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Abstract: Cholestasis results in intrahepatic accumulation of cytotoxic bile acids which cause
liver injury ultimately leading to biliary fibrosis and cirrhosis. Cholestatic liver damage is
counteracted by a variety of intrinsic hepatoprotective mechanisms. Such defense mechanisms
include repression of hepatic bile acid uptake and de novo bile acid synthesis. Furthermore,
phase | and Il bile acid detoxification is induced rendering bile acids more hydrophilic. In addition
to “orthograde” export via canalicular export systems, these compounds are also excreted via
basolateral “alternative” export systems into the systemic circulation followed by renal elimination.
Passive glomerular filtration of hydrophilic bile acids, active renal tubular secretion, and repression
of tubular bile acid reabsorption facilitate renal bile acid elimination during cholestasis. The
underlying molecular mechanisms are mediated mainly at a transcriptional level via a complex
network involving nuclear receptors and other transcription factors. So far, the farnesoid X
receptor FXR, pregnane X receptor PXR, and vitamin D receptor VDR have been identified as
nuclear receptors for bile acids. However, the intrinsic adaptive response to bile acids cannot
fully prevent liver injury in cholestasis. Therefore, additional therapeutic strategies such as
targeted activation of nuclear receptors are needed to enhance the hepatic defense against
toxic bile acids.

Keywords:  Bile acid transport; bile acid detoxification; bile acid synthesis; transcription factors;
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1. General Aspects of Bile Acid Transport xenobiotics including bile acids, bilirubin, cholesterol, phos-
and Metabolism pholipids, hormones, and drugs The liver comprises a
(A) Bile Acid Transport. (i) Hepatic Bile Acid Trans- broad range of specific uptake and export systems for various

port. Hepatobiliary transport systems are essential for normal Piliary compounds, as shown in Figure 1.

bile formation and hepatic elimination of various endo- and ~ Bile is primarily formed by canalicular excretion of bile
acids and non bile acid organic anions via ATP-binding
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Figure 1. Hepatobiliary transport systems in liver, kidney, and intestine. Bile acids (BA~) are taken up by the Na*/taurocholate
cotransporter (Ntcp) and organic anion transporting proteins (Oatps) at the basolateral membrane of hepatocytes. Monovalent
BA~ are excreted by the canalicular bile salt export pump (Bsep), and divalent BAs and organic anions (OA~) are exported by
the canalicular conjugate export pump (Mrp2). The phospholipid export pump (Mdr2) mediates excretion of phosphatidylcholine
(PC), which forms mixed micelles together with BA~ and cholesterol in bile. Cationic drugs (OC™) are excreted by the multidrug
export pump (Mdrl). At the basolateral membrane of hepatocytes, Mrp3 and Mrp4 and the recently identified heteromeric organic
solute transporter Osta/f3 provide an alternative excretion route for BA~ and other OA™ into the systemic circulation. BA~ secreted
into bile are reabsorbed in the terminal ileum via apical Na*-dependent bile salt transporter (Asbt) and effluxed by Osto/f and
Mrp3. Similar mechanisms for bile acid reabsorption exist in cholangiocytes and proximal renal tubules thus limiting bile acid
loss via feces and urine. Mrp2 is also present in the apical membrane of enterocytes and—together with Mrp4—at proximal renal
tubules. Mdrl is also present in intestine and bile duct epithelial cells.

the glycine- or taurine-amidates of cholic acid (CA), cheno- non bile acid organic anions, mostly conjugates with glu-
deoxycholic acid (CDCA), and ursodeoxycholic acid (UDCA) tathione, glucuronate, and sulfate formed by phase II
are excreted into the bile canaliculus via the bile salt export conjugation in the hepatocyte'® and of reduced glutathione
pump BSEP/Bsep (ABCB11/Abcb14jDivalent bile acids ~ (GSH), a major determinant of bile acid-independent bile
with two negative charges such as sulfated tauro- or flow.® Canalicular bile is then modified by absorptive and
glycolithocholate are transported by multidrug resistance
associated protein MRP2/Mrp2 (ABCC2/Abcé&Z)MRP2/
Mrp2 also mediates the excretion of a broad range of other

(7) Keppler, D.; Konig, J. Hepatic secretion of conjugated drugs and
endogenous substancé&emin. Lier Dis. 200Q 20, 265-272.
(8) Cui, Y.; Konig, J.; Buchholz, J. K.; Spring, H.; Leier, I.; Keppler,

(4) Kullak-Ublick, G. A.; Stieger, B.; Hagenbuch, B.; Meier, P. J. D. Drug resistance and ATP-dependent conjugate transport
Hepatic transport of bile saltSemin. Lier Dis. 2000 20, 273— mediated by the apical multidrug resistance protein, MRP2,
292. permanently expressed in human and canine ddit$. Pharma-

(5) Meier, P. J.; Stieger, B. Bile salt transportékanu. Re. Physiol. col. 1999 55, 929-937.

2002 64, 635-661. (9) Dubuisson, C.; Cresteil, D.; Desrochers, M.; Decimo, D.; Had-

(6) Keppler, D.; Cui, Y.; Konig, J.; Leier, I.; Nies, A. Export pumps chouel, M.; Jacquemin, E. Ontogenic expression of thetja(
for anionic conjugates encoded by MRP gen&dv. Enzyme independent organic anion transporting polypeptide (oatp) in rat
Regul.1999 39, 237—-246. liver and kidney.J. Hepatol.1996 25, 932-940.
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secretory processes by the bile duct epithelium. Bile acids acid and taurochenodeoxycholic acid with high affirf#ty32*
excreted into bile undergo an intensive enterohepatic circula-In addition, Mrp3 can also transport monovalent bile acids
tion. They are reabsorbed in the intestine, taken up again bysuch as tauro- and glycocholic aéf*2! while human

the liver, and re-excreted into bile, repeating this cycle several MRP3 only transports glycocholate with low affinit}y??
times before being eliminated with the feces. Hepatic uptake MRP4 mediates, among other substrates, the cotransport of
of bile acids occurs via the N&aurocholate cotransporter  bile acids with GSH. It has a high affinity for glycine and
(NTCP/Ntcp; SLC10A1/SIc10al) or via members of the taurine-amidated CDCA, CA, and UDCA as well as uncon-

organic anion transporter (OATP/Oatp; SLCO/SIco) super- jugated CA in the presence of physiological concentrations
familiy.3 of GSH16 Furthermore, transport inhibition studies sug-

m- gested that sulfated bile acids might also be substrates for
MRP4 (14). In addition to the ABC transporter family, the
recently identified organic solute transporter @€is{3
represents a novel candidate basolateral bile salt export
system in the liver. Both subunits (alpha and beta) of this
heteromeric transporter are required for transport of various
bile acids and their conjugatés:> Rodent Ost/Osij is

Hepatocellular bile acid efflux via the basolateral me
brane may become an important alternative spillover route
for accumulating bile acids and bilirubin during bile acid
overload under cholestatic conditions. Most alternative
basolateral export transport systems belong to the MRP/Mrp
family. MRP3/Mrp3 (ABCC3/Abcc3) and MRP4/Mrp4

(ABCC4/ Abc_c4)| are capabl((ja of ltransportlr;g b'lle af'ds aﬂd highly expressed in kidney, in intestine, and to lower extents
are constitutively expressed only at very low levels at the j, liver, where it localizes to the basolateral membrane of

6 ;
basolateral hepatocyte membréhé._ Theygocan be induced cholangiocytes and hepatocy?&%In humans, OS&/OSTS
however under cholestatic conditiofs?® MRP3/Mrp3 g highly expressed in liver and localizes to both hepatocytes
transports divalent bile acids such as sulfated taurolithocholic 5, cholangiocyte® It is attractive to speculate that this
recently characterized basolateral transporter may also
(10) Elferink, R. P.; Ottenhoff, R.; van Marle, J.; Frijters, C. M.; Smith, Participate in alternative bile acid export during cholestasis.

A. J.; Groen, A. K. Class IIl P-glycoproteins mediate the formation  (ii) Cholangiocellular Bile Acid Transport. Cholangio-

of lipoprotein X in the mousel. Clin. Invest.1998 102, 1749~ cytes play an important role in bile secretion and contain

1757. ) ) ) . ) several transport systems for absorptive and secretory
(11) Akita, H.; Suzuki, H.; Hirohashi, T.; Takikawa, H.; Sugiyama,

Y. Transport activity of human MRP3 expressed in Sf9 cells:

comparative studies with rat MRPBharm. Res2002 19, 34— (19) Wagner, M.; Fickert, P.; Zollner, G.; Fuchsbichler, A.; Silbert,
41. D.; Tsybrovskyy, O.; Zatloukal, K.; Guo, G. L.; Schuetz, J. D;

(12) Hirohashi, T.; Suzuki, H.; Sugiyama, Y. Characterization of the Gonzalez, F. J.; Marschall, H. U.; Denk, H.; Trauner, M. Role of
transport properties of cloned rat multidrug resistance-associated farnesoid X receptor in determining hepatic ABC transporter
protein 3 (MRP3).J. Biol. Chem.1999 274, 15181-15185. expression and liver injury in bile duct-ligated mig@astroen-

(13) Hirohashi, T.; Suzuki, H.; Takikawa, H.; Sugiyama, Y. ATP- terology 2003 125 825-838.
dependent transport of bile salts by rat multidrug resistance- (20) Denk, G. U.; Soroka, C. J.; Takeyama, Y.; Chen, W. S.; Schuetz,
associated protein 3 (Mrp3). Biol. Chem.200Q 275 2905 J. D.; Boyer, J. L. Multidrug resistance-associated protein 4 is
2910. up-regulated in liver but down-regulated in kidney in obstructive

(14) Zelcer, N.; Reid, G.; Wielinga, P.; Kuil, A.; van d. H., I.; Schuetz, cholestasis in the rafl. Hepatol.2004 40, 585-591.

J. D.; Borst, P. Steroid and bile acid conjugates are substrates of (21) Akita, H.; Suzuki, H.; Sugiyama, Y. Sinusoidal efflux of tauro-
human multidrug-resistance protein (MRP) 4 (ATP-binding cas- cholate is enhanced in Mrp2-deficient rat livBharm. Res2001,
sette C4)Biochem. J2003 371, 361—367. 18, 1119-1125.

(15) Rius, M.; Nies, A. T.; Hummel-Eisenbeiss, J.; Jedlitschky, G.; (22) Zeng, H.; Liu, G.; Rea, P. A,; Kruh, G. D. Transport of
Keppler, D. Cotransport of reduced glutathione with bile salts by amphipathic anions by human multidrug resistance protein 3.
MRP4 (ABCC4) localized to the basolateral hepatocyte mem- Cancer Res200Q 60, 4779-4784.
brane.Hepatology2003 38, 374—384. (23) Seward, D. J.; Koh, A. S.; Boyer, J. L.; Ballatori, N. Functional

(16) Rius, M.; Hummel-Eisenbeiss, J.; Hofmann, A. F.; Keppler, D. complementation between a novel mammalian polygenic transport
Substrate Specificity of Human ABCC4 (MRP4)-mediated Cotrans- complex and an evolutionarily ancient organic solute transporter,
port of Bile Acids and Reduced Glutathiorm. J. Physiol2006 OSTalpha-OSTbetal. Biol. Chem2003 278 27473-27482.

290, G640-G649. (24) Wang, W.; Seward, D. J.; Li, L.; Boyer, J. L.; Ballatori, N.

(17) Schuetz, E. G.; Strom, S.; Yasuda, K.; Lecureur, V.; Assem, M.; Expression cloning of two genes that together mediate organic
Brimer, C.; Lamba, J.; Kim, R. B.; Ramachandran, V.; Komoroski, solute and steroid transport in the liver of a marine vertebrate.
B. J.; Venkataramanan, R.; Cai, H.; Sinal, C. J.; Gonzalez, F. J.; Proc. Natl. Acad. Sci. U.S.£001, 98, 9431-9436.

Schuetz, J. D. Disrupted bile acid homeostasis reveals an (25) Dawson, P. A.; Hubbert, M.; Haywood, J.; Craddock, A. L.;
unexpected interaction among nuclear hormone receptors, trans- Zerangue, N.; Christian, W. V.; Ballatori, N. The heteromeric
porters, and cytochrome P45D.Biol. Chem2001, 276, 39411 organic solute transporter alpha-beta, Ostalpha-Ostbeta, is an ileal
39418. basolateral bile acid transportér.Biol. Chem2005 280, 6960-

(18) Zollner, G.; Wagner, M.; Moustafa, T.; Fickert, P.; Silbert, D.; 6968.

