downregulation of Lrh-1
(by 35%) and Hnf4a (by 34%) mRNAs, which are generally con-
sidered positive regulators of Cyp7a1 and Cyp8b1 (Figure 9, bot-
tom right). However, Shp mRNA was decreased 77%, and Shp

protein is known to inhibit Lrh-1-mediated upregulation of
Cyp7a1 (Figure 9, bottom right). Thus, the consistent effects that
CAR activation had on BA synthesis and regulation genes in the
liver of both male and female mice were a marked increase in
Cyp7a1, the rate-limiting enzyme of BA synthesis, and a de-
crease of sterol 12a-hydroxylase Cyp8b1.

Effects of CAR Activation on mRNAs of BA Transport and
Regulation in Mouse Ileum

In ilea of male mice, the only alteration following CAR activa-
tion was a 133% increase in mRNA of Mrp2 (Figure 10, bottom
left). In female mouse ileum, CAR activation also increased
Mrp2 (146%), whereas it decreased Mrp3 by 29% (Figure 10, bot-
tom right). Further, CAR activation in female mouse ileum
increased mRNAs of Nieman-Pick c1-like 1 (Npc1l1) (37%), which
participates in intestinal cholesterol absorption. CAR activation
also increased the mRNA of the oxysterol sensor Liver x recep-
tor a (Lxra) (30%), the BA sensor Tgr5 (34%), and Shp (362%).
Thus, the only consistent effect of the CAR activator TCPOBOP
on the mRNA of transporters and regulators in ilea of male and
female mice was an increase in Mrp2, which transports drugs
rather than BAs.

Discussion

It has been shown in BA-feeding and bile duct-ligation models
of cholestasis that CAR activators, such as TCPOBOP and PB, ac-
tivate pathways of BA detoxification and protect against BA-
induced liver injury (Guo et al., 2003; Wagner et al., 2005; Beilke
et al., 2009; Sberna et al., 2011). Although these studies provide
considerable insight into how CAR activation prevents choles-
tatic injury, significant gaps regarding the effect of CAR activa-
tion on BA homeostasis need to be addressed, including a
complete characterization of the various BAs in serum, liver,
and bile after CAR activation in both male and female mice, as
well as to determine whether these changes are due to alter-
ations of the BA transporters and BA synthesis enzymes medi-
ated by the Fxr receptor.

The importance of quantifying and understanding the role
of individual BAs is underscored by several aspects. Each BA
has a different critical micellar concentration, which is attribut-
able to the hydroxyl groups on the steroid ring that are unique
to each BA (Hofmann and Roda, 1984). This means that shifts in
the concentration and composition of the BAs can directly influ-
ence solubilization and absorption of lipids and fat-soluble vita-
mins into intestinal enterocytes (Carey and Small, 1972;
Westergaard and Dietschy, 1976; Shiau, 1990; Wang et al., 2003).
Hydrophobicity varies substantially among individual BAs, re-
sulting in differences in hepatotoxicity (Billington et al., 1980;
Heuman, 1989; Song et al., 2011). For this reason, the BA UDCA
has long been used as a drug to treat primary biliary cirrhosis,
as well as for the dissolution and prevention of gallstones (May
et al., 1993; Guarino et al., 2013; Tabibian and Lindor, 2015). Each
BA has a different affinity for the BA receptors Fxr and Tgr5, and
thus the various BAs have different effects on BA homeostasis,
as well as glucose and energy metabolism (Parks et al., 1999;
Sato et al., 2008). Accurate identification and quantification of
individual BA concentrations is also a critical step in the diagno-
sis and therapeutic monitoring of BA malabsorption and inborn
errors of BA metabolism (Daugherty et al., 1993; Heubi et al.,
2015; Orekoya et al., 2015; Zhang et al., 2015). Quantification of
individual BAs has also revealed an association between insulin
resistance and decreased plasma ratio of 12a-OH/non12a-OH

FIG. 7. Effect of TCPOBOP on liver weight and bile flow in male and female mice.

Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4 consecu-

tive days to male and female mice (n¼5–6 per treatment group). On day 5, mice

were anesthetized and bile was collected for 40 min. Liver weight is expressed as

a percent of bodyweight (BW) (upper panel). Bile flow rates were normalized to

BW (middle panel) and liver weight (lower panel). Data represent means 6 SEM.

