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The coordinated effect of lipid activated nuclear hormone receptors;
liver X receptor (LXR), bound by oxysterol ligands and farnesoid X
receptor (FXR), bound by bile acid ligands, act as genetic transcrip-
tion factors to cause feed-forward cholesterol catabolism to bile acids
and feedback repression of bile acid synthesis, respectively. It is the
coordinated action of LXR and FXR, each dimerized to retinoid X
receptor, that signal nuclear DNA response elements to encode pro-
teins that prevent excessive cholesterol accumulation and bile salt
toxicity, respectively. LXR helps prevent hypercholesterolemia by
enhancing transporters for cholesterol efflux that enhance reverse
cholesterol transport, while FXR enhances intestinal reabsorption
and preservation of bile salts by increasing the ileal bile acid binding
protein. FXR also targets sodium taurocholate cotransport peptide
and bile salt export pump (protein) genes to limit bile salt uptake and
enhance export, respectively, which prevents bile salt toxicity. Other
nuclear hormone receptors such as pregnan X receptor, which share
the obligate partner, retinoid X receptor, and vitamin D receptor also
function as bile acid sensors to signal detoxification by hydroxylation
of toxic bile acids. Pharmacologically targeted receptor agonists (or
antagonists) may be developed that alter cholesterol and bile salt
concentrations by modulating nuclear hormone receptors and/or
their coactivators or corepressors to positively affect cholesterol
homeostasis and bile salt metabolism. It is the coordinated transcrip-
tion factor action of LXR, which responds to ligand binding of circu-
lating oxysterols in both liver and peripheral tissues, and FXR
responding to bile salts within the enterohepatic circulation that
make possible the regulation of cholesterol and bile acid homeostasis.
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Le rôle de la circulation entérohépatique des
sels biliaires et des récepteurs de l’hormone
nucléaire dans la régulation de l’homéostasie
cholestérolique : Les sels biliaires comme 
ligands des récepteurs de l’hormone nucléaire

L’effet coordonné des récepteurs nucléaires de l’hormone activée par les
lipides, du récepteur X hépatique (RXH), lié par les ligands d’oxystérol et
le récepteur X famésoïde (RXF), liés par les ligands acidobiliaires, agit
comme des facteurs de transcription génétique afin de provoquer, respec-
tivement, un catabolisme cholestérolique non récurrent des sels biliaires et
une répression à rétroaction de la synthèse de l’acide biliaire. C’est l’action
coordonnée du RXH et du RXF, chacun étant dimérisé au récepteur X
rétinoïde, qui signale aux éléments de réponse de l’ADN nucléaire d’en-
coder les protéines qui, respectivement, empêchent l’accumulation
cholestérolique excessive et la toxicité des sels biliaires. Le RXH con-
tribue à prévenir l’hypercholestérolémie en accentuant l’efflux
cholestérolique des transporteurs, qui accroît le transport cholestérolique
inversé, tandis que le RXF favorise la réabsorption intestinale et la préser-
vation des sels biliaires en augmentant la liaison de la protéine à l’acide
biliaire iléal. Le RXF cible également le peptide de cotransport du tauro-
cholate sodique et les gènes de la pompe (à protéines) d’exportation des
sels biliaires, respectivement, lesquels empêchent la toxicité des sels bi-
liaires. D’autres récepteurs nucléaires de l’hormone, tels que le récepteur
X pregnan, qui partage le partenaire strict, le récepteur X rétinoïde, et le
récepteur de la vitamine D, fonctionnent également comme des senseurs
de l’acide biliaire afin de signaler la détoxification par l’hydroxylation des
acides biliaires toxiques. Des agonistes (ou antagonistes) récepteurs ciblés
par la pharmacologie peuvent être mis au point pour altérer les concen-
trations de cholestérol et de sels biliaires en modulant les récepteurs de
l’hormone nucléaire, leurs coactivateurs ou leurs corépresseurs à avoir un
effet positif sur l’homéostasie cholestérolique et le métabolisme des sels
biliaires. C’est l’action coordonnée des facteurs de transcription du RXH
qui réagit à la liaison ligand des oxystérols circulants tant dans le foie que
dans les tissus périphériques, et du RXF qui réagit aux sels biliaires dans la
circulation entérohépatique qui rend possible la régulation du cholestérol
et l’homéostasie de l’acide biliaire.

