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Abstract In human liver, unconjugated bile acids can
be formed by the action of bile acid-CoA thioesterases
(BACTEs), whereas bile acid conjugation with taurine or
glycine (amidation) is catalyzed by bile acid-CoA:amino acid

 

N

 

-acyltransferases (BACATs). Both pathways exist in peroxi-
somes and cytosol. Bile acid amidation facilitates biliary ex-
cretion, whereas the accumulation of unconjugated bile ac-
ids may become hepatotoxic. We hypothesized that the
formation of unconjugated and conjugated bile acids from
their common substrate bile acid-CoA thioesters by BACTE
and BACAT is regulated via the peroxisome proliferator-
activated receptor 

 

�

 

 (PPAR

 

�

 

). Livers from wild-type and
PPAR

 

�

 

-null mice either untreated or treated with the
PPAR

 

�

 

 activator WY-14,643 were analyzed for BACTE and
BACAT expression. The total liver capacity of taurocheno-
deoxycholate and taurocholate formation was decreased in
WY-14,643-treated wild-type mice by 60% and 40%, respec-
tively, but not in PPAR

 

�

 

-null mice. Suppression of the per-
oxisomal BACAT activity was responsible for the decrease
in liver capacity, whereas cytosolic BACAT activity was es-
sentially unchanged by the treatment. In both cytosol and
peroxisomes, the BACTE activities and protein levels were
upregulated 5- to 10-fold by the treatment. These effects
caused by WY-14,643 treatment were abolished in PPAR

 

�

 

-
null mice.  The results from this study suggest that an in-
creased formation of unconjugated bile acids occurs during
PPAR

 

�

 

 activation.

 

—Solaas, K., B. F. Kase, V. Pham, K. Bam-
berg, M. C. Hunt, and S. E. H. Alexson.
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The major metabolic pathway for the elimination of
cholesterol from the body is its conversion to bile acids in
the liver followed by excretion into bile (1). Cholic acid
(CA) and chenodeoxycholic acid (CDCA) are the primary
bile acids synthesized in human; in addition to these bile
acids, 

 

�

 

-muricholic acid is formed in mouse liver. Before
secretion into bile, the bile acids are converted to bile salts
by conjugation to taurine or glycine in human and almost
exclusively to taurine in mouse. The formation of bile salts
serves several purposes: it greatly facilitates their secretion
into bile (2), the lower pK

 

a

 

 of bile acid conjugates pre-
vents their precipitation in the upper intestinal environ-
ment, and it enables bile acids to act as detergents in the
intestine. In addition, the amino acid conjugation is im-
portant for the detoxification of hydrophobic bile acids.

The formation of bile salts is catalyzed by the bile acid-
CoA:amino acid 

 

N

 

-acyltransferase (BACAT) localized in
the peroxisomes and the cytosol of liver cells (3). The sub-
strate for BACAT is CoA-activated bile acids, otherwise
known as bile acid-CoA thioesters. They are formed within
two compartments of the hepatocyte by two different
mechanisms: the ATP-dependent microsomal bile acid-
CoA synthetase (ligase) (BACS), and the peroxisomal

 

�

 

-oxidative cleavage of the 5

 

�

 

-cholestanoic acid side chain,
the final step in bile acid synthesis (4–6). These reactions
are considered to be rate limiting in the cytosolic and per-
oxisomal conjugation pathways, respectively. The conjuga-
tion capacity of the liver is thought to be very high be-
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cause almost all bile acids secreted into bile are conjugated,
even in liver disease (7). In the gut, the bile salts are oxidized
or deconjugated to varying extents by intestinal microbes.
A high proportion is recirculated back to the liver via the
portal vein, and deconjugated bile acids are reconjugated,
probably by the microsomal-cytosolic pathway, before en-
tering another cycle of the enterohepatic circulation.

The formation of unconjugated bile acids in liver may
not be reflected in the bile, either because of impaired se-
cretion into the bile canaliculi (2) or because the free bile
acids may be reabsorbed in the biliary tree. Consequently,
measurement of hepatic levels of unconjugated bile acids
and estimation of the formation rate should be per-
formed in liver tissue specimens. Only a few groups have
performed such investigations by use of quantitative mass
spectrometry (8, 9). In human liver, the levels of unconju-
gated bile acids and their physiological and pathological
effects remain unknown. It has been shown in vitro, how-
ever, that unconjugated bile acids are formed by cleavage
of the bile acid-CoA thioesters catalyzed by the bile acid-
CoA thioesterases (BACTEs) (3, 10). The activities of BA-
CAT and BACTE have been shown to be comparable in
isolated peroxisomes, and these enzymes apparently com-
pete for the bile acid-CoA thioesters slowly formed by
the peroxisomal 

 

�

 