Gumhold, J.; Fuchsbichler, A.; Halilbasic, E.; Denk, H.; Marschall, (26) Ballatori, N.; Christian, W. V.; Lee, J. Y.; Dawson, P. A.; Soroka,
H. U.; Trauner, M. Coordinated induction of bile acid detoxifi- C. J.; Boyer, J. L.; Madejczyk, M. S.; Li, N. OSTalpha-OSTbeta:
cation and alternative elimination in mice: role of FXR-regulated a major basolateral bile acid and steroid transporter in human
organic solute transport¢alphg/beta in the adaptive response intestinal, renal, and biliary epitheliblepatology2005 42, 1270~

to bile acids.Am. J. Physiol2006 290, G923-G932. 1279.
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processes?® (Figure 1). Unconjugated bile acids may suggest that OsfOs{3 represents the major basolateral bile
passively enter cholangiocytes, while amidated bile acids areacid export mechanism in enterocyfe@-igure 1).

reabsorbed in a sodium-dependent manner by the apical bile (i) Renal Bile Acid Transport. Bile acids that escape

acid transporter AsbS|c10a3. Asbt is also responsible for  first pass clearance by the liver or are actively excreted by

bile acid uptake in the terminal ileum, where this transporter hepatocytes into sinusoidal blood are filtered at the glom-
i i 30 ] ) : o

was originally discovere:*° Mrp3 and tAsbt, an alterna- o115 from plasma into urirfé. Thereafter, bile acids are

tively spliced and truncated form of Asbt, were proposed to reabsorbed by ASBT/Asbt localized to the apical membrane

m?d|2£?33bisr]olafral bexpolrtt of IbIEI amd;dfrtom choltang!o- of proximal renal tubular cells and probably in turn excreted
cytes: € key basolateral bile acid transporter in- ;... systemic circulation by basolateral @&Ds}326:42:43

cholangiocytes, however, seems to be the recently identified ,_. : .
. (Figure 1). Under cholestatic conditions, however, renal
Osib/Os3, representing the basolateral counterpart to Asbt. . . ) ) )
excretion of bile acids may become a major alternative

(iii) Intestinal Bile Acid Transport. To complete entero-  gjimination route® This may be attributed to increased

?hepatlc ctl_rcula'glt(:]n, aS eﬁ|C|er1ttCrie?bsorp;tlon Otf tl"le. ac:di n passive glomerular filtration due to elevated serum bile acid
€ Intestine With subsequent delivery 1o portal CIFCUation q,,615 and reduced tubular bile acid reabsorption via re-

IS requweq. Upconjugated bile acids are pgrtly absQrb'ad.bypressed Asht® Passive glomerular filtration of bile acids
passive diffusion, whereas most of the amidated bile acids ~ . . . ) .
might also be aided by active tubular secretion. Candidate

are taken up into enterocytes by Ast#l¢10a2 in the ¢ ters f + of sulfated and idated bil
terminal ileuni*5(Figure 1). Information about intracellular ransporters for export ol suftated and glucuronidated bile
acids are Mrp2 and Mrp4, which are both localized to the

bile acid transport in enterocytes is limited. The ileal bile ) 784647 .
acid binding protein (I-Babp) is able to bind bile acids and 2Pical tubular membrar€:4’However, the relative con-

has been suggested to mediate transcellular bile acid
movement53° Until recently it was speculated that either (36) Kramer, W.; Sauber, K.; Baringhaus, K. H.; Kurz, M.; Stengelin,
t-Asbt® or Mrp3??4°may represent the pendant to Asbt for S.; Lange, G.; Corsiero, D.; Girbig, F.; Konig, W.; Weyland, C.

basolateral bile acid export. Current findings, however, Identification of the bile acid-binding site of the ileal lipid-binding
protein by photoaffinity labeling, matrix-assisted laser desorption
ionization-mass spectrometry, and NMR structdreBiol. Chem.

(27) Boyer, J. L. Bile duct epithelium: frontiers in transport physiology. 2001, 276, 7291-7301.

Am. J. Physiol1996 270, G1-G5. (37) Gong, Y. Z,; Everett, E. T.; Schwartz, D. A.; Norris, J. S.; Wilson,

(28) Lazaridis, K. N.; Strazzabosco, M.; LaRusso, N. F. The cholan- F. A. Molecular cloning, tissue distribution, and expression of a
giopathies: disorders of biliary epitheli@astroenterologp004 14-kDa bile acid-binding protein from rat ileal cytosBkoc. Natl.
127, 1565-1577. Acad. Sci. U.S.A1994 91, 4741-4745.

(29) Alpini, G.; Glaser, S. S.; Rodgers, R.; Phinizy, J. L.; Robertson, (38) Tochtrop, G. P.; DeKoster, G. T.; Covey, D. F.; Cistola, D. P. A
W. E.; Lasater, J.; Caligiuri, A.; Tretjak, Z.; LeSage, G. D. single hydroxyl group governs ligand site selectivity in human
Functional expression of the apical Nalependent bile acid ileal bile acid binding proteinJ. Am. Chem. So004 126,
transporter in large but not small rat cholangiocy@®sstroen- 11024-11029.
terology 1997 113 1734-1740. (39) Toke, O.; Monsey, J. D.; DeKoster, G. T.; Tochtrop, G. P.; Tang,

(30) Lazaridis, K. N.; Pham, L.; Tietz, P.; Marinelli, R. A.; deGroen, C.; Cistola, D. P. Determinants of cooperativity and site selectivity
P. C.; Levine, S.; Dawson, P. A,; LaRusso, N. F. Rat cholang- in human ileal bile acid binding proteiRiochemistry2006 45,
iocytes absorb bile acids at their apical domain via the ileal 727-737.
sodium-dependent bile acid transporterClin. Invest.1997 100, (40) Hirohashi, T.; Suzuki, H.; Ito, K.; Ogawa, K.; Kume, K.; Shimizu,
2714-2721. T.; Sugiyama, Y. Hepatic expression of multidrug resistance-

(31) Soroka, C. J.; Lee, J. M.; Azzaroli, F.; Boyer, J. L. Cellular associated protein-like proteins maintained in eisai hyperbiliru-
localization and up-regulation of multidrug resistance-associated binemic ratsMol. Pharmacol.1998 53, 1068-1075.
protein 3 in hepatocytes and cholangiocytes during obstructive (41) Wilson, F. A.; Burckhardt, G.; Murer, H.; Rumrich, G.; Ullrich,
cholestasis in rat livetdepatology2001, 33, 783-791. K. J. Sodium-coupled taurocholate transport in the proximal

(32) Kool, M.; van der, L. M.; de Haas, M.; Scheffer, G. L.; de Vree, convolution of the rat kidney in vivo and in vitrd. Clin. Invest.

J. M.; Smith, A. J.; Jansen, G.; Peters, G. J.; Ponne, N.; Scheper, 1981, 67, 1141-1150.
R. J.; Elferink, R. P.; Baas, F.; Borst, P. MRP3, an organic anion (42) Christie, D. M.; Dawson, P. A.; Thevananther, S.; Shneider, B.

transporter able to transport anti-cancer drigyec. Natl. Acad. L. Comparative analysis of the ontogeny of a sodium-dependent
Sci. U.S.A1999 96, 6914-6919. bile acid transporter in rat kidney and ileuAm. J. Physiol1996

(33) Lazaridis, K. N.; Tietz, P.; Wu, T.; Kip, S.; Dawson, P. A;; 271, G377—G385.

LaRusso, N. F. Alternative splicing of the rat sodium/bile acid (43) Craddock, A. L.; Love, M. W.; Daniel, R. W.; Kirby, L. C;
transporter changes its cellular localization and transport proper- Walters, H. C.; Wong, M. H.; Dawson, P. A. Expression and
ties. Proc. Natl. Acad. Sci. U.S.£00Q 97, 11092-11097. transport properties of the human ileal and renal sodium-dependent

(34) Dawson, P. A.; Haywood, J.; Craddock, A. L.; Wilson, M.; Tietjen, bile acid transporterAm. J. Physiol1998 274, G157~—G169.

M.; Kluckman, K.; Maeda, N.; Parks, J. S. Targeted deletion of (44) Raedsch, R.; Lauterburg, B. H.; Hofmann, A. F. Altered bile acid
the ileal bile acid transporter eliminates enterohepatic cycling of metabolism in primary biliary cirrhosi®ig. Dis. Sci.1981, 26,
bile acids in miceJ. Biol. Chem2003 278 339206-33927. 394-401.

(35) Oelkers, P.; Kirby, L. C.; Heubi, J. E.; Dawson, P. A. Primary (45) Lee, J.; Azzaroli, F.; Wang, L.; Soroka, C. J.; Gigliozzi, A.;
bile acid malabsorption caused by mutations in the ileal sodium- Setchell, K. D.; Kramer, W.; Boyer, J. L. Adaptive regulation of
dependent bile acid transporter gene (SLC10A2Llin. Invest. bile salt transporters in kidney and liver in obstructive cholestasis
1997 99, 1880-1887. in the rat.Gastroenterology001, 121, 1473-1484.
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tribution of active tubular excretion to passive glomerular result of coordinated feedback and feedforward regulation
filtration still remains to be determined. of genes involved in bile acid synthesis, detoxification, and
(B) Bile Acid Formation and Metabolism. In the liver, transport. Liver-enriched transcription factors (e.g., hepato-
cholesterol is converted to bile acids by a pathway consisting cyte nuclear factors, HNF) and nuclear receptors (NRs) play
of a cascade of 15 reactions (reviewed in ref 48). In brief, a key role in the transcriptional regulation of hepatobiliary
the main bile acid biosynthetic (classic or neutral) pathway transport systems and of enzymes involved in bile acid
is initiated by CYP7A1, mediating the rate-limiting step in metabolisn?>~%° The structural organization of NRs is similar
bile formation*® The alternative (or acidic) pathway is despite variations in ligand affinity. In general, these proteins
initiated by sterol 27-hydroxylase (CYP27A®)CA and contain an amino-terminal ligand-independent transactivation
CDCA are the primary bile acids found in human bile. In domain, a core DNA-binding domain, a hinge region
humans, the classical pathway produces CA and CDCA in (providing protein flexibility to allow simultaneous receptor
roughly equal amounts, whereas the acidic pathway produceglimerization and DNA binding), and a large carboxy-terminal
mainly CDCAS5L52 |n the neutral pathway, CYP8B1 is region (containing the ligand-binding domain, dimerization
involved in the synthesis of CA and controls the ratio of interface, and a ligand-dependent activation functf8).
CA to CDCA. The bile acids synthesized in the liver are Upon ligand binding, NRs undergo a conformational change
excreted into bile as conjugates with glycine or taurine. that coordinately dissociates corepressors and facilitates
During enterohepatic circulation, bile acids are subjected to recruitment of coactivator proteins to enable transcriptional
deamidation and®-dehydroxylation by intestinal microor- ~ activation®-6* NRs bind to their DNA response elements
ganisms, yielding the secondary bile acids deoxycholic acid in a sequence-specific manner either as monomers, as
(DCA) and lithocholic acid (LCA). Most of the bile acids homodimers, or as heterodimétsThe interested reader is
excreted into intestine are reabsorbed. Upon returning to thereferred to detailed reviews on NR function/structure and
liver with the portal blood, unconjugated bile acids are NR coactivators/corepressors which are beyond the scope
reconjugated with glycine or taurine, followed in a few of the current revie:626°Binding of biliary constituents
instances by sulfation and glucuronidation. Ketonic bile acids (€.9., bile acids, bilirubin), lipid metabolites (e.g., oxysterols),
can be reduced, and bile acids can be hydroxylzted. and xenobiotics (e.g., drugs) to NRs facilitates the positive
(C) Regulation of Bile Acid Transport and Metabolism feedforward and negative feedback regulation of hepatic
by Nuclear Receptors.Bile acid homeostasis is the result transport and metabolism of these compounds under physi-
of a balance between bile acid uptake, efflux, and biosyn- 0logic and pathologic conditior?s.
thesis. Maintenance of this balance is essential, since most The farnesoid X receptor (FXR; NR1H4) was the first
bile acids are cytotoxic. When their concentrations reach nuclear bile salt receptor to be identifi€&f’ Other NRs such
abnormally high levels, they can cause liver injury, eventually @s the pregnane X receptor (PXR; NR1I2) and vitamin D
leading to fibrosis and cirrhos®.This homeostasis is the

(55) Karpen, S. J. Nuclear receptor regulation of hepatic funcfion.
Hepatol.2002 36, 832—-850.
(46) Schaub, T. P.; Kartenbeck, J.; Konig, J.; Spring, H.; Dorsam, J.; (56) Handschin, C.; Meyer, U. A. Induction of drug metabolism: the

Staehler, G.; Storkel, S.; Thon, W. F.; Keppler, D. Expression of role of nuclear receptor®harmacol. Re. 2003 55, 649-673.
the MRP2 gene-encoded conjugate export pump in human kidney (57) Kullak-Ublick, G. A.; Stieger, B.; Meier, P. J. Enterohepatic bile
proximal tubules and in renal cell carcinondaAm. Soc. Nephrol. salt transporters in normal physiology and liver dise&estro-
1999 10, 1159-1169. enterology2004 126, 322—-342.