It is well known that bile salts (note: bile acids become bile
salts at physiological cellular pH=7. In the present review,

the term bile acid is used to denote their state at the time of
synthesis while the designation bile salt is used to reflect their
chemical state in body solutions as sodium and potassium salts
of bile acids) have major biological effects related to their abil-
ity to solubilize cholesterol in bile and in the intestine, as well

as other lipids such as monoglycerides, fatty acids and fat-
soluble vitamins for luminal digestion and consequent intes-
tinal absorption (1). The physiochemical mechanisms under-
lying these actions were worked out by seminal studies on
biliary lipids and intraluminal intestinal digestion, thus provid-
ing a better understanding of the pathogenesis of gallstone dis-
ease (2) and luminal gut lipid malabsorption (3). However, the
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role of nuclear hormone receptors within the enterohepatic
circulation of bile salts has not been fully appreciated, which
relates to the molecular regulation of bile salt and cholesterol
homeostasis that prevents intrahepatic bile salt toxicity and
abnormal accumulation of cholesterol or their esters, respec-
tively. Recently, through major advances in research relating
to molecular signaling by ligand binding to nuclear hormone
receptors, it is now apparent that bile salts themselves act as
ligands to nuclear receptors and thereby play an increasingly
important role in preserving cholesterol homeostasis in mam-
mals, including man (4-8). The present review is intended to
help the clinical gastroenterologist/hepatologist understand
the role of the molecular regulation of bile salts and cholesterol
homeostasis both within and complementary to the entero-
hepatic circulation of bile salts. Due to the limited scope of the
present review and space limitations, additional reviews are
listed in the bibliography for details of molecular structure and
other nuclear hormone receptors that control other aspects of
lipid metabolism (9-11).

EVOLUTIONARY IMPERATIVES FOR
CHOLESTEROL METABOLISM

The need for bile salts in human evolution traces back to the
need for cells to synthesize cholesterol as well as to control its
excessive accumulation by metabolic degradation. As life pro-
gressed from non-nucleated prokaryotes to eurokaryotes, with
the development of multiorganelle structures involving com-
plex membrane functions, cholesterol was required as an essen-
tial membrane constituent and substrate for hormone
synthesis. However, cellular control of sterol metabolism was
necessary and required nuclear (genetic) regulation of diverse
proteins functioning as enzymes, transporters and intracellular
protein binders that regulate cholesterol metabolism. Nuclear
receptors therefore evolved to orchestrate cholesterol home-
ostasis including its catabolism to bile acids (5,6,12,13). In
addition, to the problem that cells had with degradation of the
cholesterol sterol ring, they also had to cope with excessive
cholesterol availability. For example, enhanced dietary choles-
terol that became available for carnivorous mammals placed
additional stresses on their cells so that sophisticated cellular
adaptations were necessary to protect against excessive choles-
terol accumulation.

CELLULAR ADAPTATIONS DURING
EVOLUTIONARY DEVELOPMENT

Because eukaryotic cells could not degrade the cholesterol
sterol ring, they developed at least 14 multistep enzymatic reac-
tions to degrade cholesterol to bile acids to maintain normal
intracellular cholesterol levels within narrowly defined physio-
logical levels (14). To create cholesterol homeostasis (ie, to
balance cholesterol input with output), cholesterol had to be
catabolized to bile acids by both multiple hydroxylation steps
and side chain shortening to accomplish the conversion of 27
carbon cholesterol molecules to 24 carbon bile acid molecules
(14). This catabolism accounts for 50% of the conversion of
cholesterol derived from dietary input, intestinal absorption,
storage and synthesis. Because relatively small amounts of cho-
lesterol are converted to hormones (13), the remainder of cho-
lesterol output, apart from its catabolism to bile acids, occurs in
large part by fecal elimination of unabsorbed dietary, biliary
and effluxed cellular cholesterol to maintain cholesterol home-

ostasis. Bile acids, the catabolic end product of cholesterol, are
much more hydrophilic than cholesterol and in fact act as
detergents by forming mixed micelles with cholesterol and oth-
er lipids for their transport to and absorption from the intestine
(2). Bile salts themselves can become toxic at high levels in
cells, so that their intracellular levels must also be regulated in
addition to that of cholesterol (15).

