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CYPIAE2 s mmm=TECTTE ATA-TTTATA CCAAATG-AA TUCAAR---- -173
CYP3A4 v e ~==GPTTATE ATACCTCATA GAATATG-AA CTCARA~-G~ ~159
CYP3AY CACTGGCRCE TTTTTACTCA ATGTTICTTA CCAAATG-AA TECAGE~ -G~ -162
CYP3Aal e mm—— mm s seme——— -TGTTETTCA CT-GACGCCA CCURGAATGY ~-174
CYp3n2 mmme—rmome mmmemme—=B CTGITGTTTA CT-GATGCCA CACAGBATGT =172
CYP3A18 e ——— ~TRCACACAG AAA-TATRAAG CT-CARG--- --=-G-=~G- -174
CYP3A62Z TATCACAGTG -~-GGCACAT CCATGATICT CTGCAAGCTG C-TGAGGTGG ~127
CYP3R4 GAGGTCAGTS AGTGGTETCT GTGTGATTCT TTGECCAACTT C-CAAGGTGGE -110
CYP3RS ~ATCAAAGTG --~GOTACGT CCATGATCCT TTGCCARCTG C-TAGGITAG ~116
CYP3AL TARCTCAAAG ~GAGGTCARA ATA-GGCTGT AGATGAACTT CATGAACTGT -12¢
CYP3A2 TRGCTCAR-G A-AGGTCARA GAA--3CTGT AGATGAACTT TATGAARCTGT ~126
CYP3A18  RGGGTCAGAG T-AGGAARAT GCATGAARCTT TTTGGCACTT TGACAAATG~ -126
CYB3AG2 AGAAGGCACT CAACTCTTGG A~--AC-~TST— AGGT-TTGCC CTGGTAGTGT -82
CYP3n4 AGAAG===Cw ~=~CTCTTCC A--AG-TGC- AGGCAGAGCAE CAGGTGECCC -71
CYP3AG AGARGTACACT AGGT~GTTTC CAR-TIGE—- =11
CYP3al. CTAGGGGAMG: NGCAG-~r~ ~RGGTGATCC -B1
CYP3AZ TTRAGCGGAAG A 3 LCCAG~~~- ~LGGTGATCC ~81
CYP3Aal8 CCAGGTAGHG GCCACALCAG ARCTTCAAGT TCAGGCAATG TGCAAATACC ~16
CYP3AGZ TTCTACTARA CGTRAAACCA GUCCCACCCC CTITTCCAGT -32
CYP3nd TGCTACTGGE TGCAGCTECA GCOCTGCCTC CITCTCTAGC -21
CYP3AS ~-CTAC-RAG TICAGCCCCR —----= CCTC CTTTCCCTGT ~36
CYP3al ATCTACTGGS TGGATCCCTE GTGUCACCCA TUTTTCCAGT ~31
CYR3AZ2. ATCTACTGGT TGGATCCCTE GTHCCACTLCA TCITTCCAGC -31
CYP3Al8 TTGTACTGGA TETGTCCCCS ACALCTCLCCC CTTTICCOGGRE M -25
BB :HNF~ta binding site  [):putstive TATA box
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Fig. 5. Comparison of nucleotide sequences of CYP3IA genes. CYP3AB2, T. Matsubara (AB107227); CYP3As, B. J. Goodwin (AF185589); CYP3A9, T.

Matsubara (AB107757); CYP3A1, K. Nagata (ABOUB329); CYP3AZ, M. Miyata (AHO05338); and CYP3A18, ', Matsubara {AB107758).

CYP3A18, may play an important role in endogenous or
exogenous detoxification at absorption in the small intestine.

References

Arays 7 and Wikvall K (1999) 6a-Hydroxylation of taurochenodeoxyeholic acid and
Lithocholic acid by CYP3A4 in buman liver microsomes, Biochim Biophys Acle
1498:47-54.

Blake MS, Johnston KH, Russell-Jones GJ, and Gotschlich EC {1984) A rapid,
sensitive method fur detoction of alkaline phosphatuse.conjugated anti-antibody
on Western blots. Anal Biochem 136:175-179,

Burger HJ, Schuetz JD, Schivetz EG, and Guzelian PS (1992) Paradoxical transerip-
tional activation of rat liver cytochrome P-450 3AL by dexamethasome and the
antighucocarticoid pregnenclone 16 ilrile: analysis by transjent transfec-
ton mto primary manolayer cultures of adult rat hepatocytes. Proc Nodl Acpd Sef
USA B9:2145-2149,

Cholerton S, Daly AK, and Idle JR (1592) The role of individual buman eytochromes
P450 i drug metabolism and clinical response. Trends Pharmacel Sei 13:434-
439,

Cooper KO, Reik LM, Jayyosi Z, Bandicra §, Kelley M, Ryan DE, Daniel R, McClus-
key SA, Levin W, and Thomas PE (1993} Regulation of two members of the
steroid-indueible cytochrome P450 subfamily (3A) in rats. Areh Biochem Bioplys
301:345--354.

Daujat M, Pichard L, Fabre I, Pineau T, Fabre G, Bonfils C, and Maurel P (1391}
Induetion protocols for eytochromes PA50LILA in vive and in primary cultures of
animal and buwan hepatocytes. Methods Enzymol 208:345-363.

Gonealor FJ (1988) The malecular biology of cytochrome P450s. Pharmacol Rev
40:243-288.

Gonzaler FJ, Nebert DW, Hardwick JP, and Kasper CB (1985) Complete e DNA aud
protein sequence of 4 pregnonolone 16q-carbonitrile-induced eytochrome P-450.
J Biol Chem 260:7435-7441.

Gonralez FJ, Song BJ, and Hardwick JP (1086} Pregnenclone 16a-carbonitrile-
inducible P-450 gene family: gene conversion and differential regulation. Mol Cell
Biol 6:2069 -2976.

Coodwin B, Hodgeon E, aud Liddle € {199%) The arphan human preguane X receptor
medintes the transcriptional activation of CYP3A4 by rifampicin through a distal
enhancer module, Mol Pharmacol 56:1320-1839,

Quengerich FP (1983) Oxidation-reduction prupertics of rat tiver cylochromes P-450
and NADPH-cytochrome p-450 reductase related to catalysis in reconstituted
systoms. Biochemistry 22:2811--2820.