(47) van Aubel, R. A.; Smeets, P. H.; Peters, J. G.; Bindels, R. J.; (58) Anwer, M. S. Cellular regulation of hepatic bile acid transport in
Russel, F. G. The MRP4/ABCC4 gene encodes a novel apical health and cholestasiklepatology2004 39, 581—590.
organic anion transporter in human kidney proximal tubules: (59) Eloranta, J. J.; Kullak-Ublick, G. A. Coordinate transcriptional
putative efflux pump for urinary cAMP and cGMB. Am. Soc. regulation of bile acid homeostasis and drug metabol&roh.
Nephrol.2002 13, 595-603. Biochem. Biophys2005 433 397—412.

(48) Chiang, J. Y. Regulation of bile acid synthedtsont. Biosci. (60) Chawla, A.; Repa, J. J.; Evans, R. M.; Mangelsdorf, D. J. Nuclear
1998 3, d176-d193. receptors and lipid physiology: opening the X-fil&sience2001,

(49) Myant, N. B.; Mitropoulos, K. A. Cholesterol 7 alpha-hydroxylase. 294, 1866-1870.

J. Lipid Res.1977 18, 135-153. (61) Aranda, A.; Pascual, A. Nuclear hormone receptors and gene

(50) Pikuleva, I. A.; Babiker, A.; Waterman, M. R.; Bjorkhem, I. expressionPhysiol. Re. 2001, 81, 1269-1304.

Activities of recombinant human cytochrome P450c27 (CYP27) (62) McKenna, N. J.; Lanz, R. B.; O'Malley, B. W. Nuclear receptor
which produce intermediates of alternative bile acid biosynthetic coregulators: cellular and molecular biologgndocr. Re. 1999
pathways.J. Biol. Chem1998 273 18153-18160. 20, 321-344.

(51) Javitt, N. B.; Pfeffer, R.; Kok, E.; Burstein, S.; Cohen, B. |.; Budai, (63) Glass, C. K.; Rosenfeld, M. G. The coregulator exchange in
K. Bile acid synthesis in cell culturgl. Biol. Chem.1989 264, transcriptional functions of nuclear recepto@enes De. 200Q
10384-10387. 14, 121-141.

(52) Javitt, N. B. Bile acid synthesis from cholesterol: regulatory and (64) Rosenfeld, M. G.; Glass, C. K. Coregulator codes of transcriptional
auxiliary pathwaysFASEB J.1994 8, 1308-1311. regulation by nuclear receptork.Biol. Chem2001, 276, 36865~

(53) Danielsson, H.; Sjovall, J. Bile acid metabolisénnu. Re. 36868.

Biochem.1975 44, 233-253. (65) Li, Y.; Lambert, M. H.; Xu, H. E. Activation of nuclear

(54) Hofmann, A. F. The continuing importance of bile acids in liver receptors: a perspective from structural genongtsicture2003
and intestinal diseas@rch. Intern. Med1999 159, 2647-2658. 11, 741-746.
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receptor (VDR; NR1I1) are also activated by hydrophobic, at the bile duct level and results in the intrahepatic and
toxic bile acids such as LCA and its metabolite 3-keto-LCA, systemic accumulation of cholephiles such as bile dcitlé.

in addition to their classic hormonal and xenobiotic Reduced expression and function of transport systems play
ligands® 70 The liver X receptor alpha (LXR; NR1H3) is a key role in the pathogenesis of cholestasis and can result
activated by oxysterols but also byéhydroxy bile acids in or maintain cholestasis®>”">77 Transport defects can be
and their analogue®.”* Another xenobiotic receptor, con- hereditary due to genetic defects or acquired as a result of
stitutive androstane receptor (CAR; NR1I3), has recently cholestatic injury (e.g., inflammation, drugs, biliary obstruc-
been shown to be activated by bilirub#’® and a role of tion). While transporter changes in hereditary cholestasis are
CAR for sensing bile acids has been postuldfetihus, a primary, most alterations in acquired cholestasis are second-
picture is emerging where endobiotic and xenobiotic com- ary effects which are mainly mediated by accumulating bile
pounds share hepatic transport and metabolic systems andcids and proinflammatory cytokines. It should be kept in
their regulatory NRs (Table 1). This “crosstalk” between mind that not all of the encountered changes in transporter
endo- and xenobiotics at the NR level may have important expression are “procholestatic” and “negative” from a teleo-
implications for the therapeutic modulation of bile acid logical point of view. While some of these alterations

transport and metabolism. contribute to cholestasis, other changes may represent com-
pensatory (“anticholestatic”) defense reactions which provide
2. Role of Nuclear Receptors in the Adaptive alternative excretory routes for accumulating cholephiles.
Transporter and Metabolic Response to Bile Reducing basolateral bile acid uptake and simultaneously
Acids increasing basolateral bile acid excretion may be considered

major hepatic defense mechanisms counteracting bile acid
accumulation within hepatocytes. Moreover, bile acid hy-
droxylation and conjugation with sulfate or glucuronidate
increases water solubility and reduces toxicity. After baso-
lateral excretion these conjugates can subsequently be
eliminated via the kidne¥g In general, the hepatic clearance
(66) ,{\A"akLiSL‘"Ra-LV'-IiI ONII<a\r/noIt_0. ?_- YK %epﬁ/lla ~:l Je-l? LLCJ; th;) Lfag]f:ﬁ R. of bile acids can be divided into four phases that include
., LUK, A7 Rull, M. V.J Lustg, K. D.; saort, D. J.; , HRp. H .
B. Identification of a nuclear ?eceptor for b?le aci@ziencel 999 th? fo_IIowmg. pha;e O’.he_patlc uptake; phase I.’ hyd_roxy—
284, 1362-1365. lation; phase IlI, conjugation; and phase Ill, excretion (Figure
(67) Wang, H.; Chen, J.; Hollister, K.; Sowers, L. C.: Forman, B. M. 2)- Under cholestatic conditions, when intrahepatic and
Endogenous bile acids are ligands for the nuclear receptor FXR/ Systemic bile acid levels are high, a complex machinery of
BAR. Mol. Cell 1999 3, 543-553. coordinated adaptive mechanisms is activated to counteract
(68) Xie, W.; Radominska-Pandya, A.; Shi, Y.; Simon, C. M.; Nelson, cholestatic liver injury. Adaptive mechanisms in response
M. C.; Ong, E. S.; Waxman, D. J.; Evans, R. M. An essential g cholestasis not only are restricted to the liver but also occur
role for nuclear receptors SXR/PXR in detoxification of cholestatic in kidney, intestine, and bile duct epithelia. Bile acid

bile acids.Proc. Natl. Acad. Sci. U.S.£001, 98, 3375-3380. . . . . .
(69) Staudinger, J. L.: Goodwin, B.: Jones, S. A.. Hawkins-Brown reabsorption in the intestine is reduced due to altered

D.: MacKenzie, K. I.: LaTour, A.: Liu, Y.: Klaassen, C. D..  transporter expression whereas, in proximal renal tubular
Brown, K. K.: Reinhard, J.: Willson, T. M.: Koller, B. H.: Kliewer, ~ Cells, putative bile acid export systems are induced in addition
S. A. The nuclear receptor PXR is a lithocholic acid sensor that to reduced tubular bile acid reabsorption resulting in

protects against liver toxicityrroc. Natl. Acad. Sci. U.S.2001, enhanced urinary bile acid excretion. In obstructed bile ducts,

98, 3369-3374. _ Ny bile acid reuptake and delivery to the liver for subsequent
(70) Makishima, M.; Lu, T. T.; Xie, W.; Whitfield, G. K.; Don”!oto,_ detoxification is increased (Figure 2)_
H.; Evans, R. M.; Haussler, M. R.; Mangelsdorf, D. J. Vitamin . .
D receptor as an intestinal bile acid sens®ecience2002 296, Most of our knowledge on alterations of hepatobiliary
1313-1316. transport systems and adaptive mechanisms during cholesta-
(71) Song, C.; Hiipakka, R. A.; Liao, S. Selective activation of liver sis is derived from experimental animal models. These
X receptor alpha by 6alpha-hydroxy bile acids and analogs. models include common bile duct ligation (CBDL, model
Steroids200Q 65, 423-427.
(72) Xie, W.; Uppal, H.; Saini, S. P.; Mu, Y.; Little, J. M.; Radominska-
Pandya, A.; Zemaitis, M. A. Orphan nuclear receptor-mediated (75) Kullak-Ublick, G. A.; Meier, P. J. Mechanisms of cholestasis.

(A) Overview on Bile Acid Transport and Metabolism
during Cholestasis. Cholestasis may result either from a
functional defect in bile formation at the level of the
hepatocyte or from an impairment in bile secretion and flow

xenobiotic regulation in drug metabolisBrug Discaery Today Clin. Liver Dis. 200Q 4, 357—-385.

2004 9, 442—-449. (76) Trauner, M.; Meier, P. J.; Boyer, J. L. Molecular regulation of
(73) Huang, W.; Zhang, J.; Chua, S. S.; Qatanani, M.; Han, Y.; Granata, hepatocellular transport systems in cholestakislepatol.1999

R.; Moore, D. D. Induction of bilirubin clearance by the 31, 165-178.

constitutive androstane receptor (CARoc. Natl. Acad. Sci. (77) Lee, J.; Boyer, J. L. Molecular alterations in hepatocyte transport

U.S.A.2003 100 4156-4161. mechanisms in acquired cholestatic liver disord8emin. Lier
(74) Guo, G. L.; Lambert, G.; Negishi, M.; Ward, J. M.; Brewer, H. Dis. 200Q 20, 373-384.

B., Jr.; Kliewer, S. A.; Gonzalez, F. J.; Sinal, C. J. Complementary (78) Trauner, M.; Wagner, M.; Fickert, P.; Zollner, G. Molecular

roles of farnesoid X receptor, pregnane X receptor, and constitutive regulation of hepatobiliary transport systems: clinical implications

androstane receptor in protection against bile acid toxiditiol. for understanding and treating cholestadi<lin. Gastroenterol.

Chem.2003 278 45062-45071. 2005 39, S111-S124.
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Table 1. Nuclear Receptors Mediating the Adaptive Response to Bile Acids?

nuclear receptor

ligands

target genes

expected effects/functions

FXR (NR1H4)

SHP (NROB2)

PXR (NR1I2)

CAR (NR1I3)®

VDR (NR1I1)

RARa (NR2B1)

HNF40 (NR2A1)

FTF (LRH-1, NR5A2)

PPARa (NR1C1)

GR (NR3C1)

LXRo (NR1H3)

CDCA, DCA, LCA, CA,

possibly UDCA (weak ligand)

synthetic: GW4064,

6a-ethyl-CDCA, fexaramines

rifampicin in humans, PCN

in rodents, phenobarbital,
dexamethasone, LCA,
statins, St. John’s wort,

clotrimazole, possible UDCA

bilirubin, phenobarbital, TCPOBOP,
dimethoxycoumarin, xenobiotics,
Yin Chin, CITCO in humans

1a,25-dihydroxy vitamin Dg,

LCA
all-trans-retinoic acid

potentially fatty acids

fatty acids, fibrates, statins,
eicasaonoids, leukotrienes,

NSAIDs, WY-14643

glucocorticoids, potentially

UDCA

oxysterols, 6a hydroxy bile

acids

SHP, BSEP/Bsep,
I-BABP, MRP2/Mrp2,
OATP1B3,
OSTa/B/Ostou,
Sultzal, CYP3A4,
UGT2B4, UGT2B7

CYP7A1/Cyp7al,
CYP8B1/Cyp8b1,
CYP27A1, Ntcp,
ASBT/Asbt

MRP2/Mrp2, MRP3,
Oatpla4, MDR1
CYP3A4,
SULT2A1/Sult2al,
(indirectly) CYP7A1
UGTI1A1

MRP2/Mrp2, Mrp3,
MRP4/Mrp4, CYP2B,
CYP3A4, Sultzal,
UGTI1A1

CYP3A4, Sult2zal, Mrp3

Ntep, Mrp2, ASBT

Cypral,
CYP8B1/Cyp8b1,
CYP27A1, Nicp,
HNF1o

MRP3, CYP7AI,
CYP8B1, Asbt

Mdr2, ASBT, CYP7AL,
UGT2B4

CAR, ASBT, NTCP,
potentially AE2, BSEP,
MRP2

Cyp7al, Abcg5/8,
CYP3A4, SHP, LXR,
LRH-1

induction of canalicular and alternative basolateral
bile acid excretion

induction of phase | and Il bile acid

detoxification systems

repression of bile acid synthesis and
basolateral bile acid uptake

induction of canalicular and alternative
basolateral bile acid excretion
induction of phase | and Il bile acid and
bilirubin detoxification systems
indirect repression of CYP7A1

induction of canalicular and alternative
basolateral bile acid excretion
induction of phase | and Il bile acid and
bilirubin detoxification systems

induction of bile acid hydroxylation,
sulfation and export via Mrp3

induction of Ntcp, Mrp2, ASBT

reduced HNF4a binding or expression
downregulates bile acid synthesis and
basolateral bile acid uptake

induction of MRP3, downregulation of
CYP8B1

protection of bile duct epithelium via
increased phospholipid secretion,
downregulation of CYP7A1 and
induction of UGT2B4

beneficial effects in cholestatic jaundice
(“steroid whitewash”) may be mediated by
direct transporter effects or indirect
antiinflammatory effects

regulation of sterol transport, catabolism
and elimination

a CITCO, 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime; PCN, pregnenolone-16a-carbonitrile;
TCPOBOP, 1,4-bis-[2-(3,5-dichloropyridyloxy)] benzene. ? Please note that all substances listed for CAR are not truly ligands but activators of
CAR.