-oxidation. We recently demonstrated
that an acyl-CoA thioesterase in mouse liver peroxisomes,
named peroxisomal acyl-CoA thioesterase 2 (PTE-2), is a
major BACTE (10). Recombinant PTE-2 can compete
with BACAT for the bile acid-CoA substrate in vitro, indi-
cating that the formation of unconjugated bile acids
could be high under certain conditions in vivo (10).
There is recent evidence for a similar competition be-
tween the cytosolic BACAT and BACTE activities for the
bile acid-CoA thioesters formed by the microsomal syn-
thetase (3, 11). In vivo factors and conditions that influ-
ence the rates of bile acid versus bile salt formation re-
main unknown. High intrahepatic levels of unconjugated
hydrophobic bile acids probably induce or aggravate pa-
renchymal liver disease (12–16). Physiological levels of un-
conjugated bile acids, however, are purported to be im-
portant for cholesterol homeostasis by acting as potent
ligands for the farnesoid X receptor (FXR), the bile acid-
sensing nuclear receptor (17–21). Unconjugated CDCA
has been shown to be the most potent activator of FXR in
cell systems, followed by deoxycholic acid and lithocholic
acid (LCA), whereas FXR activation by amidated bile
acids and CA requires the expression of bile acid trans-
porters. Recently, BACAT mRNA and BACS mRNA were
shown to be upregulated by the FXR agonists GW 4064
and CDCA in rat liver hepatocytes. Functional FXR re-
sponse elements were found in the proximal promoter of
the BACS gene and in the first intron of the BACAT gene,
presenting evidence for an FXR-mediated regulation of
bile acid amidation (22).

Recently, the peroxisome proliferator-activated recep-
tor 

 

�

 

 (PPAR

 

�

 

) was shown to downregulate the expression
of cholesterol 7

 

�

 

-hydroxylase (Cyp7A1) and bile acid se-
cretion (23) and to change bile acid composition by regu-
lating the expression of the sterol 12

 

�

 

-hydroxylase gene

 

(Cyp8B1) (24). Here, we report a study of the regulation
of the formation of unconjugated and conjugated bile
acids from their common substrate, the bile acid-CoA
thioesters, via PPAR

 

�

 

. In mouse liver, the expression and
activity of the peroxisomal and cytosolic BACAT enzyme
are differentially regulated by PPAR

 

�

 

, which may have im-
plications for the liver content of bile acids and secretion
into bile.

MATERIALS AND METHODS

 

Chemicals

 

[24-

 

14

 

C]choloyl-CoA and [24-

 

14

 

C]chenodeoxycholoyl-CoA were
synthesized by the mixed anhydride procedure (25) and purified
by HPLC using a Beckman ODS 5

 

�

 

 (10 mm 

 

�

 

 25 cm) column.
[24-

 

14

 

C]CA and [24-

 

14

 

C]CDCA were purchased from DuPont
NEN. Optiprep and Maxidens were from Nycomed Pharma (Oslo,
Norway). WY-14,643 was from Calbiochem-Novabiochem Inter-
national. Taurine, CA, CDCA, CoA, and cholestyramine were from
Sigma (St. Louis, MO). All other chemicals were commercial
products of high purity.

 

Animals and treatment

 

Ten- to 12-week-old male wild-type (

 

�

 

/

 

�

 

) and PPAR

 

�

 

-null
(

 

�

 

/

 

�

 

) mice of a pure Sv/129 genetic background (derived from
the original colony of mixed background mice) (26) were used
throughout this study. The mice were housed in a temperature-
and light-controlled environment and were maintained on a
standard chow diet (R36; Lactamin, Vadstena, Sweden) before
commencement of the treatment. The mice were treated with a
diet containing either 0.1% (w/w) of the PPAR

 

�

 

 agonist WY-
14,643 or 4% (w/w) cholestyramine for 1 week. All mice had ac-
cess to water ad libitum. At the end of the treatment, the mice
were euthanized by carbon dioxide asphyxiation, followed by cer-
vical dislocation. The liver samples were weighed immediately and
either frozen at 

 

�

 

20

 

�

 

C and freshly homogenized in a Potter-Elven-
hjelm homogenizer for fractionation experiments or snap-frozen
in liquid nitrogen and stored at 

 

�

 

70

 

�

 

C until further analysis.

 

Preparation and characterization of mouse liver 
subcellular fractions

 

Homogenates were prepared from frozen or fresh wild-type
and PPAR

 

�

 

-null mouse liver tissues as described (27). Fresh liver
homogenates prepared from pools of eight untreated wild-type
mice or three WY-14,643-treated wild-type mice were fractionated
into postnuclear, nuclear, mitochondrial, “light-mitochondrial”
(peroxisome-enriched), microsomal, and cytosolic fractions as
described (3). Aliquots of the light-mitochondrial fractions were
layered on top of 15–45% (w/v) Optiprep density gradients and
centrifuged for 75 min at 20,000 rpm in a Sorvall TV-850 vertical
rotor. Sixteen fractions of 2 ml each were collected from the bot-
tom of the gradient tubes.

To characterize the subcellular fractions, the following marker
enzyme activities were measured: cytochrome 

 

c

 

 oxidase for mito-
chondria (28), the microsomal marker 

 

o

 

-nitrophenyl acetate es-
terase (29), the peroxisomal marker catalase (30), and the cyto-
solic marker lactate dehydrogenase (31).

