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Cholestasis is associated with accumulation of bile acids and lipids,
and liver injury. The constitutive androstane receptor (CAR) and
pregnane X receptor (PXR) are xenobiotic nuclear receptors that
coordinate protective hepatic responses to potentially toxic stim-
uli, including bile acids. We investigated the role of these receptors
in the regulation of bile acid and lipid metabolism in a bile duct
ligation (BDL) model of cholestasis applied to receptor knockout
mice. Hepatic damage from bile acid accumulation was increased in
both CAR knockout (CARKO) and PXR knockout mice, but bile acid
concentrations were lower in CARKO mice. High-density lipopro-
tein (HDL) cholesterol was elevated in CARKO mice, and serum
total cholesterol increased less in CARKO or PXR knockout mice
than WT mice after BDL. Gene expression analysis of the BDL
knockout animals demonstrated that, in response to cholestasis,
PXR and CAR both repressed and induced the specific hepatic
membrane transporters Oatp-c (organic anion transporting
polypeptide C) and Oatp2 (Na*-dependent organic anion trans-
porter 2), respectively. Induction of the xenobiotic transporter
multidrug resistance protein 1 in cholestasis was independent of
either PXR or CAR, in contrast to the known pattern of induction
of multidrug resistance protein 1 by xenobiotics. These results
demonstrate that CAR and PXR influence cholesterol metabolism
and bile acid synthesis, as well as multiple detoxification path-
ways, and suggest their potential role as therapeutic targets for
the treatment of cholestasis and lipid disorders.
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holestatic liver disorders are characterized by impaired

hepatocellular secretion of bile, resulting in accumulation of
bile acids, bilirubin, and cholesterol. Bile acids are the major
products of cholesterol catabolism in the liver and act as
physiological detergents that facilitate absorption, transport, and
distribution of lipid-soluble fats and vitamins, and excretion of
lipids. However, hydrophobic bile acids are inherently cytotoxic,
and accumulation in the liver results in progressive liver disease
with eventual cirrhosis. Formation and elimination of bile acids
must therefore be tightly regulated and is closely linked to
cholesterol metabolism. This balance is achieved by feed-
forward induction of genes responsible for bile acid detoxifica-
tion and/or excretion and suppression of genes such as choles-
terol 7a-hydroxylase (CYP7A1) (1).

Nuclear hormone receptors function as ligand-activated tran-
scription factors with critical roles in diverse cellular processes
such as mammalian development, differentiation, and metabo-
lism (2). Although the pregnane X receptor (PXR; NR112) (3)
and the constitutive androstane receptor (CAR; NR1I3) (4) are
known to act as sensors for toxic xenobiotics (foreign com-
pounds) (5, 6), a role for these receptors in the homeostasis of
toxic endobiotics (endogenously synthesized compounds) is be-
ing increasingly recognized. Bile acids are ligands for PXR, and
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it has been suggested that PXR plays an essential role in
mediating a protective feed-forward response mechanism in
cholestasis (7, 8). Rifampin, a potent human PXR activator, has
been used to treat the pruritus that is often associated with
cholestatic liver disease, an action thought to be due to increased
bile acid metabolism (9, 10). In addition, activation of PXR
reduces liver injury produced by i.p. injection of lithocholic acid
(LCA), the most cytotoxic of the bile acids (7, 8). However,
recent work with bile duct ligated (BDL) mice has shown that
feed-forward adaptation is effectively engaged despite the lack
of accumulation of secondary bile acids such as LCA in this
model (11), suggesting that other bile acids or receptors must be
involved in this response. There is no evidence to date that
endogenous bile acids are ligands for CAR. However, recent
studies of PXR/farnesoid X receptor (FXR) double knockout
mice fed a cholic acid-rich diet demonstrate both up-regulation
of CAR and the CAR target gene Cyp2b10 (12). Additionally,
detoxification of LCA by sulfation has been shown to be
CAR-dependent in mice (13). Although CAR has these char-
acterized roles in bile acid detoxification, it is not known whether
CAR has a role in regulation of bile acid synthesis or lipid
metabolism.