Insight into the physiological complexity contributing to
the regulation of bile salt metabolism first became apparent
with the description of an enterohepatic circulation of bile
salts, which anatomically defined the movement of bile salts
by following their synthesis as bile acids in the liver; secretion
as bile salts into the intestine by the biliary tract; their avid
reabsorption in the distal ileum; and consequent transport
back to the liver in portal blood (16). More than 95% of bile
salt secretion is thereby preserved with the body, so that less
than 5% of the bile salt pool is lost by fecal elimination.
Excessive bile salt loss also must be avoided, because bile salts
have colonic effects on cyclic adenosine monophosphate-
induced water secretion and will produce secretory diarrhea if
lost excessively into the colon (ie, bile salt enteropathy) (17).
This fine-tuned circulation of the bile salt pool of two to four
grams, which cycles several times a meal and a total of 10 or
more times daily, produces a total effective feed-forward secre-
tion of 30 grams of bile salt per day. Thus, an economy of the
enterohepatic circulation of bile salts is necessary for preserva-
tion of the bile salt pool (18). For this economy to be realized
for the maintenance of a constant bile salt pool, feedback con-
trol of bile acid synthesis is also necessary to limit hepatic syn-
thesis only to those bile salts that are lost via fecal elimination
(Figure 1) (16). Early physiological experiments carried out by
Redinger et al (16,18,19) revealed feedback regulation of syn-
thesis including that of individual bile acids in primate models.
Enzymatic regulation of cholesterol 7-alpha hydroxylase
(CYP7A1) synthesis by bile acids was first described by
Mosbach’s laboratory in 1970 (20). However, the details of
molecular nuclear regulation were only recently determined
from more recent elegant studies that have revealed the molec-
ular controls of enzyme regulation of feed-forward activation
(12) and feedback repression of bile acid synthesis (21) that
regulates cholesterol homeostasis.

MOLECULAR CONTROL OF CHOLESTEROL
HOMEOSTASIS

The first descriptions of molecular regulation of intracellular
cholesterol levels came from the laboratory of Brown and
Goldstein (22), who found that membrane bound proteins
called sterol regulating element binding proteins residing in
the nuclear envelope and endoplasmic reticulum were activat-
ed by declining levels of cholesterol or their metabolites (ie,
oxysterols), so that by cleavage of these sterol regulating ele-
ment binding proteins, transcription factors were made avail-
able to target the nucleus and transactivate sterol responsive
genes (22,23). These genes in turn encoded key enzymes
including but not limited to 3-hydroxy-3-methylglutaryl coen-
zyme A reductase to enhance cholesterol synthesis. The sec-
ond major description of transcription regulators of cholesterol
homeostasis occurred with the discovery that nuclear hormone
receptors acting as transcription factors regulate cholesterol
metabolism in an opposing fashion. These receptors exist with-
in a superfamily of ligand-activated nuclear hormone tran-
scription factors that regulate enzymatic expression of cellular
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activity controlling many diverse functions such as embryonic
development, cell differentiation and lipid homeostasis (24).
Ligands or signaling molecules for these receptors are small
lipophilic molecules within cells, which cross lipid cell mem-
branes, bind to nuclear receptors, and activate transcriptional
messages within nuclear DNA that encode targeted genes
(Figure 2). As such, the superfamily consists of phylogenetical-
ly related nuclear receptor proteins that share DNA ancestral
domain structures common to both early eurokaryotes and
advanced organisms including mammals (24). These receptors
contain a well-conserved central DNA binding domain that
allows classification and a moderately conserved ligand bind-
ing domain that allows selective binding of specific ligands to
nuclear hormone receptors. These in turn perform as transcrip-
tion factors to activate DNA encoding of enzymes regulating
homeostatic control of lipid metabolism including that of cho-
lesterol homeostasis (Figure 3). The commonality of these
receptor DNA domains allows the classification of nuclear