Protein concentration was determined by the method of Brad-
ford (32). BACAT (3) and BACTE (10) activities were measured
as previously described.

 

Antibody production and affinity purification

 

Based on the mouse BACAT amino acid sequence (33), a
peptide with the sequence NH

 

2

 

-CAAQEHSWKEIQKFLK-COOH
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(with a cysteine added at the NH

 

2

 

-terminal end for coupling of
the peptide) was synthesized and used to raise antisera in rabbits
(Sigma Genosys, Suffolk, UK). The reactivity of this antibody
with BACAT was verified by Western blotting using recombinant
His-tagged human BACAT protein expressed and purified from

 

Escherichia coli

 

. An antibody was also generated in rabbits against
a peptide corresponding to the sequence NH

 

2

 

-CNPSMIPIE-
KAKGPI-COOH of the PTE-Ib (34) by Sigma Genosys. Both anti-
bodies were purified from rabbit sera using peptide affinity col-
umn chromatography before Western blotting.

 

Western blot analysis

 

Western blot analysis was performed in principal as described
previously (35) on 5–38 

 

�

 

g of protein separated by electrophore-
sis using 10% sodium dodecylsulfate polyacrylamide gels fol-
lowed by electrotransfer to nitrocellulose membranes. The mem-
branes were blocked in 50 mM Tris-Base, 0.15 M NaCl, and 0.5%
Tween 20 (TST) containing 1% BSA, incubated for 1 h with the
BACAT antibody (diluted 1:300 in TST buffer containing 0.1%
BSA), washed 3 

 

�

 

 10 min in TST-0.1%BSA, and then incubated
for 1 h with horseradish peroxidase-conjugated anti-rabbit IgG
secondary antibody (diluted 1:10,000 in TST-0.1% BSA). After
washing the membranes 3 

 

�

 

 5 min with TST buffer, the signal
was detected using ECL (Amersham Life Science, Arlington
Heights, IL). The filters were exposed to X-ray film, and quanti-
tation was carried out using Image Master VDS Software (Amer-
sham Pharmacia Biotech, Uppsala, Sweden). The membrane was
stripped according to standard procedures (Bio-Rad Laborato-
ries) and reprobed with the PTE-Ib antibody as described above.

 

Northern blot analysis

 

Total RNA was prepared from mouse livers using the Quick-
Prep

 

R

 

 total RNA extraction kit (Amersham Pharmacia Biotech,
Uppsala, Sweden), and Northern blot analysis was carried out as
described previously (35). The filters were probed with a 

 

32

 

P-
labeled full-length cDNA probe for mouse BACAT (33) and a

 

32

 

P-labeled cDNA probe for 

 

�

 

-actin. The blots were exposed to
X-ray film at 

 

�

 

70

 

�

 

C, and signals were quantified using the Image
Master VDS Software.

 

FXR coactivator recruitment assay

 

The ligand binding domain of human FXR (amino acids 222–
472 based on GenBank accession number U68233) was ex-
pressed in 

 

E. coli

 

 as an NH

 

2

 

-terminal His-tagged protein using the
pET28a vector (Novagen), and the protein was purified by affin-
ity chromatography. The activity of recombinant human FXR was
determined in an FXR coactivator recruitment assay. Eu

 

3

 

�

 

-cou-
pled anti-His antibody (anti-His-Eu

 

3

 

�

 

) and allophycocyanin-cou-
pled streptavidin were obtained from Perkin-Elmer Life Sciences.
An N-terminally biotinylated peptide (NH

 

2

 

-CPSSHSSLTERHKIL-
HRLLQEGSPS-COOH) (Innovagen AB) derived from steroid re-
ceptor coactivator 1 was used as coactivator. A 15 

 

�

 

l reaction vol-
ume contained 20 mM Tris (pH 7.5), 0.125% CHAPS, 2 mM
dithiothreitol, 0.05% BSA, 0.11 

 

�

 

g/ml anti-His-Eu

 

3

 

�

 

, 2.3 

 

�

 

g/ml
allophycocyanin-coupled streptavidin, 60 nM human FXR-ligand
binding domain, 120 nM biotinylated steroid receptor coactiva-
tor 1 peptide, and the appropriate ligand. Antagonist activity was
measured in the presence of 80 

 

�

 

M CDCA in the reaction mix-
ture. After the addition of all reagents, plates were incubated for
1.5 h at room temperature and time resolved fluorescence was
measured in a Victor2 (Perkin-Elmer Life Sciences). Excitation
was at 340 nm, and fluorescence was measured at 615 and 665
nm. Specific signals were calculated by dividing the 665 nm sig-
nal by the 615 nm signal and multiplying the fraction by 10,000.

 

Statistical analysis

 

Statistical differences between groups were tested by Student’s

 

t

 

-test. All results are considered significant at 

 

P

 

 

 

	

 

 0.05.