Guo LG, Taniguchi M, Xiao YQ, Baba K, Obta T, and Yamazor Y (2000) Inhibitory

effect of natural furanncovmaring on human microsomal cytochrome P450 3A
activity. Jpn J Pharmacol 82:122-129,

Hostetler KA, Wrighton SA, Molowa DT, Thomas PE, Levin W, snd Guzelian PS
£1989) Coinduetion of multiple hepatic eytochrome P-460 proteins and their mR-
NAx in rats trented with imidazole antimycotic ageats, Mol Pharmacol 36:279 -~
285.

Jaoardan 8K, Lown XS, Schmiedlin-Fen P, Thummel KE, and Watkiua PB (1996)
Selective expression of CYP3AS and not CYP3A4 in human blood. Pharmacoge-
netics 8:379~385,

Kawano 5, Kamataki T, Yasumori T, Yamazoe Y, and Kato R (1987) Purification of
human liver cylochrome P-450 calalyzing testosterons 68-hydroxylation. J Bio-
chewn (Tokyo) 102:493-501.

Kirita S aud Matsubara T (1993) ¢cDNA cloning and characterization of a novel
nmember of stervid-induced cytochrome P450 3A in rats. Arch Biochem Biophys
807:253-258.

Kocarck TA, Schuety EG, Strom SC, Fisher RA, and Guselian PS (1995) Compara-
tive nnalysin of cytochrome PA503A induction in primary cultares of vat, rabbit,
and human hepatocytes. Drug Metad Dispos 23:415-421.

Koiars JC, Lown KS, Schmiedln.Ren P, Ghosh M, Fang C, Wrighton SA, Merioo
KM, and Watkins PB (1994) CYP3A gene expresgion In human gut epithelium.
Pharmacogeneticy 4:247-2590.

Kolare JC, Schmiedlin-Ren P, Schuwtz JD, Fang C, and Watkins PB (1992} ldeut-
fication of rifampin-induciblo PA50111A4 {CYP3A4) in bwnan smail bowel entero-
cytos, J Clin Investig 90:1871-1878. '

Komori M and Oda ¥ (1994) A major ghicocorticoid-mducible P450 i xat liver is not
P450 3AL. & Biochem (Tokyo) 118:114--120.

Li AP, Kaminski DL, annd Ragmuasen A (1995) Substrates of hurmun bepatic cyto-
chrome P450¢ 3A4, Toxicology 104:1--8.

Lowey OH, Rosehrongh NJ, Farr AL, and Rendall RJ {1951) Protein measurement
witli the Folin phenof reagent. J Biol Chem 193:266-276.

Marilt J, Cresteil T, Lanotte M, and Chabot GG (2000) Identification of human
eytochrome P450; involved in the formation of all-rans-retinoic acid prineipal
metaboliles. Mol Pharmace] 58:1341-1348,

Miyata M, Nagata K, Shimada M, Yamazoe Y, snd Koto R (1994) Structure of a gene
and ¢DNA of A major constitutive form of testosterone 6p-hydranylase (P4BI/GS A)
encuding CYP3AZ: comparison of tte eDNA with PASOPCNZ. Arch Biockem Bio-
phys 314:351-359.

Miyata M, Nagata K, Yamazoe Y, and Kato R {199E) Transeriptional elements
directing a livor-speeific expression of PASIVER A (CYP3A2) gens-enooding testos-
terona 6§.-hydroxylase. Arch Biocken Biophys B18:T1-78,

Nagata X, Murayama N, Miyata M, Saimada M, Urabashi A, Yamaroo ¥, and Kato



1250

R (1906) Isclation and characterization of a new rut P450 (CYPIALS) cDNA
entoding P4S0(6)2-2 catalyzing testosterons 65- aud 16«-hydroxylations. Pharma-
cogenetics 6:105-111,

Nagata K, Ogino M, Shimada M, Miyata M, Gonzalex FJ, and Yamame Y (1999)
Structure and expression of tho rat CYP3AL gene: isolation of the gena (P450/60B)
and charaeterizating of the recombinant protein. Arch Bivchem Biophys 362:242—
253,

Nelsan DR, Koymans L, Kamatali T, Stegoman JJ, Feyersisen R, Waxman DJ,
Waterman MR, Gotoh O, Coon MJ, Estabrook RW, et al. (1996) P450 superfamity:
update on new seq , Eg0e mMAapping, acoesaion numbers and nomenclatire,
Pharmaengenetics 8:11-42,

Oowura T and Sato R (1964) The carbon muncxide-binding pigment of liver miero-
somes. I. Evideoce for its hemoproten nature, J Biol Chem 298:2370-2378,

Robertson GR, Farrell GC, and Liddle C (1998) Sexually dimorphie expression of rat
CYP3A9 and CYP3AL8 genos is reguisted by growth hormene, Biochem Biophys
Res Commun 242:57-60.

Schenkman JB and Jansson 1 (2003) The many roles of ytochroms by, Pharmacol
Ther 97:139~152.

Schmiedlin-Ren P, Thummel KE, Fisher JM, Paine MF, and Watkins PB (2001)
Induetion of CYP3A4 by 10, 25-dibydroxyvilarain D3 is human cell lns-specific
and is unlikely to involve pregunne X receptor. Drug Metab Dispos 20:1446-1453,

Sempoux C, Starke) P, Stevens M, Van Den Berge V, and Horsmans Y (1599)
Cytochrome PAS0 3A proteins are empressed in B lymphocytes but wot i T
lymphocytes. Pharmacogenetics 9:263-265.

Strotkamp D, Roos PH, and Hsnstein WG (1995) A novel CYP3 gene from female
rats. Biochim Biophys Acta 1260:341-344,

Matsubara et al,

Wang H, Kawashima H, and Strobel HW (1996} cDNA cloning of a navel CYPAA from
rat brain, Biochem Biuphys Res Commun 221;157-162.