receptors into six subfamilies (24). Subfamily I contains most
of the nuclear hormone receptors found within and associated
with the enterohepatic circulation of bile salts that function to
control cholesterol and, even more broadly, many other
aspects of lipid metabolism (25). The receptors in this subfam-
ily include liver X receptor (LXR), farnesoid X receptor (FXR),
pregnane X receptor (PXR), peroxisome proliferator activated
receptor (PPARγ), and vitamin D receptor (VDR) which are
further discussed in this review. Subfamily II contains retinoid
X receptor (RXR), which dimerizes with and acts as an obli-
gate partner to FXR, LXR and PXR (See Figure 3 for FXR/RXR
dimer illustration), while Subfamily III contains steroid recep-
tors for estrogen, androgen and progesterone receptors. Other
subfamilies (IV, V and VI) contain orphan receptors, ie, recep-
tors found without known ligands at the time of their discov-
ery, which are also found in many tissues, including some
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Figure 1) Cholesterol (C) synthesis and its relationship to the circula-
tion of bile salts (BS) is shown. Hepatic C is derived from newly syn-
thesized cholesterol, high density lipoprotein (HDL) and low density
lipoprotein (LDL), diet via chylomicron remnants, and storage sources.
The enterohepatic circulation of BS begins with feed-forward BS secre-
tion after catabolism of hepatic cholesterol to bile acids. BS fecal losses
equal bile acid synthesis because of avid bile acid ileal reabsorption and
feedback repression of bile acid synthesis. Fecal C losses are the result
of unabsorbed biliary and dietary intestinal C and effluxed C from 
enterocytes to maintain C balance/homeostasis. Boxed symbols, ie,
[LDLr]* refer to the LDL receptor*, HDL scavenger receptor (SR)-
B1, and chylomicron remnant (CMR) receptor in the liver for uptake
of C by the liver. For C balance/homeostasis, C input (synthesis and
diet) must equal C output (fecal BS and C losses). IDL Intermediate
density lipoprotein; Vit D Vitamin D; VLDL Very low density lipopro-
tein

Figure 2) The nuclear hormone receptor, liver X receptor (LXR),
activates the target gene cytochrome P450 cholesterol 7-alpha hydroxy-
lase (CYP7A1) to increase bile salt synthesis from cholesterol (C). It
increases the target genes for the ATP-binding cassette protein (ABC)-
A1 transporter to increase C efflux from peripheral cells for pickup of C
by high density lipoprotein (HDL) and enhance reverse C transport to
liver. LXR transactivation of apolipoprotein E and cholesterol ester
transfer protein (CETP) genes and farnesoid X receptor (FXR) target-
ed genes for apolipoprotein C-11 and phospholipid transfer protein
(PLTP) further enhance HDL-C transport. LXR also targets genes for
enterocyte transporters ABC-G5/G8 to enhance C efflux for fecal C
elimination from the intestine. FXR with small heterodimer receptor
(SHP) activates target genes to repress CYP7A1 which regulates bile
salt (BS) synthesis to levels needed to maintain bile salt pool size, and
increases the target gene for ileal bile acid binding protein (IBABP) to
enhance ileal bile salt absorption and preserve the bile salt pool.
Concomitantly it decreases the hepatic target genes for sodium tauro-
cholate contransport peptide (NTCP) controlling bile acid uptake while
increasing that for bile salt export pump (protein) (BSEP) for bile acid
export to protect against excessive bile salt toxicity. LDL Low density
lipoprotein
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within the enterohepatic circulation of bile salts, such as small
heterodimer receptor (SHP) (discussed further in this review).
Screening strategies had to be developed to identify ligands
from known biological compounds for these orphan receptors
so as to realize their physiological functions (12). Effective lig-
ands for nuclear hormone receptor activation were conse-
quently found to be small lipophilic hormone-like molecules
obtained from tissue extraction or synthetically prepared com-
pounds. As many as 45 nuclear hormone receptors have now
been discovered in the human genome, but details of their
molecular functions (eg, transcription regulation, coactiva-
tion, corepression) are not completely understood (26-28).
Receptor agonists that can substitute for these physiological
ligands have been found that can activate these transcription
factors (5). Similarly, antagonists are being identified that
interfere with normal receptor function (29). Table 1 contains
a summary and characterization of such known receptor mod-
ulators (30-35). Nuclear hormone receptors are also capable of
being activated or inhibited by molecules other than their lig-
ands such as components of signal transduction pathways
including immunomodulators (ie, inflammatory cytokines, G-
proteins and kinases with their phosphorylation pathways)
(36). Lipid activated nuclear hormone receptors, their ligands,
and target genes involved in cholesterol and bile salt home-
ostasis have recently been discovered to be abundant in tissues
within the territory of the enterohepatic circulation of bile
salts (12) (Figures 1 and 2). These exist within the large sub-
family that includes the non-steroidal nuclear hormone recep-
tors, LXR and FXR, which are two major receptors involved in
the regulation of cholesterol catabolism and elimination (5-7).
Oxysterol intermediates of cholesterol catabolism (37) as well
as bile salts (38), the final catabolic end products of cholesterol
catabolism, have now been identified as ligands for the signal
pathways of transcription factor expression and consequent
activation of enzyme induction (37) or repression, respectively
(38). The sequence of molecular events in these molecular