 

RESULTS

 

PPAR

 

�

 

 activation represses peroxisomal BACAT activity 
and protein level in mouse liver

 

To test the possibility that PPAR

 

�

 

 could regulate the fi-
nal reaction in bile salt biosynthesis, the bile acid amida-
tion step, we measured BACAT activity in liver homoge-
nates from untreated and WY-14,643-treated wild-type and
PPAR

 

�

 

-null mice. The specific activity of taurine conjuga-
tion with CA-CoA was decreased to 

 

�

 

20% in the WY-
14,643-treated wild-type mouse liver homogenates com-
pared with untreated wild-type mice (

 

P

 

 

 

	

 

 0.05) (

 

Fig. 1

 

).
Similar results were obtained for taurine conjugation with
CDCA-CoA (data not shown). In untreated PPAR

 

�

 

-null
mice, the BACAT activity was significantly higher than that
in untreated wild-type mice (

 

P

 

 

 

	

 

 0.05) but was unaffected
by treatment with WY-14,643 (

 

P

 

 

 




 

 0.23) (Fig. 1).
In a follow-up study using freshly prepared liver homog-

enates, the PPAR

 

�

 

-dependent downregulation of BACAT
specific activity was confirmed (data not shown). In wild-
type mice, the liver weights increased after WY-14,643
treatment from 0.74 

 

�

 

 0.04 g to 1.96 

 

�

 

 0.26 g, and a slight
increase was seen in PPAR

 

�

 

-null mice, from 0.99 

 

�

 

 0.01 g
to 1.12 � 0.24 g. In untreated wild-type mice, the total
liver activity of taurochenodeoxycholate formation was
3.02 �mol/min/liver compared with a total activity of
1.20 �mol/min/liver for the WY-14,643-treated mice. Thus,
in spite of the hepatomegaly (�2.5-fold) caused by PPAR�
activation, the total capacity to amidate CDCA was de-
creased by 60%. The corresponding figures for total tau-
rocholate formation were 3.01 �mol/min/liver in un-
treated mice and 1.96 �mol/min/liver for the WY-14,643-
treated mice.

Fig. 1. Peroxisome proliferator-activated receptor � (PPAR�)-
dependent downregulation of bile acid-CoA:amino acid N-acyl-
transferase (BACAT) activity in mouse liver homogenates. Liver ho-
mogenates were prepared from untreated and WY-14,643-treated
wild-type (�/�) and PPAR�-null (�/�) mice, and taurocholate
formation was measured as described in Materials and Methods.
The data shown are means � SD (n 
 4).
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The liver homogenates were fractionated into postnu-
clear supernatants, which were further fractionated into
mitochondrial, light-mitochondrial” (enriched in peroxi-
somes), microsomal, and cytosolic fractions, and each of
these fractions was characterized by the measurement of
marker enzyme activities, BACAT and BACTE activities.
Treatment with WY-14,643 resulted in a decrease in the
specific activity of taurochenodeoxycholate formation in
all particulate fractions, whereas the specific activity re-
mained essentially unchanged in the cytosolic fraction
(Fig. 2A). In contrast, catalase activity was increased in the
light-mitochondrial fraction (as a consequence of peroxi-
some proliferation) and in the cytosolic fraction (Fig. 2B).
Approximately 70% of the total BACAT activity was recov-
ered in the particulate fraction (peroxisomal activity), and
�30% was recovered in the cytosolic fraction. Treatment
of mice with WY-14,643 changed the distribution, so that
20% was recovered in the particulate fraction and 80%
was recovered in the cytosolic fraction. Previous subcellu-
lar fractionation studies have shown that the BACAT activ-
ity is also detected in the peroxisomal fraction of rat and
human liver (3, 36). As peroxisomes are present in all par-
ticulate fractions, the repression of BACAT activity in
these fractions by WY-14,643 treatment is apparently at-
tributable to repression of the peroxisomal BACAT ex-

pression. The light-mitochondrial fractions, being en-
riched in peroxisomes, were therefore fractionated on
15–45% (w/v) Optiprep density gradients to obtain puri-
fied peroxisomes. BACAT activity and protein concentra-
tion were measured in all gradient fractions, which
showed that the BACAT activity was localized to the per-
oxisomal fractions. The specific BACAT activity decreased
by more than 90% in the peroxisomal fraction upon WY-
14,643 treatment (Fig. 3A), whereas catalase activity was
only decreased by �50% (Fig. 3B). The difference in the
enrichment of catalase activity from light-mitochondrial
fractions to purified peroxisomes from control and WY-
14,643 treated mice (Figs. 2B, 3B) is attributable to a very
large increase in the amount of peroxisomes in the light-
mitochondrial fraction after treatment with WY-14,643
compared with the amount of peroxisomes in the light-
mitochondrial fraction from untreated mice. To test
whether the decrease in BACAT activity in the peroxi-
somal fractions was attributable to a decrease in BACAT
protein, the fractions were analyzed by Western blotting
using a peptide antibody that recognizes recombinant BA-
CAT (Fig. 3C). The BACAT protein was detected as an
�46 kDa protein in the light-mitochondrial, cytosolic, and
peroxisomal fractions. In agreement with the activity data,
a 10-fold decrease in BACAT protein was observed in the
peroxisomal fraction after treatment with WY-14,643 (Fig.
3C), whereas cytosolic liver BACAT protein remained un-
changed by the treatment. As a control, the membrane
was stripped and hybridized with a peptide antibody di-
rected against PTE-Ib, the expression of which has previ-
ously been shown to be upregulated by clofibrate treat-
ment (34). In contrast to BACAT, the expression of
PTE-Ib was clearly increased in the light-mitochondrial,
cytosolic, and peroxisomal fractions in response to WY-14,643
treatment (Fig. 3C). Thus, changes in BACAT protein lev-
els recognized by the BACAT antibody correlated well
with changes in the specific activities of BACAT in the sub-
cellular fractions.