Asterisks (*) denote statistically different from vehicle control (P<0.05). Females

(F), males (M), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPO). Color image is

available in the online version of the article.
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BAs (Haeusler et al., 2013). Therefore, consideration of concen-
trations of individual BAs is critical in order to have a complete
understanding of the BA phenotype.

Numerous reports have described the effects of the widely
studied CAR activator PB on the biliary excretion of BAs in vari-
ous rodents. However, these reports focused on either the total
concentrations of BAs (Berthelot et al., 1970; Okuda et al., 1988);
tri-, tetra-, and penta-hydroxylated BAs (Wagner et al., 2005); did
not differentiate conjugated from U-BAs (Sberna et al., 2011); or
reported on select major BAs known at the time, eg, T-CA and
T-CDCA (Klaassen, 1970, 1971a, b; Paumgartner et al., 1971).
Following treatment of cholestatic mice with CAR activators, PB
and TCPOBOP, Beilke et al. (2009) used an analytical method that
accounted for approximately 78% of the BA composition in
serum and liver that we report here. Additionally, the previous
method did not chromatographically resolve the secondary BA
DCA from the primary BA CDCA. Therefore, in quantifying 8 dif-
ferent BAs and the taurine-conjugate of each in serum, liver,
and bile, the ultraperformance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) method used here (Alnouti
et al., 2008; Zhang and Klaassen, 2010) provides the most

comprehensive analysis of the BA profile in response to CAR
activation.

The present study indicates that the effect of the CAR activa-
tor TCPOBOP on the profile of BAs in male and female mice is
generally quite similar, with the effects in males more promin-
ent than in female mice. This is evident in the similar effects of
TCPOBOP in male and female mice in decreasing the concentra-
tion of total BAs and 12a-OH BAs (primarily T-CA) in liver, as
well as increasing the proportion of MCAs excreted into bile. In
attempting to determine the mechanism of these changes in BA
homeostasis after CAR activation, the mRNA of transporters,
including increases in Mrp2, Mrp3, Mrp4, and Ntcp was also
similar in male and female mice. TCPOBOP treatment increases
Cyp7a1 and decreases Cyp8b1, in both sexes of mice. However,
the mRNA expression of some genes is different in male and fe-
male following TCPOBOP. These genes likely have a very minor
contribution to the similar changes in BA disposition in the re-
sponse to CAR activation observed in male and female mice. It
should be noted that the analyses of BAs and gene expression
were performed on samples collected on day 5 following 4 daily
TCPOBOP treatments. Thus, this study does not characterize the

FIG. 8. Effect of TCPOBOP on mRNA of transporters in livers of male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily (IP) for 4 consecu-

tive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, livers were collected. Total RNA was analyzed by QuantiGene Plex 2.0

Assay, as well as by RT-qPCR. Relative mRNA levels were calculated with vehicle controls set as 100%. Data represent means 6 SEM. Asterisks (*) denote statistically dif-

ferent from vehicle control (P < 0.05). Breast cancer resistance protein (Bcrp), Bile salt export pump (Bsep), Equilibrative nucleoside transporter (Ent), females (F), males

(M), Multidrug and toxin extrusion transporter (Mate), Multidrug resistance protein (Mdr), Multidrug resistance-associated protein (Mrp), Na(þ)-taurocholate cotrans-

porting polypeptide (Ntcp), Organic anion transporting polypeptide (Oatp), Organic cation transporter (Oct), Organic solute transporter (Ost), 1,4-bis(2-[3,5-

dichloropyridyloxy])benzene (TCPOBOP). Color image is available in the online version of the article.
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series of events relating to gene regulation and metabolism that
occur prior to day 5. Additionally, the age of the adult mice used
was slightly different between males (12–15 weeks) and females
(16–19 weeks). These 2 factors may help explain some of the un-
anticipated responses of gene expression, as well as some dif-
ferences of the BA profile between the sexes.

Bile flow in male and female mice increases in response to
the synthetic CAR ligand TCPOBOP (Figure 7). This is consistent
with the well-documented observation that the classical CAR
activator PB increases bile flow in various rat strains (Roberts
and Plaa, 1967; Klaassen and Plaa, 1968; Klaassen, 1969, 1971b;
Berthelot et al., 1970; Slater and Delaney, 1970; Paumgartner
et al., 1971). Also consistent with the studies using PB, the CAR
activator TCPOBOP does not increase the biliary excretion of
total BAs in mice (Figure 5) (Klaassen 1971a). These results indi-
cate that the CAR-stimulated increase in bile flow is BA-
independent.