Wang H and Strobel HW (1997) Regulation of CYP3AS gans exprossion by estrogen
and eatalytic studies using cytocthrome P450 3A9 expressed in Escherichia coll,
Arch Biochem Biophys 344:365-372

Wanman Dd, Attisane C, Gueagorich FP, and Lapenson DP {1988) Human Lliver
microsomat steroid metabolism: identification of the major microsomal steroid
honnzge 84-bydroxylass cytochrome P-450 enzyme, Arch Biochem Biophys 283;
424-436,

Yamazoe ¥, Murayama N, Shiinada M, Yamauehi K, Nagata K, lmacka S, Funse Y,
aud Kato R (1988} A sex-specific form of cytocluome P 450 catalyzing proposyeon-
marin Q-depropylation and its identity with testostercne 84-hydroxylare in un-
Lreated rat livers: reconstitution of the sctivity with microsomal lipids. J Biochem
(Tokyo) 104:785-790.

Yamuzoe Y, Shimada M, Kamataki T, and Kato R (1986) Effects of bypophysactomy
and growth hormene treatment on sen-specific forms of cytochrome P-450 in
relation to drug and steroid metabolisms iu rat Yiver microsomes. Jpn J Pharmecol
42:371-382,

Zhang QY, Dunbar D, Ostrowska A, Zeisloft §, Yaug J, and Kaminsky LS (1999
Characterization of buman smail intestinal cytochromes P-450, Drug Metab Dix.
pos 27:804-809,

Address correspondence to: Kivoshi Nagata, Division of Drug Metabolism
and Molecular Toxicology, Graduate School of Pharmaceutical Sciences,
Tohoku University, Sendai, 980-8678, Japan. E-mail: nagataki@uwail,
taing.tohoku.aejp




0022-3565/05/3122-760 . 768

Tok JOGRNAL OF PUAMACOLONY AND EXIRIIMENTAL THRIAPELTICS Vol. 312, No. 2
UL.5. Government wark not protected Ty LS. copyright 761581 l'i'l.'ﬂl?
JPET 312:759..766, 2005 Printed in USA

Role of Farnesoid X Receptor in the Enhancement of
Canalicular Bile Acid Output and Excretion of Unconjugated
Bile Acids: A Mechanism for Protection against Cholic Acid-

Induced Liver Toxicity

Masaaki Miyata, Aki Tozawa, Hijiri Otsuka, Toshifumi Nakamura, Kiyoshi Nagata,

Frank J. Gonzalez, and Yasushi Yamazoe

Division of Drug Metabolism and Molecular Toxicology, Graduate School of Pharmaceutical Sciences, Tohoku University,
Sendal, Japan (M.M., A.T., TN, H.O, KN., Y.Y.); and Laboratory of Metabolism, National Cancer Institute, National Institutes

of Health, Bethesda, Maryland (F.J.G)
Recelved August 12, 2004; accepted September 30, 2004

ABSTRACT

Mice lacking the famesoid X receptor {FXR) invclved in the
maintenance of hepatic bile acid levels are highly sensitive to
cholic acid-induced liver toxicity. Serum aspartate aminotrans-
ferase (AST) activity was elevated 15.7-fold after feeding a
0.25% cholic acid diet, whereas only sfight increases in serum
AST (1.7- and 2.5-fold) were observed in wild-type mice fed
0.25 and 1% cholic acid diet, respectively. Bile salt export
pump mRNA and protein levels were increased in wild-type
mice fed 1% cholic acid diet (2.1- and 3.0-fold) but were
decreased In FXR-null mice fed 0.25% cholic acid diet. The bile
acid output rate was 2.0- and 3.7-foid higher after feeding of
0.25 and 1.0% cholic acid diet in wild-type mice, respectively.
On the other hand, no significant increase in bile acid output

rate was observed in FXR-null mice fed 0,25% cholic acid diet
in contrast to a significant decrease observed in mice fed a
1.0% cholic acid diet in spite of the markedly higher levels of
hepatic tauro-conjugated bile aclds. Unconjugated cholic acid
was not detected in the bile of wild-type mice fed a control diet,
but it was readily detected in wild-type mice fed 196 cholic acid
diet. The ratio of billary unconjugated cholic acid to total cholic
acid {(unconjugated cholic acid and tauro-conjugated cholic
acid) reached 30% under conditions of hepatic taurine deple-
ticn. These results suggest that the cholic acid-induced en-
hancement of canalicular bile acid output rates and excretion of
unconjugated bile acids are involved in adaptive responses for
prevention of cholic acid-induced toxicity.

Hepatic bile acid levels are tightly regulated through ma-
nipulation of canalicular output, basolateral uptake, and bio-
synthesis. Bile salt export pump (Bsep), a bile canalicular
ATP-binding cassette transporter, mediates canalicular bile
acid excretion. Drugs causing intrahepatic cholestasis, such
as cyclosporine A, rifampicin, and glibenclamide, are known
to inhibit Bsep/BSEP-mediated taurocholate tranmsport
(Stieger et al., 2000; Byrne et al, 2002; Noe et al,, 2002).
Bsep-null mice exhibit decreased levels of total bile acid
output (30% of wild-type mice). Thus, the canalicular bile
acid secretion through Bsep is believed to be one of the

This study was supported by a grant-in-aid from the Ministry of Health,
Labor and Welfare.

Article, publication date, snd citation information can be found at
http/fpel aspetjournals.org.

doi:10,11244pet.104.076158.

determinants for maintenance of hepatic bile acid homeosta-
sis. Furthermore, bile acid synthesis and hepatic bile acid
uptake from plasma involving cholestersl 7a-hydroxylase
(CYP7Al) and Na™*-taurocholate cotransporting polypeptide
{NTCP), respectively, might also control homeostasis.
Unconjugated bile acids are conjugated with amino acids in
the liver by bile acid-CoA synthetase (BACS) and bile acid-
CoA:amine acid N-acyltransferase (BAT) before secretion
into bile (Schersten et al,, 1967; Czuba and Vessey, 1981;
Solaas et al., 2000). The bile acids are converted into tauro- or
glyco-conjugated forms in humans and almost exclusively to
tauro-conjugated forms in mice (Falany et al, 1597). The
ATP binding cassette transporter Bsep transports conju-
gated bile acids into the bile. However, transport of uncon-
jugated bile acids such as cholic acid has not been detected in
rodent and humans Bsep-expressing cell lines (Gerloff et al.,

EEEEVIATIONS: Bsep, bile salt export pump; CYP7A1, cholesterol 7a-hydroxyl.a.—sem; NTCP, Ma *-taurocholate cotransporting polypeptide;
BACS, bile acid-CoA synthetase; BAT, bile acid-CoA:amino acid N-acyltransferase; FXR, farmesoid X receptor; PXR, pregnane X receplor, HPLC,
high-performance liquid chromatography; RT-PCR, reverse transcription-polymerase chain reaction; AST, aspartate aminctransferase; ALP,

alkaline phosphatase; bp, base pair(s); PCR, polymerase chain reaction.