Previous in vivo studies of bile acid-induced liver injury
typically involve administration of cholic acid (12), or the
secondary bile acid LCA (7, 8), which is normally formed in the
gut by bacterial dehydroxylation of chenodeoxycholic acid. How-
ever, individual bile acids vary significantly in their ligand
affinity for nuclear receptors such as PXR or FXR (NR1H4) (8,
14). In clinical cholestasis, multiple primary bile acids accumu-
late, whereas LCA does not significantly accumulate in biliary
obstruction (11), raising doubts about its in vivo relevance in
cholestatic disease. In contrast, the BDL mouse represents a
pathophysiological model of cholestasis caused by gallstone
obstruction, malignancy, or accidental surgical interruption. As
such, it is an effective substrate to study the in vivo interplay
between PXR, CAR, and FXR and adaptive responses of the
liver (11).

In the present study, we have sought to define the relative
importance of PXR and CAR in providing hepato-protection
against the liver injury that follows BDL and relate this outcome
to altered patterns of protective gene expression. Because these
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receptors regulate a number of common target genes (including
the P450 enzymes Cyp3all and Cyp2bl0), phase II enzymes
[such as GSTs, dehydroepiandrosterone sulfotransferase (STD),
and glucurosyltransferases], and membrane transporters, it is
necessary to include studies of the effect of BDL on both single
and double knockouts to fully characterize the functional role of
these receptors in the cholestatic response. We show that, as well
as contributing to hepato-protection in cholestasis, PXR and
CAR regulate basolateral transporters, including organic anion
transporting polypeptide C (Oatp-c; Slc21a6) and Na®-
dependent organic anion transporter 2 (Oatp2; Slc21a5), sup-
press key genes involved in bile acid synthesis, and influence the
serum lipid profile. Deletion of CAR reduces bile acid accumu-
lation in this model of cholestasis, suggesting that this nuclear
receptor may represent a therapeutic target for patients with
cholestatic liver diseases or lipid disorders.

Materials and Methods

Animal Studies. PXR knockout (PXRKO) and CAR knockout
(CARKO) mice were crossed to generate double null mice
(2XENKO) and genotyped as described (15, 16). The WT, single
knockout, and double knockout mice used in these studies were
of a mixed 129/Sv and C57BL/6 background. Eight- to ten-
week-old male mice were used for all experiments. The animals
were housed in an animal facility under a standard 12-h light/
dark cycle, fed a commercial pellet diet, and allowed food and
water ad libitum, except when they were fasted for 6 h before
blood sampling. The use of mice in this study has complied with
all relevant federal guidelines and institutional policies.

BDL. Mice were anesthetized (ketamine 100 mg/kg and xylazine
20 mg/kg, administered i.p.) and aseptically subjected to double
ligation of the common bile duct below the bifurcation and single
ligation above the pancreas. Sham operations were performed as
described (11). Animals (n = 5-6 per group) were killed by
exsanguination under anesthesia 6 days after BDL or sham
operation. Blood samples (35 ul) were collected into heparinized
capillary tubes from the tail vein of anesthetized mice before the
initial surgical procedure on day 0, and again on day 6 imme-
diately before killing. Total cholesterol, high-density lipoprotein
(HDL) cholesterol, triglycerides, and glucose were measured
from these samples by using the Cholestech LDX Analyzer
(Cholestech, Hayward, CA). Additional serum was collected at
the time of killing to measure alanine aminotransferase (ALT)
and bilirubin as a measure of liver injury and cholestasis,
respectively. ALT and bilirubin were determined by the Depart-
ment of Clinical Chemistry, Institute for Clinical Pathology and
Medical Research, Western Sydney Area Health Service, by
using automated procedures. Serum, urine, and liver samples
were also frozen at —70°C for bile acid analysis, and liver was
snap frozen in liquid nitrogen for subsequent RNA extraction.

Assessment of Liver Histology. Consecutive sections of liver (4 wm
thick) from paraffin-embedded liver were cut for hematoxylin
and eosin staining and Gomori’s Trichrome staining for evalu-
ation of liver injury and necrosis. Areas of bile infarct and hepatic
necrosis were evaluated in five fields (X10 magnification) by
using the OPTIMAS 6.5 image analysis software (Media Cybernet-
ics, Silver Spring, MD).