Regulation of hepatic mouse BACAT mRNA
The PPAR� involvement in the regulation of BACAT

mRNA expression was examined by Northern blot analy-
sis. Using a full-length mouse BACAT cDNA probe, two
mRNAs of 2.2 and 4 kb were detected, and quantitation of
the major transcript of 2.2 kb showed a significant reduc-
tion after treatment of wild-type mice with WY-14,643 (P 	
0.05) (Fig. 4A). In untreated PPAR�-null mice, BACAT
mRNA levels were lower than those in wild-type mice (P 	
0.05), and the mRNA level remained unchanged after WY-
14,643 treatment (P 
 0.5).

Cholestyramine treatment sequesters bile acids in the
intestine and results in a compensatory upregulation of
bile acid biosynthesis (37, 38). Therefore, we analyzed
the gene expression of the cytosolic BACAT after cho-
lestyramine treatment. The results showed that hepatic
BACAT mRNA levels increased by 2- to 3-fold after treat-
ment with cholestyramine in both wild-type mice (P 	
0.05) and PPAR�-null mice (P 	 0.05) (Fig. 4B).

Fig. 2. Changes in activities of BACAT and catalase in subcellular
fractions after treatment with WY-14,643. Liver postnuclear frac-
tions prepared from homogenates of eight pooled livers from
untreated mice (black bars) and three pooled livers from WY-
14,643-treated mice (hatched bars) were fractionated and analyzed
as described in Materials and Methods. The data shown are dupli-
cate measurements of taurochenodeoxycholate formation (A) and
catalase activity (B) in subcellular fractions. M, mitochondrial frac-
tion; L, light-mitochondrial fraction; P, microsomal fraction; S, cyto-
solic fraction.
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BACTE activity is regulated by WY-14,643 treatment
We have previously shown that the specific activity of

BACTE was increased 3.5 times in liver homogenates by
WY-14,643 treatment of wild-type mice, but the activity re-
mained unchanged by treatment of the PPAR�-null mice
(10). To further investigate the effect of WY-14,643 treat-
ment on BACTE activity in various subcellular compart-
ments, the same subcellular liver fractions used for the
BACAT activity measurements were used for the BACTE
activity measurements. The specific activity of BACTE was
found to be increased by WY-14,643 treatment in the cyto-
solic, light-mitochondrial, and microsomal fractions. How-
ever, no increase was evident in the mitochondrial fraction
(Fig. 5). In the cytosolic fraction, the chenodeoxycholoyl-
CoA thioesterase activity was 3 times higher (Fig. 5) and
the choloyl-CoA thioesterase activity was increased 4.6
times (data not shown) in WY-14,643-treated compared
with untreated wild-type mice. In the light-mitochondrial
fraction, the corresponding increases were 2- and 1.7-fold,
respectively. As alluded to above, WY-14,643 treatment of
mice results in hepatomegaly and increases total liver pro-
tein. Total protein in the light-mitochondrial and cyto-

solic fractions were 3-fold higher compared with the frac-
tions from livers of untreated mice, leading to an �10-fold
increase in the total liver activity of cytosolic BACTE and
an �6-fold increase the total activity in the light-mito-
chondrial fraction. The increase in the light-mitochon-
drial fraction was mainly attributable to a 5- to 6-fold in-
crease of the BACTE activity in the peroxisomal fraction.
Thus, although PPAR� activation downregulates the ex-
pression of peroxisomal BACAT protein (leaving the ex-
pression of the cytosolic BACAT essentially unchanged),
BACTE activity is increased in both peroxisomes and cyto-
sol, which together may promote decreased bile acid ami-
dation and increased formation of unconjugated bile ac-
ids in the liver.