for biliary duct obstruction), endotoxin challenge (sepsis- flow is maintained or even enhanced. The term “bile acid
induced cholestasis), or administration of ethinylestradiol overload” for these models may be more appropriate. It has
(cholestasis of pregnancy)Bile acid feeding is commonly  to be kept in mind that these models cannot unequivocally
used to investigate direct effects of bile acids without (peri-) pe applied to human cholestatic diseases. Species differences

operative stress or induction of proinflammatory cytokines i, ranscriptional regulation, bile acid pool composition, and
as observed during CBDI2. However, bile acid feeding

izations and extrapolations difficult. This review will focus
on the effects of bile acids in experimental cholestasis
(CBDL) and in models of bile acid overload as well as
human cholestatic diseases. Endotoxin-induced cholestasis
will not be discussed in this review, since the cytokines

(79) Plebani, M.; Panozzo, M. P.; Basso, D.; De Paoli, M.; Biasin, R.;
Infantolino, D. Cytokines and the progression of liver damage in
experimental bile duct ligatiorClin. Exp. Pharmacol. Physiol.
1999 26, 358-363.
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Figure 2. Role of nuclear receptors for adaptive defense mechanisms against bile acid toxicity in liver, kidney, and intestine.
Hepatocellular bile acid accumulation during cholestasis is limited by reducing basolateral (phase 0) bile acid uptake
(downregulation of the uptake systems Ntcp, Oatplal, and Oatplb2) and by induction of phase IIl “orthograde”/canalicular
export pumps (Bsep, Mrp2) and “retrograde”/alternative basolateral efflux pumps (Mrp3, Mrp4, Osto/p3). Furthermore, bile acid
synthesis (Cyp7al, Cyp27al, and Cyp8bl) is repressed. Phase | hydroxylation (BA-OH) and phase Il conjugation with sulfate
(BA-SQO,) or glucuronidate (BA-GIcA) are increased during cholestasis and render bile acids better water soluble and less toxic.
These conjugates are rapidly excreted by Mrps and probably also by Osta// into systemic circulation and are eliminated via the
kidney. Reabsorption of bile acids in proximal renal tubuli is reduced as a result of downregulated Asbt; passive glomerular
filtration of bile acids might be also assisted by active tubular excretion via induced Mrp2 and Mrp4. Expression of Asbt and
Osto/f in cholangiocytes is increased due to ductular proliferation and promotes bile acid reabsorption from obstructed bile
ducts. Multiple nuclear receptors mediate this adaptive response: Bile acid activated FXR induces Bsep, Mrp2, Osto/f5, Cyp3all,
and Ugt2b4 and represses Ntcp, Cyp7al, Cyp8bl, and Asbt indirectly via induction of SHP. PXR, CAR, and VDR induce
expression of multiple export systems and phase | and Il detoxification systems. At least in humans, PXR seems to be involved
in repression of CYP7AL. Bile acids can activate FXR, PXR, and VDR, while CAR has not yet been demonstrated to be a bile
acid receptor. CAR is activated by bilirubin, which is also retained during cholestasis. However, these endogenous changes are
not sufficient to prevent cholestatic liver injury, and additional stimulation of specific nuclear receptors might further decrease
liver toxicity. Please note that, for simplicity, regulation of human and rodent genes is not displayed separately. This scheme is
focused on rodent genes; however, some of the displayed regulatory mechanisms have only been described in humans (see
text for details). A detailed listing of nuclear receptors and their human and rodent targets is given in Table 1. With the exception
of SHP and HNF4aq, all nuclear receptors shown in this scheme function as heterodimers with RXR. For simplicity, however,
RXR is not shown in the figure.

stimulated under this condition markedly repress nuclear acid uptake system NTCP/Ntcp is reduced in human chole-
receptors and thus overrule adaptive, secondary bile acidstatic liver diseasé% 2% and in rodent models of cholestasis
effects®0-82

_(B) H.epatic Bile ACi?' Uptake (Pha_se O)Limiting hepatic (80) Beigneux, A. P.; Moser, A. H.; Shigenaga, J. K.; Grunfeld, C.;
bile acid uptake during cholestasis may be considered a'  geingold, K. R. The acute phase response is associated with
protective mechanism to reduce hepatocellular bile acid retinoid X receptor repression in rodent livér Biol. Chem200Q
overload (Figure 2). Expression of the main basolateral bile 275, 16390-16399.
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and bile acid overloa®°* Regulation of NTCP/Ntcp by
bile acids is complex and differs considerably among mediating repressive bile acid effects on roddtapare the
humans, mice, and ra3An important activator of the rat
Ntcp gene is the nuclear receptor heterodimer formed by HNF1a,%”1%which is highly dependent upon HN&4°2-1%
retinoid X receptor alpha:retinoic acid receptor alpha (RXR

RAR).%6%8 |t has been proposed that induction of a nuclear
repressor, short heterodimer partner (SHP/NROB2), by bile (93 Fickert, P.; Zollner, G.; Fuchsbichler, A.; Stumptner, C.; Pojer,
acid activated FXR interferes with RXRRARa mediated

(81)

(82

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

Beigneux, A. P.; Moser, A. H.; Shigenaga, J. K.; Grunfeld, C.;

activation of the raiNtcp promoter?® Other transactivators
NR HNF40°1%°and the liver-enriched transcription factor

Bile acids can directly repre$$NF4a transcriptiont92.106.107

C.; Zenz, R.; Lammert, F.; Stieger, B.; Meier, P. J.; Zatloukal,
K.; Denk, H.; Trauner, M. Effects of ursodeoxycholic and cholic
acid feeding on hepatocellular transporter expression in mouse
liver. Gastroenterology2001, 121, 170-183.

Feingold, K. R. Reduction in cytochrome P-450 enzyme expres- (94) Zollner, G.; Fickert, P.; Silbert, D.; Fuchsbichler, A.; Stumptner,

sion is associated with repression of CAR (constitutive androstane

receptor) and PXR (pregnane X receptor) in mouse liver during
the acute phase responBé&chem. Biophys. Res. Commga02

293 145-149.

Kim, M. S.; Shigenaga, J.; Moser, A.; Feingold, K.; Grunfeld, C.

Repression of farnesoid X receptor during the acute phase

responsed. Biol. Chem2003 278 8988-8995.

Shneider, B. L.; Fox, V. L.; Schwarz, K. B.; Watson, C. L.;
Ananthanarayanan, M.; Thevananther, S.; Christie, D. M.; Har-
dikar, W.; Setchell, K. D.; Mieli-Vergani, G.; Suchy, F. J.; Mowat,

A. P. Hepatic basolateral sodium-dependent-bile acid transporter

C.; Zatloukal, K.; Denk, H.; Trauner, M. Induction of short
heterodimer partner 1 precedes downregulation of Ntcp in bile
duct-ligated miceAm. J. Physiol2002 282 G184-G191.

(95) Jung, D.; Hagenbuch, B.; Fried, M.; Meier, P. J.; Kullak-Ublick,

G. A. Role of liver-enriched transcription factors and nuclear
receptors in regulating the human, mouse, and rat NTCP gene.
Am. J. Physiol2004 286 G752-G761.

(96) Denson, L. A.; Auld, K. L.; Schiek, D. S.; McClure, M. H.;

Mangelsdorf, D. J.; Karpen, S. J. Interleukin-1beta suppresses
retinoid transactivation of two hepatic transporter genes involved
in bile formation.J. Biol. Chem200Q 275 8835-8843.

expression in two unusual cases of hypercholanemia and in (97) Karpen, S. J.; Sun, A. Q.; Kudish, B.; Hagenbuch, B.; Meier, P.

extrahepatic biliary atresiddepatology1997, 25, 1176-1183.
Zollner, G.; Fickert, P.; Zenz, R.; Fuchsbichler, A.; Stumptner,
C.; Kenner, L.; Ferenci, P.; Stauber, R. E.; Krejs, G. J.; Denk,

J.; Ananthanarayanan, M.; Suchy, F. J. Multiple factors regulate
the rat liver basolateral sodium-dependent bile acid cotransporter
gene promoterd. Biol. Chem1996 271, 15211-15221.

H.; Zatloukal, K.; Trauner, M. Hepatobiliary transporter expression (98) Li, D.; Zimmerman, T. L.; Thevananther, S.; Lee, H. Y.; Kurie,

in percutaneous liver biopsies of patients with cholestatic liver
diseasesHepatology2001, 33, 633-646.

Zollner, G.; Fickert, P.; Silbert, D.; Fuchsbichler, A.; Marschall,
H. U.; Zatloukal, K.; Denk, H.; Trauner, M. Adaptive changes in
hepatobiliary transporter expression in primary biliary cirrhosis.
J. Hepatol.2003 38, 717-727.

Keitel, V.; Burdelski, M.; Warskulat, U.; Kuhlkamp, T.; Keppler,
D.; Haussinger, D.; Kubitz, R. Expression and localization of

J. M.; Karpen, S. J. Interleukin-1 beta-mediated suppression of
RXR:RAR transactivation of the Ntcp promoter is INK-dependent.
J. Biol. Chem2002 277, 31416-31422.

(99) Denson, L. A.; Sturm, E.; Echevarria, W.; Zimmerman, T. L,;

Makishima, M.; Mangelsdorf, D. J.; Karpen, S. J. The orphan
nuclear receptor, shp, mediates bile acid-induced inhibition of the
rat bile acid transporter, ntcfastroenterologp001, 121, 140—

147.

hepatobiliary transport proteins in progressive familial intrahepatic (100) Geier, A.; Dietrich, C. G.; Balasubramanian, N.; Suchy, F. J.;

cholestasisHepatology2005 41, 1160-1172.

Gartung, C.; Ananthanarayanan, M.; Rahman, M. A.; Schuele,
S.; Nundy, S.; Soroka, C. J.; Stolz, A.; Suchy, F. J.; Boyer, J. L.
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ogy 1996 110, 199-209.

Trauner, M.; Arrese, M.; Lee, H.; Boyer, J. L.; Karpen, S. J.

Endotoxin downregulates rat hepatic ntcp gene expression via
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1998 101, 2092-2100.

Green, R. M.; Beier, D.; Gollan, J. L. Regulation of hepatocyte
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in rodents.Gastroenterology1996 111, 193—-198.
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Moreover, bile acid induced SHP inhibits the transcriptional OATP1B3 SLC01B3 formerly known as OATPS8) is a
activity of HNF40..19218 Thus, RXR:RARo and HNF4x multispecific uptake system for organic anions, xenobiotics,
are both targets for SHP-mediated repression of thitci and peptides!31but the data concerning bile acid transport
promoter (Figure 2). However, the role of SHPNATCP/ remain controversig?l OATP1B3s transactivated by FXR?
Ntcpregulation has recently been questioned, since SHP hadThe purpose of FXR-mediated induction©@ATP1B3gene
no effect on NTCP/Ntcp promoter activity® and Ntcp expression under cholestatic conditions when other uptake
downregulation in bile acid fed SHP knockout mice was systems are repressed could be maintaining hepatic uptake
maintained®® Potential SHP-independent mechanisms in- of xenobiotics and peptides. This could preserve the liver's
volve activation of the c-Jun N-terminal kinase signaling metabolic functions in xenobiotic disposal even during
pathway by bile acid&® which leads to RX® phosphory- cholestasis. Alternatively, OATP1B3 could function as a
lation and subsequently to reduced binding of RXRAR« basolateral export system, since OATPs act as anion ex-
to the ratNtcppromoter®® Nevertheless, FXR seems to play changers, and bidirectional transport of bromosulfophthalein
a major role inNtcp regulation at least in mice, since CA- and taurocholate has been obsert4d-*¢ Oatplad®icolad
fed and bile duct ligated FXR knockout mice fail to (formerly known as Oatp&Ic21a) is positively regulated
downregulateNtcp® The humarNTCPpromoter does not by LCA in a PXR-mediated fashidi¥:!*® The detailed
contain the rat RXR:RARo and HNF4 response ele-  mechanisms regulating human and rod@AT P/Oatpgene
ments?® SHP acts independent of RXfRARa and sup- expression are reviewed elsewhere in défd#’
presses glucocorticoid receptor mediated activation of human Taken together, accumulating bile acids induce a negative
NTCP® which might account foNTCP downregulation feedback inhibition of their uptake by activation of a complex
in human cholestatic liver diseas@st® regulatory cascade involving HNE1HNF4a, and RXRx:

The organic solute transporter OATP1B1 (gene symbol RARa via FXR/SHP-dependent and independent mecha-
SLCO01B1formerly known as OATP-C) is the predominant nisms.
sodium-independent bhile acid uptake system in huriéns. (C) Bile Acid Hydroxylation (Phase 1). Bile acid
Similar to NTCP/Ntcp, repression @ATP1B1in cholestatic hydroxylation renders bile acid more hydrophilic, less toxic,
liver diseases might also be mediated by PAXRS112ZFXR and more amenable for urinary excretion as reflected by
activates a multistep regulatory cascade involving SHP, markedly elevated concentrations of (poly-)hydroxylated bile
HNF4o, and HNF 1y, the latter being a strong activator of acids in urine of patients with cholestatic dised$&32°Bile
the OATP1BI1promotert® The humarHNFI1a gene contains  acids as well as several drugs and xenobiotics are metabo-
a binding site for the nuclear receptor HNE¥? and activity

of HNF4a is negatively modulated by SHP2108Alterna- (113) Konig, J.; Cui, Y.; Nies, A. T.; Keppler, D. Localization and
tively and without the involvement of FXR and SHP, bile genomic organization of a new hepatocellular organic anion
acids can decrease HNé&4#uclear binding activity and can transporting polypeptide. Biol. Chem.200Q 275 23161
repress the HNFet gene promoter, thus leading to down- 23168.