759



760

1998; Bymne et al,, 2002; Nee et al,, 2002), In humans, un-
conjugated bile acid are almost nondetectable in normal bile
(Bjorkhem, 1985).

Recent studies demonstrated that bile acids activate nu-
clear receptors and regulate transport and biosynthesis of
bile acids and lipids. Several bile acids such as cholic acid,
chenodeoxycholic acid, and lithocholic acid activate the nu-
clear receptor farnesoid X receptor (FXR, NR1H4) (Mak-
ishina et al,, 1999; Parks et al.,, 1999; Wang et al., 1999).
FXR negatively regulates the expression of CYP7Al and
NTCP through induction of small heterodimer partner
{NROB2) while positively regulating the expression of Bsep
(Chiang et al, 2000; Gaodwin et al., 2000; Lu et al., 2000;
Repa et al., 2000; Ananthanarayanan et al,, 2001; Denson et
al., 2001). Furthermore, several lines of evidence indicate
that nuclear receptors other than ¥XR such as pregnane X
receptor (PXR, NR112) and vitamin D receptor (NR1I1} are
also activated by bile acids (Staudinger et al., 2001; Xie et al.,
2001; Makishima et al., 2002).

Bile acid secretion across the hepatic canalicular mem-
brane is generally considered to be the rate-limiting step of
the enterchepatic circulation. The bile acid concentrations in
serum and liver are indicative of the efficiency of the cana-
licular secretion. We previcusly demonstrated that FXR-null
mice fed a diet supplemented with 1% cholic acid exhibited
severe wasting and hypothermia, resulting in ~30% mortal-
ity of the null mice by 7 days, whereas the wild-type mice
displayed no overt toxicity (Sinal et al., 2000). To explore the
FXR-dependent protective mechanism for cholie acid-induced
toxicity, the present study focused on bile acid excretion
capacity. The results show a role for cholic acid-induced in-
crease in biliary bile acid output and excretion of uncenju-
gated bile acids in protection against cholic acid-induced
toxicity.

Miyata et al.

Materials and Methods

Materials. Cholic acid, deoxycholic acid, taurocholic acid, tauro-
chenodeoxycholic acid, and taurodeoxycholic acid were purchasced
frora Sigma-Aldrich (St Louis, MO), HPLC column, Chemcosorb
5-0DS-H (6.0 % 150 mm) was purchased from Chemco Scientific Co.
(Tokyo, Japan). L-column ODS (2.1 X 150 mm) was obtained from
Kagakuhinnkennsakyoukai (Tokyo, Jupan). Enzymepak 3a-HSD
column was purchased from Jasco {Tokyo, Japan). Hyadeoxycholic
acid and murideoxycholic acid were purchased from Steraloids (New-
port, RD.

Animal Treatment and Sample Collection. FXR-null mice
{Sinal et al., 2000) were housed under standard 12-h light/12-h dark
cycle. Before the administration of special diets, mice were fed stan-
dard rodent chow (CE-2; CLEA, Tokyo, Japan) and water ad libitum
for acclimation. Experimental diets contained 0.1, 0.25, 0.5, or
1.0% (w/w) cholic acid mixed with the control diet (CE-2). Age
matched groups of 8- {0 12-week-old animals were used for all
experiments and were allowed access to water ad libitum. Rile,
blood, and tissve samples were taken for biochemical assays after
5 days of feeding special diets. Tolal RNA was prepared from
livers using the ULTRASPEC I1 RNA isolation system (Biotecx
Laboratorieg, Houston, TX), and RNA concentrations were deter-
mined by measuring the absorbance at 260 nm using a spectro-
photometer (Beckman DU 640). Biliary excretion was monitored
in anesthetized mice with ethyl ether. After ligation of the com-
mon bile duct, the gall bladder was cannulated with a polyethyl-
ene-10 tube with an internal diameter of 0.28 mm. The cannula
was ligated inlo the gall bladder to obtain bile samples, After a
5-min equilibration period, bile was collected for 3{) min.

Serum AST and Alkaline Phosphatase (ALP) Activities and
Determination of Bile Acid. Serum AST activily was estimated by
the POP-TOOS [pyruvate oxidase-N-elhyl-N-{2-hydroxy-3-sulfopro-
pylt-m-toluidine} method using & commercial kit, Transaminase C1I-
B-test Wako (Wako Pure Chemicals, Osaka, Japan). Serum ALP
aclivity was estimated by the Bessey-Lowry method using Atkali-
phospha B-test Wako (Wako Pure Chemicals). Bile, liver, and serum
3a-hydroxy hile acid concentrations were estimated by an enzyme-
colorimetric method using Lhe Total bile atid-test kit (Wako Pure
Chemicals), The liver 3a-hydroay bile acid contents were measured
by HPLC as described previously (Kitada et al,, 2003). A portion (100
pl) of liver homogenate was mixed with 1 ml of ethanol containing 2
nmol of androstandic! and treated at 85°C for 1 min, and then
centrifuged at 1000g for 5 min. After the supernatant was isolated,
the precipitate was extracted twice with 1 m) of ethanol and com-
bined extracts were dried and redissolved in 200 pl of methanol.
HPLC analyses were performed with a Jaseo intelligent model PU-
980 pump (Jasco), Waters M-45 pump (Waters, Milford, MA), and
FP-920S fluorescence detector (Jasco). The bile acid extracts were
separated at 35°C with an Lcolumn ODS (2.1 X 150 mm)} (Kagaku-
hinnkennsakyocukai). The eluates were mixed with a NAD ' solution
before introduction of Sa-hydroxysteroid dehydrogenase immobilized
on Enzymepak 3n-HSD column. NADH produced was measured by
flucrescence using an excitation wavelength of 365 nm and an emis-
sion wavelength of 470 nm. The separation was started at 0.5 ml/min
with a 60-min linear gradient of solution A/sclution B mixture (25;
75} to solution Afsolution B mixlure (55:45), and then continued with
solution Afsolution B mixture {65:45) for 25 min [sclution A: 10 mM
phosphate buffer (pH 7.2)/acetonitrile (60:40); and sclation B: 30 mM
phosphale buffer (pH 7.2Vacetonitrile (80:20)). The eluates were
passed through a 3a-HSD column after mixing with solution C (1:1)
[svlution C: 10 mM phosphate buffer (pH 7.2), 1 mM EDTA, 0.05%
2Z-mercaptoethanol, and 0.3 mM NAD'*|.