Quantitation of Bile Acids. Individual bile acids in liver, serum,
urine, and bile were quantified by high performance LC/MS by
using authentic bile acid standards and deuterated internal
standards. To a 50-ul sample of serum or urine, 20.5 ng of assay
internal standard (cholic 2,2,4,4-d4 acid) was added, and for bile,
20-ul aliquots were used with 8.2 ng of assay internal standard.
One hundred fifty microliters of methanol was then added to the
sample for protein precipitation, and the mixture was vortexed.
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Fig. 1. Deletion of PXR or CAR results in exacerbation of bile acid-induced
liver injury. (A) Livers were removed from mice 6 days after BDL, and liver
paraffin sections were stained with Gomori’s Trichrome to evaluate liver injury
and necrosis (n = 4—6 per group). Areas of bile infarction and hepatic necrosis
(arrows) were evaluated in five microscopy fields (X 10 magnification), quan-
tified as a percentage of total area as indicated on the representative pho-
tomicrographs, and found to be increased in knockout mice relative to WT
mice after BDL. PXRKO, P < 0.05; CARKO, P < 0.05; 2XENKO mice, P < 0.01. (B)
Effects of BDL on hepatic expression of genes involved in fibrosis and tissue
remodeling. Relative mRNA expression of collagen 1A1 (COL1A1), collagen
1A2 (COL1A2), collagen 3A (COL3A), fibronectin, and matrix metal-
loproteinase 9 (MMP9) in liver were examined by real-time RT-PCR and
normalized for U36B4 expression.

After centrifugation at 2,000 X g for 10 min, 150 ul of the
supernatant was added to 50 ul (40 mM) of ammonium acetate (pH
4.5). Samples were stored at 4°C in the autosampler, and 20-ul
aliquots were injected for analysis. For liver samples, bile acids were
extracted by using liquid-liquid extraction as described (11). Chro-
matographic separations and quantitative determinations of bile
acids from all samples were also carried out as described (11).
However, a modified mobile phase gradient for - and B-muricholic
acid (a- and B-MCA) was used. The mobile phase consisted of
solvent A (water), solvent B (methanol), and solvent C (100 mM
ammonium Acetate, pH 4.5) delivered as a gradient: 0- to 7-min
solvent B 60%; 7- to 12-min solvent B 90%, and 12- to 20-min
solvent B 60% with solvent C constant at 10% at a flow rate of
0.2 ml/min. Total serum bile acid concentrations were determined
by using a commercial 3a-hydroxysteroid dehydrogenase assay
(Randox, Antrim, U.K.).
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Fig.2. Evidence of liver injury as determined by serum biochemistry. Serum

was collected 6 days after BDL or sham operation in WT, CARKO, PXRKO, and
2XENKO mice (n = 4-6 per group). ALT was significantly elevated in all BDL
animals compared with shams, but was lower in 2XENKO than WT mice (P <
0.05). Total serum bilirubin was also significantly elevated in all BDL animals
compared with shams. However, serum bilirubin was lower in all knockouts
than WT mice after BDL; *, P < 0.05; **, P < 0.01 relative to WT BDL.

Statistical Analysis. Treatment groups were compared by using
factorial ANOVA, and post hoc analysis was performed by using
the Fisher’s exact test. These results are presented as mean = SD.
Results are considered significant when P < 0.05.

Expression-Level Analysis. Total RNA was extracted from frozen
tissue samples or cells by using TRIzol reagent (Invitrogen)
according to the manufacturer’s directions. RNA was then
treated with DNase I (Ambion, Austin, TX) at 37°C for 30 min,
followed by inactivation at 75°C for 5 min. cDNA was synthesized
from total RNA with the SuperScript First-Strand Synthesis
System (Invitrogen) and random hexamer primers. The real-
time PCR measurement of individual cDNAs was performed by
using either Tagman or SYBR green dye technology to measure
duplex DNA formation using an ABI Prism 7700 or 7900
Sequence Detection System (PE Applied Biosystems). The
sequences of the primer sets used for each gene studied are
available upon request. For each biological sample, qPCR
reactions were performed in triplicate, and expression was
normalized to m36B4 expression.

Results

Deletion of PXR or CAR results in severe bile acid-induced liver
injury. Ligation of the common bile duct is associated with
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intrahepatic bile acid overload and consequent liver injury. In all
mice with BDL, bile infarcts were observed histologically, as
reported in other mouse strains (Fig. 14) (17). The areas of
necrosis and bile infarction were significantly increased in both
PXR and CAR knockout mice after BDL, although there was no
additional increase in liver necrosis in the 2XENKO group
compared with the other null genotypes (Fig. 1.4). Expression of
collagen 3A, fibronectin, and matrix metalloproteinase 9
(MMP9), genes involved in fibrosis and tissue remodeling, were
substantially higher in PXRKO and CARKO BDL mice com-
pared with WT BDL (Fig. 1B). However, in the 2XENKO BDL
mice, induction of collagen 3A was reduced, and no additional
induction of fibronectin or MMP9 was seen relative to WT BDL
(Fig. 1B), suggesting that there may be less injury response in this
genotype. The mortality rates (including deaths and euthanized
animals) for BDL genotypes were 15% for WT BDL, 22% for
CARKO, and 23% for PXRKO mice. Surprisingly, there were no
deaths among the 2XENKO BDL mice.