(114) Kullak-Ublick, G. A.; Ismair, M. G.; Stieger, B.; Landmann,
L.; Huber, R.; Pizzagalli, F.; Fattinger, K.; Meier, P. J.;
Hagenbuch, B. Organic anion-transporting polypeptide B (OATP-

regulation of HNF4-activated gene¥¥?106.107

(107) Zhang, M.; Chiang, J. Y. Transcriptional regulation of the human B) and its functional comparison with three other OATPs of
sterol 12alpha-hydroxylase gene (CYP8B1): roles of heaptocyte human liver.Gastroenterology001, 120, 525-533.
nuclear factor 4alpha in mediating bile acid repressibrBiol. (115) Jung, D.; Podvinec, M.; Meyer, U. A.; Mangelsdorf, D. J.; Fried,
Chem.2001, 276, 41690-41699. M.; Meier, P. J.; Kullak-Ublick, G. A. Human organic anion
(108) Lee, Y. K.; Dell, H.; Dowhan, D. H.; Hadzopoulou-Cladaras, transporting polypeptide 8 promoter is transactivated by the
M.; Moore, D. D. The orphan nuclear receptor SHP inhibits farnesoid X receptor/bile acid recept@astroenterologyp002
hepatocyte nuclear factor 4 and retinoid X receptor transactiva- 122 1954-1966.
tion: two mechanisms for repressidviol. Cell. Biol.200Q 20, (116) shi, X.; Bai, S.; Ford, A. C.; Burk, R. D.; Jacquemin, E.;
187—195. Hagenbuch, B.; Meier, P. J.; Wolkoff, A. W. Stable inducible
(109) Wang, L.; Lee, Y. K.; Bundman, D.; Han, Y.; Thevananther, expression of a functional rat liver organic anion transport protein
S.; Kim, C. S;; Chua, S. S.; Wei, P.; Heyman, R. A.; Karin, M.; in HelLa cells.J. Biol. Chem.1995 270, 25591-25595.
Moore, D. D. Redundant pathways for negative feedback (117) Satlin, L. M.; Amin, V.; Wolkoff, A. W. Organic anion
regulation of bile acid productioey. Cell 2002 2, 721-731. transporting polypeptide mediates organic anion/HCO3- ex-
(110) Eloranta, J. J.; Jung, D.; Kullak-Ublick, G. A. The HumantNa changeld. Biol. Chem1997, 272, 26340-26345.
Taurocholate Cotransporting Polypeptide Gene Is Activated by (118) Li, L.; Lee, T. K.; Meier, P. J.; Ballatori, N. Identification of
Glucocorticoid Receptor and Peroxisome Proliferator-Activated glutathione as a driving force and leukotriene C4 as a substrate
Receptofgamma Coactivator-{alphg, and Suppressed by for oatpl, the hepatic sinusoidal organic solute transpaiter.
Bile Acids via a Small Heterodimer Partner-Dependent Mech- Biol. Chem.1998 273 16184-16191.
anism.Mol. Endocrinol.2006 20, 65—79. (119) Guo, G. L.; Staudinger, J.; Ogura, K.; Klaassen, C. D. Induction
(111) Hagenbuch, B.; Meier, P. J. The superfamily of organic anion of rat organic anion transporting polypeptide 2 by pregnenolone-
transporting polypeptide®iochim. Biophys. Act2003 1609 16alpha-carbonitrile is via interaction with pregnane X receptor.
1-18. Mol. Pharmacol.2002 61, 832—839.
(112) Oswald, M.; Kullak-Ublick, G. A.; Paumgartner, G.; Beuers, U. (120) Kullak-Ublick, G. A.; Becker, M. B. Regulation of drug and
Expression of hepatic transporters OATP-C and MRP2 in bile salt transporters in liver and intestinerug Metab. Re.
primary sclerosing cholangitisiver 2001, 21, 247—253. 2003 35, 305-317.
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lized by CYP3A4 converting them to more hydrophilic both activators and substrates of CYP3Aehn initiate a
compounds that can be eliminated more easily from the feedforward mechanism aimed at minimizing hepatocellular
body56:126.12"CYP3A4 represents an important pathway for damage caused by bile acid toxicity. Administration of
bile acid detoxification by catalyzing bile acid hydroxylation hydrophobic LCA leads to induction of Cyp3all (the rodent
at the @&, 15, and C22 position¥%1%7 Expression of homologue of human CYP3A4) in wild-type but not in PXR
CYP3A4 is regulated by PXR59128129/DR,7010CAR 131133 knockout mice, and lack of Cyp3al1 induction is associated
and FXR?* (Figure 2), and the administration of ligands for with increased LCA-induced liver inju:5® CYP3A4
these receptors such as xenobiotics, drugs, but also bile acidéhduction by LCA in the intestine is also mediated by VDR,
can induce CYP3A4 expressiéht®*Thus, bile acids-being which is more sensitive to this hydrophobic bile acid and its
metabolites than other nuclear recept@iSXR ligands (i.e.,
(121) Bremmelgaard, A.; Sjovall, J. Hydroxylation of cholic, cheno- CDPCA and GW4046) also induce CYP3A4 expression in a
deoxycholic, and deoxycholic acids in patients with intrahepatic PXR-independent fashidi? Accumulating bile acids in
cholestasisJ. Lipid Res.198Q 21, 1072-1081. mouse models of obstructive cholestasis also lead to a
(122) Bre_,*mmelg_aard, A.;‘ Sjovall, J. Bilg acid profiles in urine of feedforward induction of Cyp3a¥¥f and of CYP3A4 in
gig?ms with liver diseasefur. J. Clin. Irvest. 1979 9, 341~ humanized transgenic mié&.However, FXR is not required
(123) Alme, B.; Sjovall, J. Analysis of bile acid glucuronides in urine. for upregulation of Cyp3all in bile acid challengéettand
Identification of 3 alpha, 6 alpha, 12 alpha-trinydroxy-5 beta- common bile duct ligated (CBDL) micé® On the contrary,
cholanoic acidJ. Steroid Biochen198Q 13, 907-916. FXR-deficient CBDL mice have even higher levels of
(124) Alme, B.; Bremmelgaard, A.; Sjovall, J.; Thomassen, P. Analysis Cyp3a11 and increased bile acid hydroxylation rat&$hus,
of metabolic profiles of bile acids in urine using a lipophilic 0 o 0idg can induce a feedforward mechanism leading to
anion exchanger and computerized gas-liquid chromatography- . . . .
mass spectrometry. Lipid Res.1977, 18, 339-362. bile acid hydroxylation by activation of PXR, VDR, FXR,
(125) Shoda, J.; Tanaka, N.; Osuga, T.; Matsuura, K.; Miyazaki, H. and possibly CAR; however, the relative contribution of each
Altered bile acid metabolism in liver disease: concurrent NR still remains to be determined.

occurrence of C-1 and C-6 hydroxylated bile acid metabolites . . . . .
and their preferential excretion into uring. Lipid Res.199Q (D) Bile Acid Conjugation (Phase I1). Besides hydroxy-

31, 249-259. lation, conjugation of bile acids with sulfate or glucuronidate
(126) Bodin, K.; Lindbom, U.; Diczfalusy, U. Novel pathways of bile  iS an important mechanism of bile acid detoxification.
acid metabolism involving CYP3A4Biochim. Biophys. Acta  Dehydroepiandrosterone-sulfotransferase (SULT2A1/Sult2al)

2005 1687, 84-93. ) catalyzes sulfoconjugation of a broad range of endogenous
(127) Araya, Z.; Wikvall, K. 6alpha-hydroxylation of taurochenode- ds includi bil igas-141 Ifati
oxycholic acid and lithocholic acid by CYP3A4 in human liver compounds Including Dbile acias: pon suffation,
microsomesBiochim. Biophys. Actd999 1438 47—54. SULT2A1 substrates become polar, water soluble, and less
(128) Bertilsson, G.; Heidrich, J.; Svensson, K.; Asman, M.; Jendeberg, toxic. As such, sulfated LCA is less cytotoxic than LCA
L.; Sydow-Backman, M.; Ohlsson, R.; Postlind, H.; Blomquist,
P.; Berkenstam, A. Identification of a human nuclear receptor

defines a new signaling pathway for CYP3A inductiéroc. (135) Goodwin, B.; Redinbo, M. R.; Kliewer, S. A. Regulation of cyp3a
Natl. Acad. Sci. U.S.AL998 95, 12208-12213. gene transcription by the pregnane x recep#nnu. Re.

(129) Lehmann, J. M.; McKee, D. D.; Watson, M. A.; Willson, T. Pharmacol. Toxicol2002 42, 1—23.

M.; Moore, J. T.; Kliewer, S. A. The human orphan nuclear (136) Marschall, H. U.; Wagner, M.; Bodin, K.; Zollner, G.; Fickert,
receptor PXR is activated by compounds that regulate CYP3A4 P.; Gumhold, J.; Silbert, D.; Fuchsbichler, A.; Sjovall, J.; Trauner,
gene expression and cause drug interactidr@lin. Invest.1998 M. Fxr(-/-) mice adapt to biliary obstruction by enhanced phase
102 1016-1023. | detoxification and renal elimination of bile acidk.Lipid Res.

(130) Drocourt, L.; Ourlin, J. C.; Pascussi, J. M.; Maurel, P.; Vilarem, 2006 47, 582-592.

M. J. Expression of CYP3A4, CYP2B6, and CYP2C9 is (137) Stedman, C.; Robertson, G.; Coulter, S.; Liddle, C. Feed-forward
regulated by the vitamin D receptor pathway in primary human regulation of bile acid detoxification by CYP3A4: studies in
hepatocytesJ. Biol. Chem2002 277, 25125-25132. humanized transgenic micé. Biol. Chem2004 279, 11336~

(131) Sueyoshi, T.; Kawamoto, T.; Zelko, I.; Honkakoski, P.; Negishi, 11343.

M. The repressed nuclear receptor CAR responds to phenobar-(138) Weinshilboum, R. M.; Otterness, D. M.; Aksoy, |. A.; Wood,
bital in activating the human CYP2B6 gerdeBiol. Chem1999 T. C.; Her, C.; Raftogianis, R. B. Sulfation and sulfotransferases
274, 6043-6046. 1: Sulfotransferase molecular biology: cDNAs and genes.

(132) Goodwin, B.; Hodgson, E.; D'Costa, D. J.; Robertson, G. R.; FASEB J.1997 11, 3—14.

Liddle, C. Transcriptional regulation of the human CYP3A4 gene (139) Falany, C. N. Enzymology of human cytosolic sulfotransferases.
by the constitutive androstane receptdol. Pharmacol.2002 FASEB J.1997, 11, 206-216.

62, 359-365. (140) Chatterjee, B.; Song, C. S.; Kim, J. M.; Roy, A. K. Androgen
(133) Robertson, G. R.; Field, J.; Goodwin, B.; Bierach, S.; Tran, M.; and estrogen sulfotransferases of the rat liver: physiological
Lehnert, A.; Liddle, C. Transgenic mouse models of human function, molecular cloning, and in vitro expressi@hem. Biol.

CYP3A4 gene regulatiorMol. Pharmacol.2003 64, 42—50. Interact. 1994 92, 273-279.