Hepatic ATP and Taurine Levels. Hepatic ATP levels were
measured by the lociferase assay (Lundin and Thore, 1975) using a
commertial kit, ATP Assay System LL-100-1 (Teyo Ink, Tokyo, Ja-
pan). Hepatie taurine levels were determined by an HPLC methed
with fluorimelric detection (Waterfield, 1994). Taurine was derivat-
ized with o-phthalaldehyde (Sipma-Aldrich) before injection onto
COSMOSIL C18 Econopak.

Immunoblot Analysis. Mouse Bsep ¢DNA containing carboxy
terminal region (bp 3195~4070 in AF133902) was subcloned into a
prokaryotic expression veclor, pQJE30 (QIAGEN, Valencia, CA). Re-
combinant proteins were expressed in Escherichia coli, M15 (pREP4)
strain, and purified by SDS-polyscrylamide gel electrophoresis. Jap-
anese white rabbits were immunized twice by intradermal injection
of 100 ug of the purified protein. Antisera were obtained 1 week after
the boost. Specific [gG was purifizd by affinity column chromatogra-
phy with Sepharose 4B-bound purified Bsep protein. Crude mem-
branes were prepared from livers by a medification of the method
described by Lee et al. (1993). Liver was homogenized in buffer A
{100 mM Tris, 100 oM potassium chloride, and I mM EDTA) with a
protease iohibitor cocktail (20 xM butylated hydroxyloluene and 2
mM phenylmethylsulfonyl fluoride). Nuclei and cell debris were re-
moved by centrifugation at 1000 for 15 min. The supernatant was
spun at 10,000g for 5 min, and the resulting pellet was resuspended
in membrane storage buffer (100 mM potassium phosphate, pH 7.4,
1. 0 mM EDTA, 20% glycerol, 1 mM dithiothreito), and the protease
inhibitor cocktail). The crude merabrane proteins were loaded onto a
6% polyacrylamide gel, isolated, and transferred to nitrocellulose
filters. The filter was immunostained with anti-Bsep IgG (1:1000
dilution}, alkaline phosphatase-conjugated goat anti-rabbit IgG (1:
3000 dilution), 5-bromo-4-chlere-3-indotylphosphate, and nitro blue
tetrazonium as described previously; Honma et al., 2002).

Analysis of mRNA Levels. Messenger RNA levels of differentially
expressed genes were analyzed using reverse transcription-polymerase
chain reaction (RT-PCR). Single-strand cDNAs were constructed using
an oligo(dT) primer with the Ready-to-Go You-Prime First-strand



Beads kit (Amersham Biosciences AB, Uppsala, Sweden). These cDNAs
provided templates for PCRs using specific primers at a denaturation
temperature of 94°C for 30 s, an annealing temperature of 38°C for 30 s,
and an elongation temperature of 72°C for 30 s in the presence of
deoxynucleoside-6'-triphosphates and Tag polymerase. The PCR cycle
numbers were titrated for each primer pair to ensure amplification in
linear range. The reaction was completed by a 7-min incubation at
72°C. PCR products were analyzed in 2% agarose gel {w/v) containing
ethidium bromide for visnalization. The specific forward and reversal
primers for the genes examined by PCR were the following: Bsep (bp
2094-2517 in AF133903) sense, 5-ACAGCATTACAGCTCATTCA-
GAG-Y', and antisense, 5'-TCCATGCTCAAAGCCAATGATCA-3"; Ntep
{bp 71-671 in U95131) sense, 5'-ACACTGCGCTCAGCGTCATTC-3",
and antisense, 5 -GCCAGTAAGTGTGGTGTCATG-3; Mrp2 thp 386-
1022 in NM 013806) sense, 5 -GGTTCCTGTCCATGTTCTGGATT-%',
and antisense, 5'-GCAGCTGAGGATTCAGAAACAAA-3'; Oatpl
(hp 711-1036 in AF148218) sense, 5'-TGATACACGCTGGGTCG-
GTG-3’, and antisense, 5’-GCTGCTCCAGGTATTTGGGC-3'; BAT
(bp 222-713 in U95215) sense, 5'-TCTTGTTGATGAGCCT-
GTGC-3' and antisense, 5'-AACTCCATCAATCCACCAGC-3";
BACS sense, 5-ACCCTGGATCAGCTCCTGGAT-Y’ and antisense, 5'-
GTTCTCAGCTAGCAGCTTGG-3'; taurine transporter (bp 347-807 in
NM_009320} sense, 5'-CTTGGAGGTCATCATAGGCC-Y and anti-
sense, 5'-CGGTGAAGTAGACAACCTTGC-3"; Cyp7al (bp 119-70] in
NM_007824) sense, 5'-CATACCTGGGCTGTGCTCTGA-3’ and anti-
sense, 5-CCTTTATGTGCGGTCTTGAGC-3; and GAPDII (bp 487-
1018 in NM_008084) sense, 5" TGCATCCTGCACCACCAACTG-3', and
antisense, 5'-GTCCACCACCCTGTTGCTGTAG-4'. To more precisely
quantify Bsep mRNA level, real-time PCR was carried out with SYBR
Cireen by using ABI PRISM 7000 (Applied Biosystems, Foster City,
CA), Ta calculate Bsep mRNA level, a standard curve was generated by
Plotting the threshold cycle value versus the log of the amount of mouse
Bsep cDNA, Bsep mRNA levels were normalized from the GAPDH
mRNA levels.