BDL-Induced Hepatopathology and Cholestasis. Serum ALT was
significantly elevated in all BDL animals, consistent with the
expected cholestatic injury, but the mean ALT was significantly
lower in the 2XENKO group than other genotypes after BDL
(Fig. 24). Similarly, although serum total bilirubin was signifi-
cantly elevated in all BDL animals compared with shams,
bilirubin was lower after BDL in all nuclear receptor-null mice
than WT mice (Fig. 2B). Surprisingly, these results and the
mortality data suggest that nuclear receptor deletion may confer
some protection in this model of cholestasis.

Expression of Genes Associated with Bile Acid Transport. Decreased
expression of the hepatic basolateral membrane transporters
sodium-taurocholate cotransporting polypeptide (Ntcp;
Slc10al) and Oatp-c is an early defense mechanism by which
liver cells shut off bile acid and bilirubin influx during cholestasis
(18). After BDL, mRNA expression of both genes was repressed
in WT animals (Fig. 34), and Ntcp was down-regulated in all
genotypes, consistent with the proposed bile acid-mediated
induction of the FXR/SHP (small heterodimer partner, NR110)
pathway to repress Ntcp by means of hepatocyte nuclear factor
la (19). In contrast, there was complete loss of repression of
Oatp-c in the PXRKO and CARKO genotypes after BDL,
indicating codependence on both receptors. This finding is
important, because Oatp-c has been implicated in hepatic uptake
of bilirubin by means of the sinusoidal surface of the hepatocyte
(20), and we found lower serum bilirubin concentrations in the
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Expression of genes associated with bile acid transport. Livers were removed from WT, CARKO, PXRKO and 2XENKO mice (n = 4—6 per group) 6 days

after BDL or sham operation. (A) Relative expression of mRNA for basolateral (sinusoidal) transporters. (B) Relative expression of mRNA for ABC membrane

transporters.
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knockout mice, which would be consistent with increased hepatic
uptake of bilirubin. The related Na+-dependent organic anion
transporter 2 (Oatp2) gene was induced 2-fold in WT BDL
animals but failed to be induced in either PXR or CAR-null
mice, which may be beneficial to the hepatocyte because Oatp2
also mediates bile acid influx.

Adaptive overexpression of canalicular ATP-binding cassette
(ABC) transporters, which pump bile salts, bilirubin diglucu-
ronides, glutathione conjugates, and various organic ions into
bile, has been demonstrated in humans with cholestatic liver
disease (21) and BDL mice (17), so we evaluated the role of PXR
and CAR in mediating these potentially protective changes (Fig.
3B). Multidrug resistance-associated protein-2 (Mrp2; ABCC2)
was not induced after BDL in the WT mouse, but modest
induction was seen in the knockout mice. This finding may be
consistent with a postulated role for PXR in Mrp2 repression
(22), or alternatively could represent an adaptive response to
increased concentrations of bilirubin in the hepatocyte. Multi-
drug resistance-associated protein 3 (Mrp3; ABCC3) is a baso-
lateral transporter that has been proposed to have a role as a bile
acid efflux system in cholestasis (17). Mrp3 mRNA expression
was induced after BDL, but this induction was reduced in the
CARKO mice, which may increase the hepatocyte’s exposure to
bile acids in this genotype (Fig. 3B). Multidrug resistance
proteins 1 and 2 (Mdrl and -2; ABCB1 and -B4) mRNA
expression was significantly induced after BDL, but, surprisingly,
induction was independent of either PXR or CAR (Fig. 3B).
Although Mdrl can be induced by PXR (23, 24), the present
results show that toxic endobiotics such as bile acids can induce
these transporters by an alternative pathway.