(134) Gnerre, C.; Blattler, S.; Kaufmann, M. R.; Looser, R.; Meyer, (141) Ogura, K.; Satsukawa, M.; Okuda, H.; Hiratsuka, A.; Watabe,
U. A. Regulation of CYP3A4 by the bile acid receptor FXR: T. Major hydroxysteroid sulfotransferase STa in rat liver cytosol
evidence for functional binding sites in the CYP3A4 gene. may consist of two microheterogeneous subur@sem. Biol.
PharmacogeneticR004 14, 635-645. Interact. 1994 92, 129-144.
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when exposed to cells or anim#fsand is more amenable  feedforward induction of Sult2al thus reducing liver toxicity.
for rapid excretiort*® The protective role of Sult2al induc- CAR seems to play a central role in regulating bile acid
tion has been demonstrated in mice treated with LERIle sulfation. As such, CAR transgenic mice are resistant against
acid sulfation occurs under cholestatic conditions as reflectedLCA toxicity which can be attributed to increased LCA
by the appearance of sulfated bile acids in serum and urinesulfation!®* Furthermore, CAR was proposed to orchestrate
of patients with cholestatic liver diseasé$*>14” Nuclear bile acid sulfation and subsequent basolateral export, since
receptors involved in the regulation 8ult2alexpression activation of CAR also leads to overexpression of the
include FXR, PXR, VDR, and CAR (Figure 2)¥ *>3*These  basolateral export pump Mrp4, which is capable of transport-
receptors bind to the same inverse repeat (IR)-0 elementing steroid sulfate$>?
within the rodentSult2algene promoter. Therefore, it is Glucuronidated bile acids represent up to 8% of the bile
attractive to speculate that bile acid activated NRs lead to a4¢jq pool in the plasma of cholestatic patients, whereas in
urine the proportion of these metabolites may increase to
(142) Leuschner, U.; Czygan, P.; Liersch, M.; Frohling, W.; Stiehl, 35% of total bile acid$231>**%*Glucuronide conjugation
A. [Morphologic studies on the toxicity of sulfated and nonsul- consists of the transfer of the glucuronosyl group from
fated lithocholic acid in the isolation-perfused rat lives. uridine diphosphate (UDP)-glucuronic acid to the acceptor
Gastroenterol 1977, 15, 246-253. moleculé% rendering it better water-soluble. Glucuronidation
(143) Yousef, I. M.; Tuchweber, B.; Vonk, R. J.; Masse, D.; Audet, ¢ pije gcids is catalyzed by the UDP-glucuronosyltrans-
M.; Roy_, C. C. _L|thochola_te cholesta_sv_sulfated glycolitho- ferases UGT2B4 and UGT2EEA57 and is an almost
cholate-induced intrahepatic cholestasis in 1@gstroenterology . . . . )
1981, 80, 233-241. selective conjugation pathway foaéhydroxylated bile acids
(144) Kitada, H.; Miyata, M.; Nakamura, T.; Tozawa, A.; Honma, W.; such as hyocholic acid and hyodeoxycholic &&é°that
Shimada, M.; Nagata, K.; Sinal, C. J.; Guo, G. L.; Gonzalez, F. are formed from LCA and CDCA by CYP3A%S In
J.; Yamazoe, Y. Protective role of hydroxysteroid sulfotransferase humans, the combined hydroxylation/glucuronidation detoxi-
in lithocholic acid-induced liver toxicityJ. Biol. Chem 2003 fication pathway can be stimulated by the PXR ligand
278 17838-17844. ___rifampicin1®® An important consequence of bile acid glu-
(145) Berge Henegouwen, G. P.; Brandt, K. H.; Eyssen, H.; Parmentier, L . . . . .
G. Sulphated and unsulphated bile acids in serum, bile, and urine curonidation is the introduction of an additional negative
of patients with cholestasiSut 1976 17, 861-869. charge in the molecule that allows their transport by
(146) Makino, 1.; Hashimoto, H.; Shinozaki, K.; Yoshino, K.; Naka- conjugate export pumps including MRP2/Mp2 and MRP3/

gawa, S. Sulfated and nonsulfated bile acids in urine, serum, Mrp3.5161 Alternative basolateral excretion via MRP3 may
and bile of patients with hepatobiliary diseaggastroenterology
1975 68, 545-553.

(147) Thomassen, P. A. Urinary bile acids in late pregnancy and in (154) Takikawa, H.; Otsuka, H.; Beppu, T.; Seyama, Y.; Yamakawa,

recurrent cholestasis of pregnangyr. J. Clin. Irvest.1979 9, T. Serum concentrations of bile acid glucuronides in hepatobiliary
425-432. diseasesDigestion1983 27, 189-195.

(148) Song, C. S.; Echchgadda, |.; Baek, B. S.; Ahn, S. C.; Oh, T.; (155) Frohling, W.; Stiehl, A. Bile salt glucuronides: identification
Roy, A. K.; Chatterjee, B. Dehydroepiandrosterone sulfotrans- and quantitative analysis in the urine of patients with cholestasis.
ferase gene induction by bile acid activated farnesoid X receptor. Eur. J. Clin. Irvest. 1976 6, 67—74.

J. Biol. Chem2001, 276, 42549-42556. (156) King, C. D.; Rios, G. R.; Green, M. D.; Tephly, T. R. UDP-

(149) Runge-Morris, M.; Wu, W.; Kocarek, T. A. Regulation of rat glucuronosyltransferaseSurr. Drug Metab.200Q 1, 143-161.
hepatic hydroxysteroid sulfotransferase (SULT2-40/41) gene (157) Gall, W. E.; Zawada, G.; Mojarrabi, B.; Tephly, T. R.; Green,
expression by glucocorticoids: evidence for a dual mechanism M. D.; Coffman, B. L.; Mackenzie, P. |.; Radominska-Pandya,
of transcriptional controlMol. Pharmacol.1999 56, 1198- A. Differential glucuronidation of bile acids, androgens and
1206. estrogens by human UGT1A3 and 2B7Steroid Biochem. Mol.

(150) Sonoda, J.; Xie, W.; Rosenfeld, J. M.; Barwick, J. L.; Guzelian, Biol. 1999 70, 101-108.

P. S.; Evans, R. M. Regulation of a xenobiotic sulfonation (158) Marschall, H. U.; Matern, H.; Wietholtz, H.; Egestad, B.; Matern,
cascade by nuclear pregnane X receptor (PRR)c. Natl. Acad. S.; Sjovall, J. Bile acid N-acetylglucosaminidation. In vivo and
Sci. U.S.A2002 99, 13801-13806. in vitro evidence for a selective conjugation reaction of 7 beta-

(151) Saini, S. P.; Sonoda, J.; Xu, L.; Toma, D.; Uppal, H.; Mu, Y.; hydroxylated bile acids in humang. Clin. Invest. 1992 89,
Ren, S.; Moore, D. D.; Evans, R. M.; Xie, W. A novel 1981-1987.
constitutive androstane receptor-mediated and CYP3A-indepen- (159) Marschall, H. U.; Matern, H.; Egestad, B.; Matern, S.; Sjovall,
dent pathway of bile acid detoxificatiomMol. Pharmacol 2004 S. 6 alpha-glucuronidation of hyodeoxycholic acid by human
65, 292-300. liver, kidney and small bowel microsomeBiochim. Biophys.

(152) Assem, M.; Schuetz, E. G.; Leggas, M.; Sun, D.; Yasuda, K Acta 1987, 921, 392—-397.

Reid, G.; Zelcer, N.; Adachi, M.; Strom, S.; Evans, R. M.; (160) Wietholtz, H.; Marschall, H. U.; Sjovall, J.; Matern, S. Stimula-
Moore, D. D.; Borst, P.; Schuetz, J. D. Interactions between tion of bile acid 6 alpha-hydroxylation by rifampid. Hepatol.
hepatic Mrp4 and Sult2a as revealed by the constitutive andros- 1996 24, 713-718.

tane receptor and Mrp4 knockout mick. Biol. Chem.2004 (161) Zelcer, N.; Wetering, K.; Waart, R.; Scheffer, G. L.; Marschall,
279, 22250-22257. H. U.; Wielinga, P. R.; Kuil, A.; Kunne, C.; Smith, A.; Valk,

(153) Echchgadda, I.; Song, C. S.; Roy, A. K.; Chatterjee, B. M.; Wijnholds, J.; Elferink, R. O.; Borst, P. Mice lacking Mrp3
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explain the appearance of these more hydrophilic compounddimiting step in bile acid synthesis, occurs via a bile acid

in urine of patients with cholestasis.

Bile acids can induce human UGT2B4 via activation of
FXR.162 UGT2B4is the only gene described so far to be
activated by FXR through binding of an FXR monomer to
a single hexameric DNA motif. FXR can activdi&sT2B4
transcription without its common heterodimeric partner RXR;
activation of RXR by its ligands in fact inhibits DNA binding
by FXR. RXR ligands might promote the formation of FXR:
RXR dimers, thus reducing the pool of monomeric FXR
capable of binding to its response element within the
UGT2B4 promoterts2 The UGT2B4 gene promoter also
contains a peroxisome proliferator activated receptor (PPAR)
response element and is activated by the P&Agonist
fenofibrate'® Molecular evidence for a cross-talk between
the FXR and PPAR transcriptional pathways is provided
by identification of PPAR. as an FXR target gerié* Thus,
bile acids can induce UGT2B4 expression directly via
activation of FXR and indirectly via FXR-dependent induc-
tion of PPARy, which then activate’l GT2B4transcription
(Figure 2).

In contrast to UGT2B4, UGT2B7 seems to be repressed
by bile acids such as LCA and CDCA in vitt? UGT2B7
promoter transfection experiments in this study showed that
LCA-activated FXR decreasddGT2B7 promoter activity
via a negative FXR response element. The role of bile acid
challenge in vivo on UGT2B7 expression still remains to
be determined.

Taken together, bile acids can induce their own phase |
and Il detoxification in a feedforward fashion by activating
PXR, VDR, and FXR. CAR also plays a central role in
regulation of bile acid metabolism (Figure 2). However,

whether bile acids themselves or other substances retained

during cholestasis (e.qg., bilirubin) activate this particular NR
still has to be determined.
(E) Repression of Bile Acid SynthesisRepression of bile

acid synthesis is part of the adaptive response to cholestasis.

Transcriptional regulation of CYP7AL, mediating the rate-

(162) Barbier, O.; Torra, I. P.; Sirvent, A.; Claudel, T.; Blanquart, C.;
Duran-Sandoval, D.; Kuipers, F.; Kosykh, V.; Fruchart, J. C.;
Staels, B. FXR induces the UGT2B4 enzyme in hepatocytes: a
potential mechanism of negative feedback control of FXR
activity. Gastroenterology2003 124, 1926-1940.

(163) Barbier, O.; Duran-Sandoval, D.; Pineda-Torra, |.; Kosykh, V.;
Fruchart, J. C.; Staels, B. Peroxisome proliferator-activated
receptor alpha induces hepatic expression of the human bile acid
glucuronidating UDP-glucuronosyltransferase 2B4 enzyine.
Biol. Chem.2003 278 32852-32860.

(164) Pineda, T. I.; Claudel, T.; Duval, C.; Kosykh, V.; Fruchart, J.
C.; Staels, B. Bile acids induce the expression of the human
peroxisome proliferator-activated receptor alpha gene via activa-
tion of the farnesoid X receptaklol. Endocrinol.2003 17, 259—

272.

(165) Lu, Y.; Heydel, J. M.; Li, X.; Bratton, S.; Lindblom, T.;
Radominska-Pandya, A. Lithocholic acid decreases expression
of UGT2B7 in Caco-2 cells: a potential role for a negative
farnesoid X receptor response elemddiug Metab. Dispos.
2005 33, 937-946.

response element (BARE) located within the proximal
promoter regiori®¢16’ The CYP7A1BARE can bind mon-
omeric FTF (fetoprotein transcription factor, also known as
liver receptor homologue, LRH-%#170 and homodimeric
HNF4a.174172 Moreover, bile acids repres€YP7Alvia
activation of FXR and induction of SHP, which in turn
negatively interacts with FTF and suppres€&4$7Algene
transcription®17%(Figure 2). However, multiple redundant
pathways regulat€ YP7Aland SHP is not the only mediator
of CYP7AL repression as demonstrated in SHP knockout
micel%%173 Bjle acids can also impair HN4mediated
activation of theCyp7alpromoter by blocking the recruit-
ment of the coactivator PGCal(peroxisome proliferator
activated receptor gamma coactivator) and CBP (cAMP
response element binding protein-binding protéif)Fur-
thermore, CDCA can directly decreastNF4a promoter
activity and gene expressiofr.1%6197Rifampicin-activated
PXR interacts with HNFd and reduces interaction of PGC-

(166) Stroup, D.; Crestani, M.; Chiang, J. Y. Identification of a bile
acid response element in the cholesterol 7 alpha-hydroxylase gene
CYP7A. Am. J. Physiol1997 273 G508-G517.