Results

Cholic Acid-Induced Liver Damage and Hepatic Bile
Acids, Under control diet feeding, serum AST activity was
2.6-fold higher in FXR-null mice than in the wild-type mice.
No significant difference in serum ALP activity was observed
between both lines of mice (Table 1). Because FXR-null mice
exhibited some mortality during 1% cholic acid feeding for 5
days, the mice were thereafter fed a 0.25% cholic acid diet in
the present study. Serum ALP activity was increased to
4.9-fold in FXR-null mice fed a 0.25% cholic acid diet,
whereas the increase was minimal (1.6-fold) in the wild-type
mice even after a 1.0% cholic acid diet. Serum AST activity
increased 15.7-fold in FXR-null mice fed a 0.25% cholic acid
diet, compared with the mice fed a control diet. Slight in-
creases (1.7- and 2.5-fold) were observed in wild-type mice
fed either 0.25 or 1.0% cholic acid diets.

Feeding 0.25% cholic acid diets resulted in clear increases

TABLE 1
Liver diagnostic markers and Jevels of 3a-hydroxy bile acid
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in serum and hepatic bile acid levels in FXR-null mice. Sim-
ilar experiments on wild-type mice revealed only slight in-
creases in hepatic bile acid levels and no significant increases
in the serum bile acid level, A significant correlation (-2 =
0.92) was observed between hepatic bile acid concentrations
and AST activity in individual mice (Fig. 1).

Bile Salt Export Pump Protein and mRNA Levels.
Decreased levels of eanalicular bile acid transporter, Bsep
represents one possible mechanism for cholestasis. Changes
in hepatic mRNA levels of Bsep were assessed in cholic
acid-fed mice by RT-PCR (Fig, 2A). The mRNA levels were
increased in the wild-type mice fed cholic acid diet. In con-
trast, no clear increase in the Bsep mRNA levels was ob-
served in FXR-null mice after feeding 0.25% cholic acid diet.
Furthermore, hepatic mRNA Ievels of Bsep were quantified
by real-time PCR revealing 2.0-fold higher levels of specific
Bsep mRNA in control diet-fed wild-type mice compared with
contro] diet-fed FXR-null mice (Fig, 2B). Bsep mRNA levels
became 2.1-fold higher in wild-type mice after 1.0% cholic
acid feeding. Consistent with Bsep mRNA levels, Bsep pro-
tein levels assessed by immunoblotting were higher in the
wild-type mice fed control diets than in FXR-null mice and
became 3.0-fold higher in wild-type mice after 1.0% cholic
acid feeding (Fig. 2C), whereas no significant increases in
protein levels were found in FXR-null mice fed 0.25 and 1.0%
cholic acid diets and in wild-type mice fed 0.1 and 0.5% cholic
acid diet (data not shown),

Bile Flow and Bile Acid Output Rate. Bile acid secre-
tion across the canalicular membrane is the rate-limiting
step of enterohepatic circulation under normal dietary con-
ditions, Bile flow and bile acid output rate (3a-hydroxy bile
acid excretion rate), which correlate with bile acid excretion
rates to the bile duct, were determined in both mice fed a
control diet or a cholic acid diet, to determine the biliary
excretion capacity (Fig. 3, A and B). Contrary to the Bsep
protein levels, bile acid output rate was significantly higher
in FXR-null mice fed contrel diets than that in the wild-type
mice (Fig. 3B). Hepatic bile acid concentrations were 2.5-fold
higher in FXR-null mice than that in the wild-type controls.
An increase in bile acid output rate and hepatic bile acid
concentration was observed in the wild-type mice fed the
cholic acid diet. Feeding a 1% cholic acid diet to wild-type
mice increased the bile flow and bile acid output rate by 3-
and 3.7-fold, respectively. In FXR-null mice, no significant
difference in bile flow and bile acid output rate was observed
between control diet and cholie acid (0.1 and 0.25%) diet in
spite of the marked accumulation of hepatic bile acids (2.0
pmol/g liver) in FXR-null mice fed 0.25% CA diet (Fig. 3B).
Furthermore, a decrease in bile flow and bile acid output .

Controt or cholic Acid-supplemented diets were given for 6 days to wild-type and FXRnull male mice. The data are shown as the mean = 8.0.in = 4-6),

Wild-Type Mice FXR-Null Mice
Parameters
Control 0.25% 0.5% 1.0% Control 0.1%: 0.25%
Serum 3a-0OH bile acid (M) 5*x2 8x5 127 £ 50° 412 * 261" 9+2 13+3 316 + 136"
Liver 3n-Ol bile acid (nmol/g liver} 147 % 35 206 * 35¢ 318 = 957 1231 * 282° 372 x 141 657 = 1217 2742 = 670"
AST activity (JUA) 235 40 £ 12¢ 3614 55 £ & 59+ 18 ND 929 + 325"
AL aetivity (1U1) 28x1 22+5H 32+13 44 + 10¢ 241 28 117 + 527

34e-OH, 3i-hydroxy; ND, not deterniined.
* p < 0.05 versus control,
& p < 0.01 versus control.
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Fig. 1. Correlation between serum AST activily and hepatic total bile
acid concentrations. Sers, and livers were isolated from wild-type and
FXR-null mice fed a 0.26% cholic acid diet for 5 days. Total bile acid
coneentrations and AST aclivities were measured by enzyme-colorimetric
methed.,

rates were observed in FXR-null mice fed a 1% cholic acid
diet, compared with FXR-null mice fed the control diet (data
not shown).