Bile acid-CoA thioesters are weak antagonists of FXR
Nonesterified fatty acids act as agonists for the PPAR�

(39, 40), whereas the corresponding CoA thioesters act as
antagonists (41). Both bile acids and bile salts have been
shown to be agonists for FXR (17–21). Therefore, we
tested the possibility that bile acid-CoA thioesters may act
as antagonists for FXR, using a FXR coactivator recruit-

Fig. 3. Downregulation of peroxisomal, but not cytosolic, BACAT activity and protein levels after treatment
with WY-14,643. Purified peroxisomes were isolated by density gradient centrifugation of light-mitochondrial
fractions prepared from homogenates of pooled livers from untreated (black bars) and WY-14,643-treated
(hatched bars) mice. A: Formation of taurochenodeoxycholate was measured in vitro by radio-HPLC analysis
as described in Materials and Methods. B: Catalase activity in cytosolic and purified peroxisomal fractions. C:
Western blot analysis of recombinantly expressed (Rec.) BACAT protein and subcellular fractions using a
BACAT primary antibody as described in Materials and Methods. Left panel: Western blot analysis of recom-
binant His-tagged BACAT protein expressed in E. coli, purified using nickel-affinity chromatography. Middle
panel: Five micrograms of peroxisomal protein (Px) and 38 �g of protein from the cytosolic (S) and light-
mitochondrial (L) fractions were used for Western blot analysis. Right panel: The blot shown in the middle
panel was stripped and reprobed with an antibody raised against peroxisomal acyl-CoA thioesterase Ib (PTE-
Ib). Wy, WY-14,643.
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ment assay. CDCA-CoA, CA-CoA, and LCA-CoA were all
found to antagonize the CDCA-induced FXR/steroid re-
ceptor coactivator 1 complex by direct binding to FXR
(Fig. 6). The rank order of potency was CDCA-CoA � LCA-
CoA � CA-CoA. In this experimental system, free CDCA
acted as an agonist, with an EC50 value of �50 �M, whereas
the corresponding CoA thioester (CDCA-CoA) was the
most potent antagonist, with an IC50 of �100 �M. LCA-
CoA acted as a weak antagonist (IC50 � 200 �M), whereas
CA-CoA was not titrated to a high enough concentration
to allow an estimation of IC50 value. None of the tested
bile acid-CoA thioesters could induce the recruitment of
the coactivator peptide of steroid receptor coactivator 1 to
FXR, suggesting that they are not agonists for the FXR.
Free CoA had no effect on FXR activation in this assay.

DISCUSSION

This study shows that treatment with WY-14,643 down-
regulated the total liver bile acid amidation activity in
mice, whereas BACTE activity was upregulated, both ef-
fects being PPAR� dependent. The most intriguing find-
ing was that the decreased liver bile acid amidation activity
was attributable to a selective decrease in peroxisomal
BACAT, whereas the activity remained essentially unchanged
in the cytosolic fraction. This conclusion is based on the
following findings: subcellular fractionation experiments
showed that both activities are present in peroxisomes
and cytosol of mouse liver, similar to the distribution in rat
and human liver (3, 11, 36). Characterization of the sub-
cellular fractions demonstrated that both BACAT activity
and protein were decreased more than 10-fold in the per-
oxisomes by WY-14,643 treatment, whereas activity and
protein remained essentially unchanged in the cytosolic

fractions. The explanation for the apparent discrepancy
between changes in BACAT mRNA levels and activity is
not yet clear. However, using Green Fluorescent Protein
localization experiments, we recently showed that the
“classic” BACAT is mainly localized in the cytosol (42).
Therefore, the existence of a second, yet unidentified, BA-
CAT is predicted (at least in the mouse) that is mainly per-
oxisomal. Further support for this idea was recently pre-
sented by Gonzalez and colleagues (43), who showed that
the BACAT gene is under strong regulation of the hepato-
cyte nuclear factor 4� (HNF-4�). They demonstrated that
in spite of essentially undetectable levels of BACAT ex-
pression in HNF-4�-null mice, most of the bile acids in
gallbladder bile were conjugated, with an increase in gly-
cine conjugation.

Fig. 5. Changes in the specific activity of bile acid-CoA
thioesterase (BACTE) activities in subcellular fractions after treat-
ment of  mice with WY-14,643.  Chenodeoxycholoyl -CoA
thioesterase activity was measured in the mitochondrial (M), light-
mitochondrial (L), microsomal (P), and cytosolic (S) fractions ob-
tained after subcellular fractionation of pooled mouse liver homog-
enates as described in Fig. 2 and in Materials and Methods.