The total BAs in mice after administration of the CAR activa-
tor TCPOBOP decrease (25–50%) in liver (Figure 3), whereas total
serum BA concentrations and total biliary excretion of BAs do
not change appreciably (Figs. 1 and 5). Given the substantial de-
crease in liver concentrations of BAs, one would anticipate an
increase in mRNA of the rate-limiting enzyme for BA synthesis,
Cyp7a1, which was demonstrated (Figure 9). In both liver and
ileum, the nuclear receptor Fxr plays a central role in negative
feedback regulation of BA synthesis (Inagaki et al., 2005; Kong
et al., 2012). In liver, BAs bind to the Fxr receptor, which re-
sponds by increasing the expression of Shp. Shp protein binds
to Lrh-1 protein to inhibit Lrh-1 activation of Cyp7a1 transcrip-
tion. Thus, Fxr activation decreases BA synthesis. Thus, one
would anticipate in the present study a decrease in Shp; how-
ever, this was not observed. Fxr is also expressed in ileum,
where BAs can bind to Fxr to upregulate the expression of Fgf15,

a protein that enters the blood and is taken to the liver to de-
crease BA synthesis. However, there was not a decrease in
Fgf15, probably because TCPOBOP does not alter the net biliary
excretion of BAs, and thus there is an adequate amount of BAs
entering the ileum. Thus, although TCPOBOP decreases the total
BAs in liver, there is a subsequent increase in the rate-limiting
enzyme of BA synthesis, in an attempt to restore BA concentra-
tions in the liver. This increase in Cyp7a1 appears to be due to a
non-Fxr pathway.

A decrease in 12a-OH BAs occurs in the liver after CAR acti-
vation by TCPOBOP (Figure 3). This is primarily due to a decrease
in T-CA, but also to decreases in T-DCA. Because the enzyme
that hydroxylates the 12a position of BAs is Cyp8b1, one would
anticipate a decrease in Cyp8b1 (Li-Hawkins et al., 2002).
Therefore, it was not surprising that a decrease in Cyp8b1 was
observed in the TCPOBOP-treated mice (Figure 9). Similarly,
TCPOBOP has been shown to decrease Cyp8b1 approximately
50%, 24 h following a single dose (BALB/c mice, 0.3 mg/kg IP)
(Miao et al., 2006).

The biliary excretion of total BAs into bile is not altered ap-
preciably by TCPOBOP, even though the liver concentration of
total BAs is decreased appreciably. This suggests that the liver
might not only be the site of BA synthesis but also a site to store
BAs to maintain a consistent source of BAs in the intestine for
the absorption of lipids and lipid-soluble vitamins. The fraction
of BAs that is T-CA in the bile decreases after TCPOBOP,
whereas the fraction of MCAs increases, similar to the ratio of
these 2 BAs in liver. The canalicular transporter Mrp2, although
induced by TCPOBOP, seems unlikely to contribute to excretion
of BAs in the present study, as rat Mrp2 does not transport T-CA
(Madon et al., 1997; Gerloff et al., 1998; Stieger et al., 2000). In con-
trast, Bsep is essential for the biliary excretion of BAs, as Bsep-

FIG. 9. Effect of TCPOBOP on mRNA of BA synthesis and regulation in livers of male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily

(IP) for 4 consecutive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, livers were collected. Total RNA was analyzed by

QuantiGene Plex 2.0 Assay, as well as by RT-qPCR. Relative mRNA levels were calculated with vehicle controls set as 100%. Data represent means 6 S.E.M. Asterisks (*)

denote statistically different from vehicle control (P<0.05). Bile acid CoA:amino acid N-acyltransferase (Baat), Bile acid CoA ligase (Bal), Cytochrome p450 (Cyp),

Farnesoid x receptor (Fxr), females (F), Fibroblast growth factor receptor (Fgfr4), Hepatocyte nuclear factor 4a (Hnf4a), Liver receptor homolog-1 (Lrh-1), males (M), Small

heterodimer partner (Shp), 1,4-bis(2-[3,5-dichloropyridyloxy])benzene (TCPOBOP). Color image is available in the online version of the article.
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null mice have extremely low biliary excretion of CA (5% of WT)
(Wang et al., 2001).