Lipids. Cholestatic liver disease in humans is associated with lipid
abnormalities, including high total serum cholesterol and low
HDL cholesterol (25). We therefore measured serial lipid con-
centrations to evaluate the roles of PXR and CAR in lipid
homeostasis. Serum triglyceride concentrations were similar in
all genotypes. However, HDL cholesterol was higher in sham
CARKO and 2XENKO than WT or PXRKO mice (P < 0.0001),
and decreased on day 6 after BDL in all genotypes (Fig. 44).
However, despite some variability, HDL remained significantly
higher in CARKO than WT mice on day 6 after BDL (P =
0.005). Serum total cholesterol was similar in all genotypes of
sham and BDL day 0 mice (Figs. 4B), and increased significantly
by amean of 7.9 = 0.6 mmol/liter (P = 0.00) in WT BDL animals
by day 6. However, after BDL, the magnitude of the increase in
total cholesterol was reduced in CARKO (4.2 * 1.5 mmol/liter;
P = 0.046) mice, and was not significant in PXRKO (2.8 = 0.9
mmol/liter) or 2XENKO (1.1 *+ 0.5 mmol/liter) mice (Fig. 4B).
Therefore, deletion of either PXR or CAR attenuates the
expected increase in serum total cholesterol in cholestasis, and
CAR deletion also raises HDL, resulting in a more favorable
overall lipid profile.

Expression of Genes Involved in Bile Acid Synthesis. Bile acid syn-
thesis from cholesterol is tightly regulated to ensure that suffi-
cient amounts of cholesterol are catabolized to maintain ho-
meostasis and to provide emulsification in the intestine. The
roles of PXR and CAR in regulation of this pathway have not
been clearly defined, so we quantified expression of all major
genes involved in bile acid synthesis in liver. Cyp7al catalyzes the
rate-limiting first step of the classical bile acid synthetic pathway
and was significantly induced in PXR and CAR-null mice
compared with WT mice after BDL (Fig. 4C). Although Cyp7bl
and Cyp8bl were markedly repressed in WT mice after BDL,
there was significant loss of this repression in the null genotypes,
suggesting that PXR and CAR coordinately act to repress bile
acid synthesis at several levels (Fig. 4C). Therefore, the overall
effect from deletion of PXR or CAR in cholestasis is a relative
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Fig.4. Serum lipids and expression of bile acid synthesis genes after BDL. (A)
Serum HDL cholesterol is increased in CARKO and 2XENKO mice. Blood
samples were collected from the tail veins of anesthetized mice before BDL or
sham operation on day 0, and again on day 6 immediately before killing. HDL
cholesterol was significantly higherin CARKO and 2XENKO mice than WT mice
(**, P < 0.01). (B) Changes in total serum cholesterol after BDL or sham
operation. Total serum cholesterol increased significantly after BDL in WT (**,
P < 0.01) and CARKO (*, P = 0.046) mice but not PXRKO or 2XENKO mice. (C)
Relative expression of mRNA in liver for genes involved in bile acid synthesis
after BDL. Data are expressed as the fold change relative to sham-operated
animals.

increase in expression of the major enzymes Cyp7al, Cyp7bl,
and CypS8b1, which would be expected to increase the rate of
conversion of cholesterol to bile acids.

Bile Acid Concentrations Are Reduced in CAR-Null BDL Animals. Serum
total bile acid concentrations were similar in all sham animals
and increased 50- to 100-fold in all genotypes after BDL (Fig.
54). In WT BDL mice, significant increases were seen in the
primary bile acids, including conjugates of chenodeoxycholic
acid, cholic acid, and hydroxylated bile acids (a-MCA and
B-MCA) (data not shown and reported in ref. 11). However, in
the CARKO and 2XENKO BDL mice, there was a significant
reduction in both serum total bile acid (Fig. 54) and individual
bile acid concentrations (Fig. 5B), relative to WT BDL. Similar
results were also observed in liver for tauro-cholic acid (TCA)
and tauro-B-muricholic acid (TB-MCA), but not tauro-
chenodeoxycholic acid (TCDCA) (Fig. 5C). In the PXRKO
mice, a relative decrease in the hydroxylated bile acid T-MCA

Stedman et al.
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Fig. 5. Primary bile acid concentrations are reduced in CAR-null BDL animals. (A) Total serum bile acids were measured in WT, CARKO, PXRKO, and 2XENKO
mice (n = 4-6 per group) after BDL or sham operation. Total serum bile acids increased significantly after BDL in all genotypes (P < 0.001), but were reduced
relative to WT BDL in CARKO and 2XENKO BDL mice. (B) Individual serum bile acids were quantitated by LC/MS 6 days after BDL. Serum TCA, T3-MCA, and TCDCA
were significantly reduced in CARKO and 2XENKO mice, and TB-MCA was reduced in PXRKO relative to WT BDL. (C) Individual hepatic bile acids were quantitated
by LC/MS 6 days after BDL. TCA and T3-MCA were significantly reduced in CARKO and 2XENKO mice, and T3-MCA was significantly reduced in PXRKO relative
to WT BDL. *, P < 0.05; **, P < 0.01 for all panels.