pathways involves ligand binding to a heterodimer receptor
complex, eg, FXR/RXR, (Figure 3), which signals a responsive
element domain containing a specific DNA motif within
nuclear DNA to transactivate transcription messages that
encode target genes for the expression of protein enzymes. For
further details of additional modifiers of nuclear hormone
receptors, see the review by Aranda and Pascual (11).

LXR FUNCTIONS WITHIN THE
ENTEROHEPATIC CIRCULATION

Oxysterol ligands, which are oxidized cholesterol metabolites,
bind to the LXR, a specialized dimerized receptor that also
needs to be complexed to an obligate partner RXR to function.
The latter receptor is itself a common obligate partner to oth-
er members of Subfamily II noted earlier (24,39). The het-
erodimer receptor, LXR/RXR, while originally found in the
liver, also exists in diverse tissue such as brain, macrophages
and scavenger cells. In the liver, following ligand binding, it
signals sequential genetic transcription messages that encode
the target genes for the expression of CYP7A1. CYP7A1 up-
regulates bile acid synthesis from cholesterol by feed-forward
genetic induction (encoding) of new bile acid synthesis. LXR
also targets genes in enterocytes to cause cholesterol efflux by
transporter proteins ATP-binding cassette proteins (ABC)-
A1, ABC-G5 and G8 (34,35,40,41). In this fashion, addition-
al cholesterol may be eliminated by fecal cholesterol excretion
(Figures 1 and 2) (34-37). Mutations of genes encoding ABC-
G5 and ABC-G8 transporters result in sitosterolemia as they
are unable to efflux plant sterol sitosterol which then accumu-
lates in serum (42).

NUCLEAR HORMONE RECEPTOR FUNCTIONS
THAT ARE COMPLEMENTARY TO THE

ENTEROHEPATIC CIRCULATION
Targeted gene regulation activated by LXR receptors also exists
in peripheral tissues outside that of the enterohepatic circula-
tion of bile salts to cause mobilization of cholesterol for return
to the liver and further metabolism of cholesterol (35).
Reverse cholesterol transport itself is a consequence of multi-
ple nuclear hormone receptor actions which, as transcription
factors, regulate lipid components within lipoproteins for
reverse cholesterol transport (35,43). FXR signals enhanced
apolipoprotein C-11 transcription (43) and phospholipid
transfer protein (44-46), while LXR enhances cholesterol
exchange transfer proteins (47), which facilitate cholesterol
ester and phospholipid transfer or exchange to high density
lipoprotein (HDL) from other lipoproteins for consequent
transport of HDL cholesterol back to the liver. Further gene
targets of LXR/RXR receptors include the ABC-A1 trans-
porter that results in efflux of cholesterol out of macrophages
and fibroblasts (35,40). In these peripheral tissues, effluxed
cholesterol is taken up within their vascular beds by small
naive HDL4 particles, which aided by apolipoproteins E (48)
and C11 (43), become larger mature HDL2 particles by virtue
of increased phospholipid and cholesterol content from phos-
pholipid transfer protein and cholesterol exchange transfer
proteins activity as well as by uptake and esterification of cho-
lesterol by lecithin cholesterol acyl transferase. Furthermore,
other nuclear hormones that are involved in lipid metabolism
such as PPARγ are also able to enhance the expression of LXR
target gene action on ABC-A1 transporters for cholesterol