Tauro-Conjugated and Unconjugated Bile Acid Lev-
els in Liver and Bile. Biliary bile acids are conjugated with
taurine before their exeretion in control mice. This is consis-
tent with reports showing no transport activity of unconju-
gated bile acids such as cholic acid in Bsep-expressing cells
(Gerloff et al., 1998). BACS and BAT are involved in taure-
conjugation. Thus, the amount of both unconjugated and
taure-conjugated forms of hepatic bile acids in cholie acid-fed
wild-type and FXR-null mice was determined by HPLC (Fig.
44). Cholic acid, taurocholic acid, deoxychoelic acid, and tau-
rodeoxycholic acid were detected as major components in the
livers of FXR-null and the wild-type mice after feeding of
0.25% cholic acid diet. Taurocholic acid was the major com-
ponent in livers of FXR-null mice fed 0.25% cholic acid diet
(Fig. 4B). Hepatic taurodeoxycholic acid level was also sig-
nificantly higher in FXR-null mice than in wild-type mice
after feeding the 0.25% cholic acid diet. Thus, hepatic tauro-
conjugated bile acids accounted for more than 90% of the
total bile acids detected in the livers of FXR-null mice fed a
0.25% cholic acid diet. In contrast, high levels of unconju-
gated cholic acid were detected in the bile of wild-type mice
fed a 1% cholic acid diet (Fig. 5A). However, unconjugated
deoxycholic acid levels were very low in the bile. In contrast
to the control diet, the biliary ratio of unconjugated cholic
acid to total cholic acid was increased to 82.9% in wild-type
mice fed a 1% cholic acid diet, whereas it accounted only for
0.6 and 0.4% in the wild-type and FXR-null mice fed a 0.25%
cholic acid diet, respectively (Fig. 5B).

To assess the relationship between depletion of taurine
and the increased ratio of unconjugated choli¢ acid in liver
and bile of wild-type mice fed a cholic acid diet, hepatic
taurine levels were determined in beth wild-type and FXR-
null mice fed a cholic acid diet. Hepatic taurine level was
clearly decreased upon cholic acid feeding FXR-null and the
wild-type mice. The level in wild-type mice fed a 1% cholic
acid diet was reduced to 10% of the control diet fed mice (Fig.
6A). Tt is noteworthy that ATP is necessary for the Bsep-
mediated bile acid transport as well as taure-conjugation.
Since depletion of hepatic ATP affects the transport activity,
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Fig. 2. Hepatic Bsep mRNA and protein levels, A, changes in hepatic
Bsep mRNA levels, Hepatic mRNAs wera prepared from wild-type and
FXR-null mice fed a control diet (UT) or the diet containing the indicated
percentage of cholic acid for 5 days. Specific primers described under
Materials and Methods were used. B, quantification of Bsep mRNA
level by real-time PCR. Data are shown as the mean * S.D. n=3)
*, significant difference from control group (p < 0.05), C, immunoblot
analyses of hepatic Bsep protein. Hepatic crude liver membranes (50 ng)
were analyzed by immunoblots with antibody to mouse Bsep. Values are the
average oblained from three animals in each group. #+, significantly differ-
ent from control group (& < 0.01).

hepatic ATP levels were quantified in cholic acid-fed mice.
Hepatic ATP levels were, however, not significantly de-
creased in wild-type and FXE-null miee fed the cholic acid
diet, compared with the contral diet (Fig. 6B).

Specific mRNA Levels of Bile Acid Transporters and
Amino Acid Conjugation IZnzymes. To explore the in-
volvement of bile acid-related genes other than Bsep in pro-
tection against hepatic bile acid accumulation, changes in the
hepatic mRNA levels of bile acid transporters and amino acid
conjugation enzymes were anzlyzed by RT-PCR (Fig. 7). He-
patic Cyp7al mRNA was higher in FXR-null mice fed control
diet than in wild-type mice. The level was decreased in cholic
acid-fed wild-type and FXR-null mice. Mrp2 mRNA level was
slightly increased in cholic acid-fed wild-type and FXR-null
mice. On the other hand, the major bile acid uptake trans-
porters Ntcp and Oatpl mRNA levels were decreased upon
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cholic acid-feeding of wild-type mice, whereas only QOatpl
mRNA levels were decreased in cholic acid-fed FXR-null
mice, Hepatic mRNA levels of BACS and BAT that mediate
tauro-conjugation of bile acids were not significantly changed
in FXR-null mice or after cholic acid feeding, Specifie mRNA
level of the taurine transporter was significantly increased in
both mice fed the cholic acid diet.

Discussion

The aim of the present study was to determine the in vivo
mechanism for FXR-mediated protection against extraordi-
narily high bile acid levels by use FXR-null and wild-type
mice fed cholic acid diets. A clear correlation was found
between individual hepatic bile acid concentrations and AST
activities suggests that major hepatic bile acid taurocholic
acid but not unconjugated cholic acid is involved in hepato-
toxicity in FXR-null mice fed a cholic acid diet. Bile flow and
bile acid output rates of wild-type mice fed a cholic acid diet
increased with increasing hepatic bile acid concentration
(from 0.1-0.5 wmol/g liver), whereas those of FXR-null mice
did not increase, but decreased in spite of the marked accu-
mulation of hepatic bile acids (2.0 pmol/g liver) after feeding
a 0.25% cholic acid diet. The data on bile acid cutput rates
and hepatic bile acid concentrations indicate that targeted
disruption of FXR results in the impairment of the regulation
of canalicular bile acid excretion to maintain a Jow level of
hepatie bile acids.

Consistent with previous reports (Schuetz et al,, 2001; Kok
et al., 2003; Lambert et al., 2003; Zollner et al., 2003), Bsep
mRNA and protein levels were lower in FXR-null mice fed a
control diet than that in the wild-type mice in spite of higher
bile acid output rates in FXR-null mice. Bsep protein levels
were not correlated with bile acid output rates between FXR-
null and the wild-type mice fed control diets. These results

suggest a higher efficacy for Bsep-mediated excretion in
FXR-null mice. It is known that the functional activity of
ABC transporters, including Bsep and Mdr] are regulated by
several posttranslational processes such as protein phos-
phorylation and cellular localization (Kullak-Ublick et al.,
2004). Because hepatic bile acid concentrations were 2.5-fold
higher in FXR-null mice fed contrcl diets compared with
wild-type mice, this discordance might reflect an adaptive
response of Bsep to high levels of hepatic¢ bile acids. In wild-
type mice fed a cholic acid diet, the adaptive enhancement of
canalicular bile acid excretion capacity dependent on the
increase in both the Bsep protein levels and possibly the
rates of Bsep-mediated excretion is likely one of the critical
determinants for the suppression of hepatic bile acid accu-
mulation.