Concentrations of total BAs in the serum do not decrease as
they do in the liver after TCPOBOP administration, and thus
total serum BA concentrations cannot be used to approximate
total BA concentrations in liver. In contrast, there is an increase
in the fraction of MCAs in serum, as occurs in liver and that is
excreted into bile. Thus, the fraction of T-CA and MCA is rela-
tively similar in the 3 compartments. However, the fraction of
BAs in the serum that are unconjugated is much higher (18% in
males; 42% in females) than in the liver (approximately 3% in
both sexes) and bile (approximately 0.25% in both sexes).
TCPOBOP-treated mice have an increase in the mRNA of the
conjugated BA uptake transporter Ntcp and also marked in-
creases in the mRNA of the sinusoidal BA efflux transporters,
Mrp3 and Mrp4 (Figure 8). The role of the increase in these
transporters in the BA homeostasis after TCPOBOP is not clear.

As described in the introduction, CAR activation enhances
fecal excretion of MCAs, as well as protects the liver during
LCA-induced cholestasis (Beilke et al., 2009; Sberna et al., 2011).

Consistent with these studies, the present study indicates that
CAR activation by TCPOBOP decreases total BA concentration in
liver. In addition, the present study indicates that the effect of
TCPOBOP in a noncholestatic model is specific to the Cyp8b1
pathway, which is required for formation of CA. This results in
an increase in the proportion of MCAs. Thus, the effect of CAR
activation on BAs is primarily due to a decrease in T-CA in the
liver.

The overall effects of CAR activation on BA homeostasis ap-
pear to be beneficial. The activity of TCPOBOP to decrease total
BA concentrations in liver could be beneficial because high con-
centrations of BAs are known to be toxic to the liver. Although
CAR activation in mice increases bile flow, it does not increase
biliary excretion of BAs. Thus, CAR activation would not be
expected to interfere with biliary excretion of BAs by Bsep. As
CAR activation induces the canalicular transporter Mrp2, which
is responsible for the biliary excretion of many drugs, this path-
way would be expected to be enhanced. Beyond rodent models,
it is extremely difficult at this stage to project the human rele-
vance of the findings of the current study. For example, in

FIG. 10. Effect of TCPOBOP on mRNA of BA regulators and transporters in ilea of male and female mice. Corn oil vehicle or TCPOBOP (3 mg/kg) was administered daily

(IP) for 4 consecutive days to male and female mice (n¼5–6 per treatment group). At 96 h after the first dose, ilea were collected. Total RNA was analyzed by

QuantiGene Plex 2.0 Assay, as well as by RT-qPCR. Relative mRNA levels were calculated with vehicle controls set as 100%. Data represent means 6 SEM. Asterisks (*)

denote statistically different from vehicle control (P< 0.05). ATP-binding cassette (Abc), Apical sodium-dependent bile acid transporter (Asbt), Farnesoid X Receptor

(Fxr), females (F), Fibroblast growth factor (Fgf), I-babp (ileal bile acid binding protein), Liver x receptor a (Lxra), males (M), Multidrug resistance-associated protein

(Mrp), Nieman-Pick c1-like 1 (Npc1l1), Organic solute transporter (Ost), total bile acids (R-BAs), Small heterodimer partner (Shp), 1,4-bis(2-[3,5-dichloropyridyloxy])ben-

zene (TCPOBOP), Transmembrane G protein-coupled receptor 5 (Tgr5). Color image is available in the online version of the article.
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contrast to mice, MCAs are an extremely minor component of
BA composition of humans. Additionally glycine-conjugates of
BAs are the predominant amino acid conjugate in humans, ra-
ther than taurine-conjugates as in mice.

In summary, the CAR activator TCPOBOP decreases total BAs
in mouse liver, mainly by a decrease in the 12a-OH BA T-CA.
The decrease in T-CA appears to be due to a decrease of the
sterol 12a-hydroxylase Cyp8b1. Cyp7a1 is upregulated in liver
following TCPOBOP, as a response by the liver in an attempt to

return the BAs to physiological concentrations. CAR activation
also increases bile flow by increasing BA-independent flow, but
the biliary excretion of BAs is not altered. In liver, bile, and
serum, there is a decrease in the fraction that is T-CA and an in-
crease in MCAs.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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