Redinger

Can J Gastroenterol Vol 17 No 4 April 2003268

Figure 3) An example of the heterodimer nuclear hormone receptor
farnesoid X receptor (FXR) along with the retinoid X receptor (RXR)
obligate partner is shown with their attached bile salt (BS) and 9 cis
retinoic acid ligands (9CisRA). Ligand binding domains (LBD) and
DNA binding domains (DBD) exist within these receptors, which inter-
act with a nuclear response element with specific DNA motif to initiate
transcription activity. Liver receptor homolog-1 (LRH-1), another
nuclear receptor is a competence factor of LRH-1 {correct?}. The small
heterodimer partner (SHP) is also activated by FXR. SHP without a
DNA binding site is unable to bind to the nuclear DNA motif but by
inhibiting LRH-1, it indirectly represses cytochrome P450 cholesterol 
7-alpha hydroxylase (CYP7A1). Nuclear hormone receptors act as
transcription factors and with coordinated receptor coactivators 
(LRH-1) and corepressors (SHP) encode feedback repression of bile acid
synthesis 
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efflux (25). In this manner, cholesterol esters are transported
for return to the liver for uptake through the scavenger recep-
tor B1 and consequent hepatic catabolism to bile acids (Figure
1).

FXR FUNCTIONS WITHIN THE
ENTEROHEPATIC CIRCULATION

Bile salt intracellular concentrations also need to be controlled
within tissues of the enterohepatic circulation of bile salts to
avoid intracellular bile salt toxicity. Another receptor, the FXR,
is named after the lipid farnesol, which was its first discovered
ligand (5). It is also dimerized to RXR (ie, FXR/RXR), and
when activated by natural bile salt ligands initiates feedback
control of bile acid synthesis (38,49). Chenodeoxycholic acid,
lithocholic acid and deoxycholic acid are the most potent bile
salt ligands. FXR, however, requires the assistance of another
orphan receptor, the SHP, which is a heterodimer with no
DNA binding domain (49). It is speculated that SHP inhibits
the competence factor, liver receptor homolog-1, yet another

deorphanized nuclear receptor (49-51), which in so doing
allows FXR to indirectly repress bile acid synthesis by feedback
control of CYP7A1 (Figures 2 and 3). An alternative explana-
tion is that down-regulation of CYP7A1 involves jun N-termi-
nal kinase, which after activation by bile salts, enhances SHP
transcription (52). It is hypothesized that SHP, by forming an
inhibitory heterodimer complex with liver receptor homolog-1,
also autoregulates itself (38,49). Furthermore, dimerized FXR
also up-regulates the ileal bile acid binding protein to enhance
ileal reabsorption of bile salts (53,54). In this fashion, FXR
mediates ileal bile acid binding protein gene expression to
increase ileal bile acid absorption thereby preserving the exist-
ing bile salt pool as it concomitantly represses hepatic bile acid
synthesis (54,55). FXR additionally decreases hepatic bile salt
uptake by down-regulating the hepatic cell basolateral sodium
taurocholate polypeptide transporter (56). Simultaneously, it
up-regulates hepatic bile salt canalicular transport into bile by
gene targeted protein induction of the bile salt export pump,
thereby enhancing bile salt transport out of the liver (57). In
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TABLE 1
Nuclear hormone receptor modulators
Nuclear receptor Agonist Mechanism Antagonist Reference
LXR – NR1H3
1. Endogenous ligands Oxysterols Ligand binding Bile salts 4,5,12

Target Genes:

27-OH-Chol ↑ CYP7A1 ↓ CYP7A1

22-R-OH-Chol ↑ ABC-A1, G5/G8 34,35

20-S-OH-Chol ↑ CETP 47

25-S-25-Epoxy-Chol ↑ apo E 5,48

2. Pharmacological Cholestyramine ↑ CYP7A1 (BS sequestrant) None identified 5

3. Synthetic (Experimental) All selective nonsteroidal 33

GW3965 ↑ ABC-A1 34

T1317 (70901317) ↑ ABC-A1 36

LG268 Retinoid (↑ ABC-A1) 30,34

GW4064 ↑ BSEP 32

Acetyl Podocarpic Dimer ↑ ABC-A1

FXR - NR1H4

1. Endogenous ligands Bile acids CDCA>LCA>DCA Ligand binding

Target Genes:

↓ CYP7A1, ↑ apo C-11, ↑ PLTP 43,44

↓ NTCP, ↑ BSEP, ↑ IBABP 54,56,57

2. Pharmacological Ursodeoxycholic acid Activates PXR, ↑ CYP3A 30,31

Replaces hydrophobic BS Guggelsterone 29

Pregnanedione

3. Synthetic (Experimental) All nonsteroidal

GW4064 Isoxazole

GW9047 (Benzoic acid derivatives)

TTNPB ↓ CYP7A1 30,31,34

LG268 Rexinoid (↓ CYP7A1) 36

In addition, please see reference 5 for a detailed review of agonist and antagonist actions. ABC A-1,G5/G8 ATP-binding cassette proteins A-1, G5 and G8; BS Bile
salt; BSEP Bile salt export pump (protein); CDCA Chenodeoxycholic acid; CETP Cholesterol ester transfer protein; CYP3A Cholesterol 6α hydroxylase; CYP7A1
Cytochrome P450 cholesterol 7-alpha hydroxylase; DCA Deoxycholic acid; FXR Farnesoid X receptor – NR1H4; IBABP Ileal bile acid binding protein; LCA
Lithocholic acid; LXR Liver X receptor – NR1H3; NTCP Sodium taurocholate cotransport peptide; PLTP Phospholipid transfer protein; PXR Pregnane X receptor –
NR1I2 

Redinger.qxd  3/28/03  11:22 AM  Page 269



this fashion, an efficient bile salt pool is preserved while exces-
sive bile salt levels are avoided in hepatocytes, all regulated by
coordinated action of the nuclear hormone receptor FXR at liv-
er and intestinal sites of action (51,54-57). Other nuclear hor-
mone receptors such as steroid and xenobiotic receptor/PXR
target the gene for induction of cholesterol 6-alpha hydroxylase
(CYP3A), which enhances 6-alpha hydroxylation of toxic bile
acids such as lithocholic acid (58,59). Hydroxylation increases
hydrophilicity resulting in increased urinary and fecal litho-
cholic acid (LCA) losses (58-60).

SUMMARY AND FUTURE DIRECTIONS
The coordinated effects of nuclear hormone receptors bound
by oxysterol ligands signal genetic transcription factors to
cause feed-forward control of cholesterol catabolism to bile
acids, while bile salts act as ligands for feedback repression of
bile acid synthesis. Consequently, intrahepatic toxicity (due to
increased bile salt levels) (5,15), abnormal lipoprotein trans-
port (perturbed reverse cholesterol transport) (55), and
decreased enterohepatic circulation of bile salts with an inade-
quate bile acid pool are avoided by coordinated effects of
LXR/RXR and FXR/RXR receptors in liver, peripheral tissues
and ileum, respectively. Cholestatic liver damage may be
relieved by oral administration of ursodeoxycholic acid, which
because of its greater hydrophilicity has lessened toxicity com-
pared to that of more hydrophobic primary bile acids, cholic
and chenodeoxycholic acid, which it replaces in the bile salt
pool (61). In fact, other nuclear hormone receptors, such as
PXR (59), play a role in detoxification of bile acids by enhanc-
ing CYP3A enzyme action, which by 6-alpha hydroxylation
allows elimination of LCA in urine and feces (55,58,59).
Ursodeoxycholic acid now has been found to enhance this
PXR action as well (60). The intestinal VDR has also been dis-
covered to be a nuclear hormone intestinal bile acid sensor of
LCA, which also enhances the target gene expression of
CYP3A to similarly detoxify LCA (62).