(167) Chiang, J.Y.; Kimmel, R.; Weinberger, C.; Stroup, D. Farnesoid
X receptor responds to bile acids and represses cholesterol
7alpha-hydroxylase gene (CYP7AL) transcriptidrBiol. Chem.
200Q 275 10918-10924.

(168) Nitta, M.; Ku, S.; Brown, C.; Okamoto, A. Y.; Shan, B. CPF:
an orphan nuclear receptor that regulates liver-specific expression
of the human cholesterol 7alpha-hydroxylase gétrec. Natl.
Acad. Sci. U.S.A1999 96, 6660-6665.

(169) Goodwin, B.; Jones, S. A.; Price, R. R.; Watson, M. A.; McKee,

D. D.; Moore, L. B.; Galardi, C.; Wilson, J. G.; Lewis, M. C;

Roth, M. E.; Maloney, P. R.; Willson, T. M.; Kliewer, S. A. A

regulatory cascade of the nuclear receptors FXR, SHP-1, and

LRH-1 represses bile acid biosyntheditl. Cell 200Q 6, 517—

526.

(170) Lu, T. T.; Makishima, M.; Repa, J. J.; Schoonjans, K.; Kerr, T.

A.; Auwerx, J.; Mangelsdorf, D. J. Molecular basis for feedback

regulation of bile acid synthesis by nuclear receptbfsl. Cell

2000 6, 507-515.

(171) Crestani, M.; Sadeghpour, A.; Stroup, D.; Galli, G.; Chiang, J.
Y. Transcriptional activation of the cholesterol 7alpha-hydroxy-
lase gene (CYP7A) by nuclear hormone receptargipid Res.
1998 39, 2192-2200.

(172) De Fabiani, E.; Mitro, N.; Anzulovich, A. C.; Pinelli, A.; Galli,
G.; Crestani, M. The negative effects of bile acids and tumor
necrosis factor-alpha on the transcription of cholesterol 7alpha-
hydroxylase gene (CYP7AL) converge to hepatic nuclear factor-
4: a novel mechanism of feedback regulation of bile acid
synthesis mediated by nuclear receptdrsBiol. Chem.2001,

276, 30708-30716.

(173) Kerr, T. A.; Saeki, S.; Schneider, M.; Schaefer, K.; Berdy, S.;
Redder, T.; Shan, B.; Russell, D. W.; Schwarz, M. Loss of
nuclear receptor SHP impairs but does not eliminate negative
feedback regulation of bile acid synthedBev. Cell 2002 2,
713-720.

(174) De Fabiani, E.; Mitro, N.; Gilardi, F.; Caruso, D.; Galli, G.;
Crestani, M. Coordinated control of cholesterol catabolism to
bile acids and of gluconeogenesis via a novel mechanism of
transcription regulation linked to the fasted-to-fed cydleBiol.
Chem.2003 278 39124-39132.
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1a with HNF4a thus leading to inhibition of huma@YP7Al
gene transcription in vitré’> However, in recent in vivo
studies rifampicin did not significantly reduc€YP7A1
expression or bile acid synthesi§:’"Thus, the role of this
PXR-dependent pathway in bile acid mediated CYP7A1
repression still remains to be determined. Another recent in
vitro study with primary human hepatocytes showed that
FXR induced expression of fibroblast growth factor (FGF)
19, a secreted protein that represS&4$7Althrough a c-Jun
N-terminal kinase (JNK) dependent pathw&$y.FGF19
selectively binds to FGF receptor 4 (FGFR4), a transmem-
brane receptor with tyrosine kinase activity.FGF15, the
mouse homologue of human FGF19, is induced in the small
intestine in an FXR-dependent fashion and signals from
intestine to liver to repress Cyp7al through a mechanism
involving FGFR480 These studies implicate an additional
gut=liver signaling pathway in the regulation of bile acid
homeostasis.

CYP27A1 (catalyzing the first step in the alternative
pathway of bile acid synthesis) and CYP8B1 (controlling
the ratio of CDCA to CA) harbor a binding site for HN&4
in their gene promoter$5107.181|n addition, theCYP8B1
promoter also contains a binding site for LRIH?I(Figure
2). While bile acids can repress CYP8BL1 via FXR/SHP and,
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J.; Kliewer, S. A. Fibroblast growth factor 15 functions as an
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similar to CYP7AL, via FXR-independent pathways, their
suppressive effect on CYP27A1 is less potent. The detailed
mechanisms regulating bile acid biosynthesis are reviewed
elsewhere8s

Taken together, bile acids repress their own synthesis via
multiple redundant pathways involving FXR/SHP, HNE4
and LRH-1 (FTF) (Figure 2). Moreover, a gtliver axis
exists to control bile acid synthesis.

(F) Bile Acid Excretion (Phase Ill). (i) Canalicular Bile
Acid Excretion. Bile acid export at the canalicular membrane
of hepatocytes is mediated by BSEP/Bsep and by MRP2/
Mrp2. Expression of these transporters must be tightly
controlled to prevent bile acid accumulation within the
hepatocyte. As such, genetic defectBEEPcause severe
liver disease in humans called progressive familial intrahe-
patic cholestasis (PFIC type 2), which leads to irreversible
liver damage due to intrahepatic bile acid accumulatfén.
Bile acids can induce their own efflux into bile by increasing
both Bsep and Mrp2 expression as observed in mice fed CA
or UDCA?®18 FXR mediates induction of BSEP/Bsep
expression in response to bile acids (Figure 2). Human, rat,
and mouseéBSEP/Bsepromoters are transcriptionally acti-
vated by FXRL#-18 and bile acids increase BSEP expression
in primary human hepatocytes or HepG2 cells with the same
rank order of potency that activates FXRMoreover,
baseline Bsep expression is reduced in FXR knockout mice,
and Bsep induction by bile acids is abs&rg>189

The ratMrp2 promoter contains a response element for
RXRa:RARa, which mediates Mrp2 induction by rexi-
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noids? FXR also bhinds with high affinity with RXB to
response elements in the Mtp2 promoter that are shared
with CAR and PXR® (Figure 2). Thus, bile acids as well
as CAR and PXR ligands induce rodent Mrp2 expres-
sion/4185196195 gnd human MRP2 is induced by FXR and
PXR ligands as well?° In line, Mrp2 induction by CA is
absent in mice lacking PXR% However, the role of FXR
for regulation of murine Mrp2 is questioned by the fact that
CA is still able to induce Mrp2 expression in FXR knockout
mice 185

These findings suggest that, while regulation of canalicular
bile acid excretion via BSEP/Bsep is directly linked to FXR,
regulation of MRP2/Mrp2 is more complex and involves
multiple NRs (i.e., FXR, PXR, and CAR) (Figure 2).

(ii) Basolateral (Alternative) Bile Acid Excretion. While
bile acids are normally excreted into bile, alternative baso-
lateral bile acid excretion into portal blood may become a
major way for hepatic bile acid elimination during cholesta-
sis. Alternative basolateral bile acid export is mediated by
members of the MRP/Mrp family (e.g., MRP3/Mrp3 and
MRP4/Mrp4) and the recently characterized heteromeric bile
acid transporter, the organic solute transporter @8BT5.2°

mechanism for bile acid elimination in patients with chronic,
long-standing cholestast§122-124.201

A putative bile acid response element has been identified
in the promoter region of human MRP3 isolated from Caco-2
cells202|n this study, CDCA stimulated MRP3 mRNA 3-fold
in a dose- and time-dependent manner. Bile acid response
elements included twar-1 FTF-like element$?? More
recently, a vitamin D receptor response element (VDRE) has
been identified in the murine Mrp3 promoter mediating
activation by 1,25-dihydroxy vitamin £and LCAZ2% Treat-
ment of mice in vivo with LCA or 1,25-dihydroxy vitamin
D; resulted in Mrp3 induction in the colon whereas the lack
of hepatic Mrp3 induction by VDR ligands was attributed
to low VDR levels in the liver%

Overexpression of both Mrp3 and Mrp4 after common bile
duct ligation or bile acid feeding is independent of F}F&:185
and it has been speculated that the inducing effects of bile
acids on Mrp3 and Mrp4 expression could be mediated by
PXRZ” Administration of PXR ligands resulted only in
overexpression of MRP3/Mrp%-193.204.205 byt not of
Mrp4,1°1204making a role for PXR in Mrp4 regulation less
likely. CAR, however, seems to be a central regulator for

These export systems are normally expressed at very lowPoth Mrp3 and Mrp4 expression, since CAR ligands induced

levels at the basolateral membrane but are dramatically
upregulated after bile acid feeding and in experimental
cholestasis in rodents as well as in human cholestatic liver
diseased’18:31,40,8586,93,19200 Bacause MRP3/Mrp3, MRP4
and Ost/Osy3 are able to transport sulfated and glucu-
ronidated bile acids that are eliminated into urine during
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Mrp3119.191.192204206gnd  MRP4/Mrp4 expressiofRz191.204 Osf3, which are also overexpressed during CBDL due to
Furthermore, promoter studies in CAR knockout mice bile duct proliferatior?!-2%8

demonstrated that CAR transcriptionally activateshhip4 The vast majority of bile acids secreted into bile and
gene promotett? intestine are reabsorbed and subsequently delivered to portal
The recently identified bile acid transporter Q8 is circulation. The data on regulation of ileal Asbt by bile acids

transactivated by FXR. Two functional FXR binding motifs are conflictingz°®-?'* Some of the divergent results can be
were identified in the huma®STa gene, and one in the attributed to species differences, since the mouse but not the
OSTB gene (Figure 2). Moreover, baseline @€sp rat Asbtpromoter harbors an LRH-1 binding sft€ Negative
expression was reduced in FXR knockout mice compared feedback regulation of muringsbtby bile acids is mediated

to their wild-type littermates, and induction of @#0sf} by FXR via SHP-dependent repression of LRH-1 activation

after bile duct ligation, administration of an FXR ligand, and of the Asbtpromoter?'? Factors involved in the regulation
CA was abolishedg-207.208 of humanASBTinclude HNFL, PPARy, GR, and RXRL:
Thus, a complex picture is emerging where multiple RARo.213215 Bjle acids exert their negative effects ASBT
nuclear receptors (including FXR, PXR, VDR, and CAR) Via an FXR- and SHP-delg)endent mechanism upon &XR
are required for coordination of adaptive basolateral bile acid RARo activation ofASBT?'*Whether ileal bile acid absorp-
efflux under bile acid load and cholestatic conditions (Figure tion in cholestasis in humans is positively or negatively
2). Bile acids regulate their efflux into bile and into portal régulated remains controversial. Patients with primary biliary
blood. Basolateral excretion is an alternative way of bile acid Cirhosis (PBC) had increased ileal bile acid absorptién,
elimination in order to protect hepatocytes from accumulation While a recent study demonstrated reduced ASBT expres-
of toxic bile acids. Induction of this adaptive pathway SIon in obstructive cholestasis. Whether bile acids from
together with increased phase | and Il bile acid metabolism the intestinal lumen (low levels in obstructive cholestasis)
explains the shift toward renal bile acid elimination in
patients with longstanding cholesta%is!4>14” While FXR, (209) Arrese, M.; Trauner, M.; Sacchiero, R. J.; Crossman, M. W,;
PXR, and VDR (at least in the intestine) are receptors for Shneider, B. L. Neither intestinal sequestration of bile acids nor
bile acids, activation of CAR by bile acids has not yet been common bile duct ligation modulate the expression and function
demonstrated. Other substances accumulating during cholesta- of the ratileal bile acid transportdriepatologyL 998 28, 1081

. I : 1087.
sis such as bilirubin, which has been demonstrated to be &510y Maeda, T.: Miyata, M.; Yotsumoto, T.; Kobayashi, D.; Nozawa

CAR activator>7® might explain overexpression of CAR T.. Toyama, K.; Gonzalez, F. J.: Yamazoe, Y. Tamai, |.
target genes during cholestasis. Regulation of drug transporters by the farnesoid X receptor in
(G) Cholangiocellular, Intestinal, and Renal Bile Acid mice. Mol. Pharm.2004 1, 281-289.