was observed in serum and liver (Figs. 5 B and C). Concentra-
tions of secondary bile acids, including LCA, were low in all
groups after BDL, consistent with interruption of the entero-
hepatic circulation. In bile, the CARKO results were similar to
those in liver, but the 2XENKO BDL group differed substan-
tially from other genotypes, with high concentration of all bile
acids (Fig. 6, which is published as supporting information on the
PNAS web site). Surprisingly, therefore, deletion of CAR in
cholestasis significantly reduces the accumulation of bile acids in
serum, liver, and bile. This finding could be potentially beneficial
in the context of cholestasis, where bile acid overload is the
primary cause of both systemic symptoms and hepatotoxicity.

Discussion

This work utilizes BDL in WT and knockout animals to increase
endogenous primary bile acids to model the role of PXR and
CAR in mediating responses to cholestasis and biliary obstruc-
tion. These data demonstrate that loss of either PXR or CAR
increases the liver’s vulnerability to bile acid-induced liver injury,
and that neither receptor is sufficient to compensate for the loss
of the other, although they have some functional overlap.
However, despite an increase in hepatic necrosis, we found that
double knockout mice showed an improvement in mortality and
markers for liver injury, including serum ALT and bilirubin, and
a decrease in hepatic expression of genes involved in fibrosis
and remodeling, suggesting that deletion of these nuclear re-
ceptors in cholestasis may not be as harmful as expected.

The loss of CAR has a dramatic effect on bile acid concen-
trations in this model of obstructive cholestasis. Both the
CARKO and 2XENKO mice had substantially reduced serum
total bile acids compared with WT mice after BDL, with
concurrent decreases in all major individual bile acids. These
findings are unlikely to result from a bile acid transporter defect,
which would lead to hepatic accumulation of bile acids; indeed,
we also found a relative decrease in TCA and TB-MCA in liver.
We found no evidence of increased urinary bile acid excretion,
and increased sulfation or glucuronidation of bile acids is also
unlikely to account for the relative differences, because total
serum bile acid concentrations decreased to a similar extent.
These findings are therefore most consistent with a reduction in
overall bile acid synthesis in CAR-null genotypes.

However, despite the relative decrease in bile acid concen-
trations, we have not found a corresponding decrease in expres-
sion of genes involved in bile acid synthesis in CARKO mice.
Conversely, all knockout animals had relative induction of
Cyp7al, and loss of repression of Cyp7bl and Cyp8bl, which
would be expected to increase bile acid synthesis. This result

Stedman et al.

Serum Bile Acids (BDL)

C 200 iver Bile Acids (BDL)
O TcA z O TCA
B TCDCA E 150 H TCDCA
O TBMCA g "' I O TBMCA

: [

@

0

c

o

o

<

o

@

&

=

E; 3

CARKO
2XENKO

o o o
x x x
X % &
o o =

suggests that, in cholestasis, PXR and CAR play a role in
coordinate repression of these major genes involved in bile acid
synthesis. However, deletion of CAR must have other effects on
the cholesterol and bile acid metabolic pathways that results in
the observed decrease in bile acid concentrations despite induc-
tion of these genes.

A relative decrease in cholesterol as a substrate for bile acid
synthesis could explain the lower bile acid concentrations in
CARKO BDL mice. We observed attenuation of the expected
increase in serum total cholesterol in both PXRKO and CARKO
mice after BDL, and an increase in HDL cholesterol in CARKO
mice, resulting in a substantially more favorable lipid profile in
this genotype. However, PXRKO mice did not have the same
relative decrease in bile acid concentrations, despite also having
lower serum total cholesterol than WT BDL mice, so this finding
may not fully explain the differences in bile acids. Alternatively,
cholesterol could be diverted into oxysterol production rather
than down the classic bile acid synthetic pathway, because
induction of CH25H was observed in all BDL animals, despite
repression of Cyp27al. This explanation would account for the
presence of increased hepatic necrosis despite lower bile acid
concentrations, because oxysterols are cytotoxic and may induce
apoptosis (26). Repression of Cyp7bl is generally suggestive of
a decrease rather than an increase in oxysterol concentrations
(27); however, a marked loss of repression of Cyp7bl was
observed in knockout animals and could be consistent with a
relative increase in substrate for this enzyme.