Fig. 4. Hepatic BACAT mRNA levels after treatment of mice with WY-14,643 and cholestyramine. A: Northern blot analysis was carried out
on 20 �g of liver total RNA from untreated and WY-14,643-treated wild-type and PPAR�-null mice using 32P-labeled mouse BACAT cDNA
probe as described. The signal for the 2.2 kb transcript of mouse BACAT was normalized to the signal for �-actin in each sample, and the
mean value for the group of untreated wild-type mice was set to 100%. The data shown are means � SD (n 
 7). A typical Northern blot of
untreated and WY-14,643-treated wild-type mice is shown to the right. B: Northern blot analysis was carried out on 20 �g of liver total RNA
from groups of four untreated (black bars) and five cholestyramine-treated (hatched bars) wild-type (�/�) and PPAR�-null (�/�) mice
using 32P-labeled mouse BACAT cDNA probe as described. The signal for BACAT was normalized to �-actin in each sample. The data shown
are means � SD (n 
 4–5).
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In contrast to BACAT, BACTE activity was upregulated
in both cytosol and peroxisomes by WY-14,643 treatment.
The regulation of the enzyme activity was essentially the
same for both bile acid-CoA substrates in vitro. The assay
conditions used in this study to measure BACAT activity
allow us to conclude that the observed decrease in BACAT
activity would not be attributable to competition for sub-
strate by BACTE in vitro. However, in vivo, it is likely that
BACTE and BACAT compete for the common bile acid-
CoA substrate. BACAT apparently plays different roles in
cytosol and peroxisomes, as illustrated in Fig. 7. Recently,
a human BACS was identified that is localized in the endo-
plasmic reticulum and mainly activates bile acids (CDCA,
DCA, and LCA) to the corresponding CoA thioesters,
whereas the human peroxisomal very long-chain acyl-
CoA synthetase mainly activates 3�,7�,12�-trihydroxy-5�-
cholestanoic acid (THCA) to THCA-CoA (5). It is likely
that the peroxisomal THCA-CoA synthetase initiates per-
oxisomal �-oxidative side chain cleavage of THCA-CoA
and 3�,7�-dihydroxy-5�-cholestanoyl-CoA to form de novo
synthesized bile acid-CoAs, which has been shown to occur

mainly in peroxisomes (44). CA-CoA and CDCA-CoA formed
by peroxisomal �-oxidation are the substrates for peroxi-
somal BACAT before excretion into bile (36). Therefore,
the very strong downregulation of peroxisomal BACAT in
combination with an upregulation of BACTE likely influ-
ences the rate of amidation of de novo synthesized bile ac-
ids so that newly formed CA-CoA and CDCA-CoA thioesters
from peroxisomal �-oxidation are efficiently converted to
unconjugated bile acids at the expense of bile salt forma-
tion by PPAR� activation, as illustrated in Fig. 7. A com-
pensatory increase of amidation by the microsomal BACS
and cytosolic BACAT of de novo synthesized bile acids is
less likely. BACS is the rate-limiting enzyme in the mi-
crosomal-cytosolic pathway. Consequently, CoA activation
of both deconjugated bile acids returning from the gut
and newly formed bile acids from the peroxisomes proba-
bly exceeds its capacity, resulting in the accumulation of
unconjugated bile acids in liver tissue.

To the best of our knowledge, our finding that peroxi-
somal BACAT is downregulated by WY-14,643 treatment
of mice is the first report on the downregulation of a per-

Fig. 7. Model for bile acid amidation pathways
in mouse liver. The primary bile acid-CoA
thioesters produced in the peroxisomes are ei-
ther amidated by the peroxisomal BACAT or thi-
olytically cleaved by the peroxisomal acyl-CoA
thioesterase 2 (PTE-2). Peroxisomal BACAT ex-
pression is downregulated, whereas PTE-2 is up-
regulated via PPAR�. Unconjugated bile acids re-
cycled back to the liver in the enterohepatic
circulation are reactivated by the microsomal bile
acid-CoA-synthetase (BACS) before amidation by
the cytosolic BACAT or thiolytically cleaved by
BACTE. In cytosol, BACAT is not regulated,
whereas the activity of BACTE is highly upregu-
lated via PPAR�. DCA, deoxycholic acid; DHCA,
3�,7�-dihydroxy-5�-cholestanoic acid; THCA,
3�,7�,12�-trihydroxy-5�-cholestanoic acid; VLCS,
very long-chain acyl-CoA synthetase.