Several factors, including hepatic bile acid levels and ATP
levels, were shown to modulate canalicular bile acid excre-
tion, Amino acid conjugation is one of the factors invelved in
canalicular bile acid exeretion, Human BAT and BACS, in-
velved in the conjugation of bile acids to taurine and glycine,
respectively, are positively regulated by FXR (Pircher et al,,
2003). As shown in Figs. 4 and 54, nearly all of the cholic
acids were detected as tauro-conjugated derivatives in bile
and liver of FXR-null mice fed a 0.25% cholic acid diet. The
tauro-conjugation capacity is thus unlikely to be the cause of
loss of inducibility of biliary bile acid excretion in FXR-null
mice fed a cholic acid diet. Tauro-conjugated bile acids accu-
mulate in livers of FXR-null mice fed a 0.26% cholic acid diet,
which is due at least in part by the loss of inducibility of bile
acid output rate in FXR-null mice fed 0.25% cholic acid diet.

More than 309 of the total cholic acid content was detected
as unconjugated cholic acid in the bile of wild-type mice fed a
1% cholic acid diet. The increased ratio of biliary unconju-
gated cholic acid to total cholic acid suggests the existence of
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FXR-nuil

anunconjugated cholic acid excreting system in the wild-type
mice. The excreting system may become evident as an adap-
tive response under the condition of hepatic taurine deple-
tion. Amine acid conjugation is not necessarily the obligatory
step for the excretion. Although the system involved in un-
conjugated cholic acid excretion has not been identified in the
present study, it remains a possibility that there is an alter-
native transport system other than Bsep. Thus, it cannot be
extluded that acyl glucuronides of cholic acid are formed and
excreted, followed by hydrolysis in bile.

Although bile acids excreted by Bsep are the major osmotic
" driving force generating bile flow, no significant decrease in
bile flow was found in Bsep-null mice (Wang et al.,, 2001).
Bsep-null mice still have a capacity to excrete the bile acid
into bile (30% of wild-type mice), suggesting the existence of
an alternative bile acid transport system. Furthermore, bile
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Fig. 5. Tauro-conjugated and unconjugated cholic acid levels in bile. A,
representative HPLC chromatograms with fluorescence detection of bil-
iary bile acids isolated from wild-ty pe mice fed a 1.0% cholic acid diet and
FXR-null mice fed a 0.25% cholic acid diet. Equal amounts of bile acids
were injected as a standard. IS, internal standard (androstandiol). B,
tauro-cenjugated and unconjugated cholic acid tevels in bile. Bile samples
were isolated from wild-4ype and FXR-null mice fed a diet containing the
indicated percentage of cholic acid for § days. Cholie acid amounts were
measured by HPLC. The numbers above bar graphs indicate ratio of
unconjugnied cholic acid (closed bax) te total cholic acid (tauro-conjugated
and unconjugated cholic acid) as percentage value. Data are shown as the
mean * S.1. (n = 5),

flow and bile acid output rates of Bsep-null mice increase
after feeding a 0.5% CA diet (Wang et al,, 2003), a result that
differs from those of FXR-null mice fed a cholic acid diet.
These results suggest that a Bsep-independent bile acid ex-
cretion system was induced in Bsep-null mice fed a cholic
acid diet. This exeretion system is unlikely to be enbanced in
FXR-null mice fed a cholic acid diet. An FXR-mediated adap-
tive bile acid excretion system other than Bsep might also be
involved in the increase in bile acid output rate, including
excretion of the unconjugated cholic acid in the wild-type
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mice fed a cholic acid diet, although the increase in Bsep
protein levels likely explains at Ieast in part the increase in
bile acid output rate in wild-type mice fed a cholic acid diet.

Disruption of FXR enhances the sensitivity to cholic acid-
induced toxicity, The enhancement of bile acid output rate
mediated by FXR is likely a critical determinant for protec-
tion against cholic acid-induced liver toxicity. In contrast to
cholic acid-induced toxicity, induction of toxicity by the sec-
ondary bile acid lithocholic acid is ameliorated by hydroxy-
steroid sulfotransferase St2a induced through PXR (Soncda
et al.,, 2002; Kitada et al., 2003) (our unpublished observa-
tion), This fact supports the idea that PXR is involved in the
protection against lithocholic acid-induced liver toxicity
{Staudinger et al., 2001; Xie et al., 2001). Nuclear receptor-
mediated protective mechanisms of cholic acid-induced tox-
icity might be different from that of lithocholic acid-induced
toxicity. Recently, it was reported that constitutive andro-
stane receptor is also involved in protection against cholic
acid-induced toxicity by using PXR-FXR double null mice
{Guo et al., 2003). Role of the nuclear receptor interaction
among FXR, PXR, and constitutive androstane receptor in
the protection against bile acid-induced toxicity remains to
be fully clarified.

The present study demonstrated that the adaptive en-
hancement of canalicular bile acid excretion is one of the
critical protective mechanisms for cholic acid-induced toxic-
ity. Furthermore, the transport system of unconjugated
cholic acid is at least in part involved in protection against
hepatic cholic acid accumulation under the condition of he-
patic taurine depletion. Ileal mRNA levels of apical sodium-
dependent bile acid transporter was 3.0-fold higher in FXR-
null mice fed a cholic acid diet, compared with that of the
wild-type mice fed the same diet (Maeda et al., 2004), It was
also reported that the absolute amounts of bile acids reab-
sorbed from the intestine is enhanced by 2-fold in FXR-null
mice (Kok et al, 2003). Although the analysis of the reab-
sorption process in intestine is necessary to explore the pre-
cise mechanism for protection against hepatic bile acid accu-
mulation, FXR-null mice fed a cholic acid diet might be useful
model to evaluate the possible involvement of Bsep in cho-
lestasis.
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