These findings raise the intriguing possibility that a CAR
antagonist may potentially have beneficial effects in the context
of hypercholesterolemia or early cholestasis, where a reduction
of bile acid concentrations to within normal limits may prevent
progressive liver disease, despite some loss of other protective
mechanisms. We did find an increase in hepatic necrosis in the
nuclear receptor-null mice, although mortality and other end-
points were improved in the double knockouts, and both PXR
and CAR have been implicated in mediating a number of
adaptive responses to bile acid overload (7, 8, 12, 28). In the
present work, we describe several additional findings that further
elucidate the role of PXR and CAR in detoxification and
transport of bile acids, bilirubin, and xenobiotics.

We found lower concentrations of the major 63-hydroxylated
bile acid TB-MCA in both PXR and CAR-null mice compared
with WT mice after BDL. This finding is significant because ring
hydroxylation of bile acids renders them less hydrophobic, and
therefore less toxic and more accessible to excretory transporters
(29). Our results suggest that loss of PXR or CAR impairs this
important mechanism for bile acid detoxification, and the rel-
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ative preservation of hepatic TCDCA that we observed may be
explained by reduced conversion of chenodeoxycholic acid to
B-MCA. It is noteworthy that CYP3A4, a PXR and CAR target
gene, mediates the equivalent 6a-hydroxylation of bile acids in
humans (7, 30), suggesting the importance of these receptors in
feed-forward bile acid metabolism.

Hepatic ABC transporters play a crucial role in regulating
hepatocellular bile acid concentrations because they mediate
both uptake and efflux mechanisms, and adaptive changes in
expression of these transporters have been demonstrated in
cholestasis (17, 21). Decreased expression of the two major
basolateral uptake systems, Ntcp and Oatp-c, is an early defense
mechanism to reduce bile acid influx into hepatocytes in cho-
lestasis (19), and is seen in WT BDL animals. Our data show that
bile acid-induced repression of Oatp-c depends on both PXR
and CAR. This finding is important, because failure to down-
regulate Oatp-c may allow transport of bilirubin from serum into
the liver by means of the sinsusoidal surface of hepatocytes (20).
This bilirubin influx would increase liver damage while decreas-
ing serum bilirubin levels. It has previously been proposed that
CAR mediates bilirubin induction of Oatp-c and other enzymes
that induce bilirubin clearance (31). The present data suggest
that, in cholestasis-induced hyperbilirubinemia, bilirubin clear-
ance from serum is delayed in WT animals, because of bile
acid-induced down-regulation of Oatp-c mediated by PXR and
CAR.

The Mdrl gene product P-glycoprotein transports hydropho-
bic xenobiotics and peptides from the inside to the outside of
cells. Induction of Mdrl is therefore an important cellular
protective mechanism, and induction by xenobiotics has been
shown to be PXR-dependent in human hepatocytes and in mice
(23, 24). However, we have shown that induction of Mdrl in
response to cholestasis occurs independently of PXR, suggesting
that endogenous ligands such as bile acids are capable of
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inducing this important transporter by alternative pathways. It is
therefore an important priority to identify whether other nuclear
receptors are involved in regulation of Mdr1, because regulation
of this transporter will have significant implications for chemo-
therapy treatments and drug interactions.

In summary, we have used a BDL model of cholestasis to show
that PXR and CAR have crucial roles in the regulation of lipid
and bile acid homeostasis. CARKO mice have a marked relative
reduction in bile acid concentrations after BDL, despite a
relative increase in expression of major genes involved in bile
acid synthesis. Serum lipids are also favorably affected by nuclear
receptor deletion, with attenuation of the expected increase in
total cholesterol in both genotypes and increased HDL choles-
terol in CARKO. Loss of either receptor increases the liver’s
vulnerability to cholestasis because of a loss of adaptive mech-
anisms, including loss of repression of Oatp-c and reduced
6B-hydroxylation of bile acids. However, induction of Mdrl in
cholestasis is independent of both PXR and CAR. These findings
have important therapeutic implications for lipid disorders and
cholestatic liver diseases and suggest the potential for selective
CAR antagonists as a future treatment strategy.
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