Fig. 6. Bile acid-CoA thioesters are antagonists of the farne-
soid X receptor (FXR) in vitro. The binding of bile acid-CoA
thioesters to FXR was examined in a coactivator recruitment
assay as described in Materials and Methods. Chenodeoxy-
cholic acid (CDCA) was an agonist with an EC50 value of �50
�M. All three bile acid-CoA thioesters antagonized CDCA-
mediated FXR activation with the rank order of potency
CDCA-CoA (closed triangles) � lithocholic acid-CoA (LCA-
CoA) (closed squares) � cholic acid-CoA (CA-CoA) (closed
circles). For CDCA-CoA and LCA-CoA, the IC50 values were
determined to be �100 �M and �200 �M, respectively. CA-
CoA was not titrated to sufficiently high concentrations to de-
termine the IC50 value. CoA (open squares) alone did not in-
hibit CDCA-mediated FXR activation. LCA (open diamonds)
was used as a control. FRET, fluorescence resonance energy
transfer.
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oxisomal enzyme via PPAR�. The mechanism by which
the expression of the peroxisomal BACAT is downregu-
lated is not clear, but it may involve competition by PPAR�
and some other transcription factor for binding to the
same response element. Such a mechanism has been dem-
onstrated to downregulate several other genes. Several ex-
traperoxisomal enzymes involved in bile acid synthesis are
also regulated via PPAR�. Cholesterol 7�-hydroxylase
gene expression and activity are reduced in humans and
mice by treatment with fibrates and WY-14,643, leading to
reduced bile acid excretion (23, 45–47). PPAR� has also
been shown to upregulate the expression of sterol 12�-
hydroxylase and thereby regulate bile acid composition
(24). The human apical sodium-dependent bile salt trans-
porter gene, which is mainly expressed in cholangiocytes,
kidney, ileum, and cecum, was recently shown to be posi-
tively regulated via PPAR� in cholangiocytes, which may
contribute to the decreased bile salt excretion during
PPAR� activation (48). The physiological consequences of
decreased bile acid amidation are not yet clear. However,
our present finding that PPAR� apparently mediates de-
creased bile acid amidation in response to WY-14,643
treatment is in agreement with an overall decrease in bile
acid synthesis and excretion. Together with our finding of
increased expression of BACTE in cytosol and peroxi-
somes, it is likely that PPAR� will promote decreased ami-
dation of de novo synthesized bile acids, and possibly also
of recycled bile acids, leading to an increase in free bile
acids in mouse liver. Whether PPAR� activation leads to
the accumulation of free bile acids in liver could be as-
sessed by measuring hepatic levels of bile acids and bile
salts. Detection of biliary bile acids may not reflect intra-
hepatic levels of unconjugated bile acids because of im-
paired secretion into the bile canaliculi. In five patients
with biliary atresia, the accumulation of unconjugated bile
acids (from 2.9% to 4.6% of total bile acids/salts) was ob-
served in liver tissue, whereas only trace amounts were de-
tected in their sera (9). Similar studies should be per-
formed on patients with other liver disorders to address
the possibility that unconjugated hydrophobic bile acids
may be pathogenic to the liver parenchyma.

After submission of this article, a paper was published
online showing that clofibrate treatment of rats induced
BACAT mRNA and cytosolic BACAT protein and activity
by �3-fold (49). The reason for the different regulation in
rat and mouse is not yet clear, but it could be related to
the fact that rats lack a gallbladder and therefore may
show different regulation of expression of BACAT. Inter-
estingly, BACAT expression is upregulated via the FXR in
rat but not in mouse (22), demonstrating a further species
difference between rat and mouse in the regulation of the
BACAT gene.

Bile acid feeding reduces the expression of Cyp7A1 and
bile acid synthesis. Conversely, treatment with cholestyr-
amine, a nonabsorbable drug that increases fecal loss of
bile acids, upregulates Cyp7A1 expression and bile acid syn-
thesis. These effects are mediated via FXR, for which free
bile acids and bile salts are more or less potent activators,
respectively (17, 19, 21). In an attempt to test the impact

of increased synthesis of bile acids on BACAT expression,
we treated mice with cholestyramine. A 2- to 3-fold in-
crease in BACAT mRNA levels was found as a result of cho-
lestyramine treatment in both wild-type and PPAR�-null
mice. In contrast, treatment of mice with CDCA had no ef-
fect on BACAT mRNA expression (data not shown), in ac-
cordance with recent findings by others (22, 43). These
data on cholesterylamine and bile acid treatment suggest
that bile acids do not regulate BACAT gene expression via
FXR but possibly via some other mechanism in mice.

In view of previous findings that CoA thioesters of fatty
acids may act as antagonists for PPAR� (41) whereas free
fatty acids are ligands for PPAR� (39, 40), we tested the
possibility that bile acid-CoA thioesters act as antagonists
for FXR. By using an FXR coactivator recruitment assay,
bile acid-CoA thioesters were shown to antagonize CDCA-
mediated activation of the receptor. Interestingly, CDCA-
CoA was the most potent antagonist, followed by LCA-
CoA, whereas CA-CoA was found to be a very weak (if at
all) antagonist. The physiological relevance of our find-
ings that CoA thioesters of bile acids may act as antago-
nists for FXR is not yet clear. However, in light of the
PPAR�-mediated downregulation of the bile acid amida-
tion activity and upregulation of BACTE activity, which to-
gether may change the cellular contents of free and ami-
dated bile acids as well as levels of bile acid-CoAs, PPAR�
activation may mediate cross-talk to FXR signaling. Com-
plex cross-talk between PPAR� and FXR is further sub-
stantiated by recent findings showing that bile acids can
antagonize the action of PPAR� (50) and that bile acids
can induce the expression of the human PPAR� gene via
FXR (51).

In conclusion, this study has shown that PPAR� activa-
tion in mice decreased the peroxisomal capacity to ami-
date bile acids and upregulated both peroxisomal and cy-
tosolic BACTE activity. These effects are likely to decrease
bile acid amidation in vivo, probably mediating metabolic
cross-talk between PPAR� and FXR. Under certain condi-
tions, PPAR� activation may cause an accumulation of
toxic unconjugated bile acids in liver tissue and induce or
exacerbate liver disease.
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