Transport. Increased cholangiocellular Asbt expression in (211) Straviz, R. T.; Sanyal, A. J.; Pandak, W. M.; Viahcevic, Z. R.;

. . . - . Beets, J. W.; Dawson, P. A. Induction of sodium-dependent bile
CBDL rats may primarily be attributed to bile duct prolifera- acid transporter messenger RNA, protein, and activity in rat ileum

tion,** which probably overrules any potential transcriptional by cholic acid.Gastroenterologyl997 113 15991608,

effects onAsbtgene expression. Enhanced Asbt expression (212) Chen, F.; Ma, L.; Dawson, P. A.; Sinal, C. J.; Sehayek, E.;
may facilitate removal of bile acids from stagnant bile in Gonzalez, F. J.; Breslow, J.; Ananthanarayanan, M.; Shneider,
the biliary lumen during bile duct obstruction. The same B. L. Liver receptor homologue-1 mediates species- and cell line-
applies for the basolateral export systems Mrp3 anduOst specific bile acid-dependent negative feedback regulation of the

apical sodium-dependent bile acid transporferBiol. Chem.
2003 278 19909-19916.
(204) Maher, J. M.; Cheng, X.; Slitt, A. L.; Dieter, M. Z.; Klaassen, (213) Neimark, E.; Chen, F.; Li, X.; Shneider, B. L. Bile acid-induced

C. D. Induction of the multidrug resistance-associated protein negative feedback regulation of the human ileal bile acid

family of transporters by chemical activators of receptor-mediated transporterHepatology2004 40, 149-156.

pathways in mouse liveDrug Metab. Dispos2005 33, 956— (214) Jung, D.; Fried, M.; Kullak-Ublick, G. A. Human apical sodium-

962. dependent bile salt transporter gene (SLC10A2) is regulated by
(205) Teng, S.; Jekerle, V.; Piguette-Miller, M. Induction of ABCC3 the peroxisome proliferator-activated receptor alphaBiol.

(MRP3) by pregnane X receptor activatdbsug Metab. Dispos. Chem.2002 277, 30559-30566.

2003 31, 1296-1299. (215) Jung, D.; Fantin, A. C.; Scheurer, U.; Fried, M.; Kullak-Ublick,
(206) zhang, J.; Huang, W.; Qatanani, M.; Evans, R. M.; Moore, D. G. A. Human ileal bile acid transporter gene ASBT (SLC10A2)

D. The constitutive androstane receptor and pregnane X receptor is transactivated by the glucocorticoid recep@ut 2004 53,

function coordinately to prevent bile acid-induced hepatotoxicity. 78—84.

J. Biol. Chem2004 279, 4951749522. (216) Lanzini, A.; De Tavonatti, M. G.; Panarotto, B.; Scalia, S.; Mora,
(207) Lee, H.; Zhang, Y.; Lee, F. Y.; Nelson, S. F.; Gonzalez, F. J.; A.; Benini, F.; Baisini, O.; Lanzarotto, F. Intestinal absorption

Edwards, P. A. FXR regulates organic solute transporter alpha of the bile acid analogue 75Se-homocholic acid-taurine is

and beta in the adrenal gland, kidney and intestingipid Res. increased in primary biliary cirrhosis, and reverts to normal

2006 47, 201—214. during ursodeoxycholic acid administratiddut 2003 52, 1371~
(208) Boyer, J. L.; Trauner, M.; Mennone, A.; Soroka, C. J.; Cai, S. 1375.

Y.; Moustafa, T.; Zollner, G.; Lee, J. Y.; Ballatori, N. Up-  (217) Hruz, P.; Zimmermann, C.; Gutmann, H.; Degen, L.; Beuers,

regulation of a basolateral FXR-dependent bile acid efflux U.; Terracciano, L.; Drewe, J.; Beglinger, C. Adaptive regulation

transporter, OS{lalphg-OST betgd, in cholestasis in humans of the ileal apical sodium dependent bile acid transporter (ASBT)

and rodentsAm. J. Physiol2006 Jan 19 [Epub ahead of print]. in patients with obstructive cholestagizut 2006 55, 395-402.
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or from the systemic circulation (elevated levels in cholesta- Mrp4) in mouse livef893185221.22\jgreover, UDCA also
sis) influence ASBT expression still remains to be deter- stimulates renal (Mrp2, Mrp4) and intestinal (Mrp2, Mrp3)
mined. efflux pumps in mice, changes that may coordinately result
Urinary bile acid elimination is increased in various human in an increased overall elimination capacity for potentially
cholestatic liver diseases and in animal models of toxic biliary constituents from the bod§® Induction of
cholestasig>122124,136,145147.155.201 Thjs is achieved by re- CYP3A4/Cyp3all in primary human hepatocytes and in
duced reabsorption and probably also by increased activemouse liver by UDCA has recently been demonstratéél.
excretion in proximal tubular epithelial cells. CBDL leads However, in vivo, UDCA is only a weak inducer of human
to Asbt repression in rat kidneéiyhowever, the mechanisms CYP3A4, as indicated by the formation g8-hydroxy DCA
regulating rat Asbt still remain to be determined. Bile acid and 45-hydroxycholesterc?®22?in particular when compared
feeding and CBDL lead to overexpression of apical Mrp2 to rifampicin!’® In contrast to these studies in healthy
and Mrp4 in kidney similarly to liver. Of note, renal Mrp4  humans, in patients with PBC, no significant effects of
is localized to the apical membrane, while in the liver, Mrp4 UDCA on CYP3A-dependent steroid metabolism could be
is localized to the basolateral membrane of hepatodjt€s.  found176223While having only moderate effects on CYP3A4
One might speculate that active excretion of bile acids via expression in otherwise healthy human gallstone patients,
these export pumps may facilitate urinary bile acid elimina- UDCA markedly enhanced expression of BSEP, MDR3, and
tion. However, the role of these transporters in the renal MRP4176 Besides induction of bile acid export and detoxi-

elimination of bile acids remains unclear. fication, UDCA has also been reported to repress CYP7A1/
Cyp7al, the key enzyme in bile acid synthesis in Vi#5#225
3. Therapeutic Implications However, UDCA administration to healthy gallstone patients

To date, treatment options for cholestatic diseases aredid not causeCYP7Aldownregulatiort’® Although UDCA
limited. Multilevel approaches are needed to minimize bile changes gene expression at a transcriptional level, no definite
acid induced liver injury. Treatment strategies should aim nuclear receptor has been elucidated. FXR, PXR, and the
at stimulation of defective transporter expression and function glucocorticoid receptor may mediate some of the UDCA
and should support bile acid detoxification and alternative actions}’??4226but most of the transcriptional transporter
elimination. Understanding the regulation of bile acid effects are independent of FXR8
transport and metabolism under physiological and cholestatic Pharmaceutical compounds targeting FXR have been
conditions is a prerequisite for the development of novel proposed as promising therapeutical approa@heéd’ since
treatment options customized to the particular requirementsstudies in rodents revealed that FXR is an important factor
of specific cholestatic disorders. Therapeutic strategies maydetermining liver injury in cholestasi€18® Expression of
therefore be aimed at NRs and their target genes that affect
“orthograde” biliary excretory routes, bile acid phase | and , )
Il detoxification systems, but also “retrograde” alternative/ (221) Rost, D.; Herrmann, T.; Sauer, P.; Schmidts, H. L.; Stieger, B.;

b | | fl d | eliminati h id Meier, P. J.; Stremmel, W.; Stiehl, A. Regulation of rat organic
asolateral overflow and renal elimination systems that ai anion transporters in bile salt-induced cholestatic hepatitis: effect

to clear these metabolites from plasma. This coordinated of ursodeoxycholateHepatology2003 38, 187—195.
stimulation of hepatocellular detoxification and elimination (222) Bodin, K.; Bretillon, L.; Aden, Y.; Bertilsson, L.; Broome, U.;
of biliary constituents should ameliorate cholestatic liver Einarsson, C.; Diczfalusy, U. Antiepileptic drugs increase plasma
injury. levels of 4beta-hydroxycholesterol in humans: evidence for

involvement of cytochrome p450 3A4. Biol. Chem?2001, 276,
38685-38689.
(223) Dilger, K.; Denk, A.; Heeg, M. H.; Beuers, U. No relevant effect

UDCA stimulates the expression and function of hepato-
biliary transporters and enzymes involved in bile acid

synthesis and detoxification at m_ultiple transcriptional and of ursodeoxycholic acid on cytochrome P450 3A metabolism in
posttranscriptional levef8220 While UDCA proves to be primary biliary cirrhosis Hepatology2005 41, 595-602.
effective in the treatment of human cholestatic liver diseases, (224) Lew, J. L.; Zhao, A.; Yu, J.; Huang, L.; De Pedro, N.; Pelaez,
most of the knowledge on its mechanisms of action was F.; Wright, S. D.; Cui, J. The farnesoid X receptor controls gene
obtained from experiments in rodents. As such, UDCA expression in a ligand- and promoter-selective fashiotiol.

stimulates the overall gene expression of both canalicular Chem.2004 279 8856-6861.

- (225) Ellis, E.; Axelson, M.; Abrahamsson, A.; Eggertsen, G.; Thorne,
(Mrp2, Bsep) and alternative basolateral efflux pumps (Mrp3, A Nowak, G. Ericzon, B. G.. Bjorkhem. I.: Einarsson, C.

Feedback regulation of bile acid synthesis in primary human

(218) Trauner, M.; Graziadei, |. W. Review article: mechanisms of hepatocytes: evidence that CDCA is the strongest inhibitor.
action and therapeutic applications of ursodeoxycholic acid in Hepatology2003 38, 930-938.
chronic liver diseasedliment. Pharmacol. The.999 13, 979 (226) Tanaka, H.; Makino, I. Ursodeoxycholic acid-dependent activa-
996. tion of the glucocorticoid receptoBiochem. Biophys. Res.
(219) Paumgartner, G.; Beuers, U. Mechanisms of action and thera- Commun.1992 188 942-948.
peutic efficacy of ursodeoxycholic acid in cholestatic liver (227) Liu, Y.; Binz, J.; Numerick, M. J.; Dennis, S.; Luo, G.; Desai,
diseaseClin. Liver Dis. 2004 8, 67—81. B.; MacKenzie, K. I.; Mansfield, T. A.; Kliewer, S. A.; Goodwin,
(220) Paumgartner, G.; Beuers, U. Ursodeoxycholic acid in cholestatic B.; Jones, S. A. Hepatoprotection by the farnesoid X receptor
liver disease: mechanisms of action and therapeutic use revisited. agonist GW4064 in rat models of intra- and extrahepatic
Hepatology2002 36, 525-531. cholestasisJ. Clin. Invest.2003 112, 1678-1687.
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FXR is reduced in diverse rodent models of cholestasis, regulates the human phospholipid export pump MDR3,
especially after endotoxin challenge or CBES123*Moreover, which may protect bile ducts by increasing phospholipid
hereditary forms of cholestasis are associated with reducedconcentration in bil@** Besides modulation of bile acid
FXR expression, and mutations in FXR target genes suchtransport and metabolism, FXR ligands have recently been
asBSEPIlead to progressive familial intrahepatic cholestasis demonstrated to have antifibrotic properties. Activation of
(PFIC type 2):84232Experiments with synthetic FXR agonists the FXR/SHP cascade negatively regulates hepatic stellate
in cholestatic rodent models have been promising and cells leading to resolution of liver fibros® In addition,
resulted in reduced biochemical and histomorphological FXR might also exert its antifibrotic properties via activation
markers of liver injury in some modeld’??22Reduced  of PPARy, which reduces hepatic stellate cell activattéh.
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hepatotoxic side effects have been obseRt&d?3245249 |n Mrp4 119.152,191,192,204.204 hich both are able to transport bile
rodents however, activation of PXR has been demonstratedacids and their sulfate conjugat@s*?! The functional

to counteract LCA-induced liver toxicity. This was attributed relevance of these pathways is reflected by reduced liver
to increased phase | and Il metabolisms of LCA (i.e., injury in LCA-fed mice after CAR activatiof?1:206
hydroxylation via Cyp3all and sulfation via Sult2zal and  \whjle many studies showed that LCA-induced liver
3-phosphoadenosiné-phosphosulfate synthase 2 (PAPSS2), gamage can be ameliorated by activation of PXR and CAR,
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effect on liver function test®’~262 This could at least in
part be explained by stimulation of the biliary phospholipid
excretion pump Mdr2, since phospholipids protect the bile
duct epithelium from detergent bile salts by formation of
mixed micelles?®3-267 In addition, fibrates, but not statins,
repress CYP7A%8271 For the latter agents, pleiotropic
antiinflammatory effects may contribute to improvements of
surrogate parameters of cholestd&i®PARy agonists might

hepatic stellate cell activation and counteract liver fibrosis
in cholestasig36:273.274

4. Summary and Outlook

Bile acid synthesis, metabolism, and transport are tightly
regulated via a complex network involving NRs and hepa-
tocyte-enriched transcription factors to maintain bile acid
homeostasis. Through binding to specific nuclear receptors,
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phase | and Il detoxification and subsequently export.
However, these adaptive response mechanisms are not always
sufficient to prevent bile acid toxicity in cholestasis. Ben-
eficial effects of various synthetic NR ligands have been
demonstrated in animal models of cholestasis augmenting
the intrinsic (i.e., bile acid activated) adaptive pathways.
Some NR ligands have also been used in human cholestatic
liver disease. However, the therapeutic effects were not as
convincing as in rodent models. Our increasing understanding
of the molecular regulation of transport and detoxification
systems should lead to the development of more specific and
powerful therapies targeting NRs for the treatment of
cholestatic liver disease.
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