Potential new therapies such as pharmacologically targeted
nuclear receptor antagonists such as guggelsterone inhibit FXR
actions are bile acid suppression (29). Agonists such as
ursodeoxycholic acids are now used to alter bile salt intracellu-
lar concentrations to positively affect bile acid and cholesterol
homeostasis (60,61) (Table 1). An FXR antagonist of CYP7A1
repression might be better tolerated than a bile salt sequestrant
such as cholestyramine, which acts as an LXR agonist by
enhancing cholesterol catabolism to bile acids (5). Similarly, it
may become possible to enhance reverse cholesterol transport
by altering genetic up-regulation of ABC transporter activity
by LXR agonists at either hepatic or extrahepatic levels so as to
increase biliary cholesterol secretion for fecal elimination (63).
Finally, ursodeoxycholic acid therapy has proven effective in
reducing cholestasis in patients with inborn errors of bile aid
metabolism that cause cholestatic liver disease (64). Gene
transfer to replace defective or mutated enzymes might some-
day provide even better treatments when perfected (65). Thus,
the promise of genetic engineering to alter nuclear membrane
receptors, or the development of safe and effective agonists or
antagonists at hepatic/intestinal or peripheral sites to enhance
cholesterol catabolism or elimination, and decreased bile salt
toxicity or pool size may well allow major therapeutic advances
to correct dyslipidemia causing atherosclerosis, intrahepatic

cholestasis, or other cholesterol/bile salt associated disorders
such as gallstone disease.

It is the coordinated signaling and targeted gene action of
the nuclear hormone receptor FXR within the enterohepatic
tissues responding to ligand binding by circulating bile salts
combined with LXR binding by oxysterols and its targeted
gene actions in peripheral cells, liver and intestine, respective-
ly, that achieve cholesterol homeostasis by enhancing reverse
cholesterol transport, cholesterol catabolism to bile acids and
enterocyte cholesterol efflux for fecal elimination. FXR target-
ed gene action assisted by other bile acid sensors, PXR and
VDR, in the liver and intestine prevent bile salt toxicity and
preservation of the bile salt pool to affect bile salt homeostasis
within the enterohepatic circulation of bile salts.

Redinger

Can J Gastroenterol Vol 17 No 4 April 2003270

REFERENCE
1. Hofmann AF. Enterohepatic circulation of bile acids. In: Shultz SG, Forte

JG, Rainer BB, eds. Handbook of Physiology (Volume 3). New York:
Oxford University Press, 1989.

2. Hofmann AF, Small DM. Detergent properties of bile salts: Correlation
with physiological function. Annu Rev Med 1967;18:333-76.

3. Hofmann AF. Intestinal absorption of bile acids and biliary constituents:
The intestinal components of the enterohepatic circulation and the
integrated system. In: Johnson LR, ed. Physiology of the Gastrointestinal
Tract. New York: Raven Press Limited, 1994.

4. Repa JJ, Mangelsdorf DJ. Nuclear receptor regulation of cholesterol and
bile acid metabolism. Curr Opin Biotechnol 1999;10:557-63.

5. Chiang JY. Bile acid regulation of gene expression: Roles of nuclear
hormone receptors. Endocr Rev 2002;23:443-63.

6. Gupta S, Pandak WM, Hylemon PB. LXR alpha is the dominant regulator
of CYP7A1 transcription. Biochem Biophys Res Commun 2002;293:338-
43.

7. Lu TT, Repa JJ, Mangelsdorf DJ. Orphan nuclear receptors as eLiXiRs and
FiXeRs of sterol metabolism. J Biol Chem 2001;276:37735-8.

8. Fitzgerald ML, Moore KJ, Freeman MW. Nuclear hormone receptors and
cholesterol trafficking: The orphans find a new home. J Mol Med
2002;80:271-81.

9. Debril MB, Renaud JP, Fajas L, Auwerx J. The pleiotropic functions of
peroxisome proliferator-activated receptor. J Mol Med 2001;79:30-47.

10. Houseknecht KL, Cole BM, Steele PJ. Peroxisome proliferator-activated
receptor gamma (PPARgamma) and its ligands: A review. Domest Anim
Endocrinol 2002;22:1-23.

11. Aranda A, Pascual A. Nuclear hormone receptors and gene expression.
Physiol Rev 2001;81:1269-1304.

12. Repa JJ, Mangelsdorf DJ. The role of orphan nuclear receptors in the
regulation of cholesterol homeostasis. Annu Rev Cell Dev Biol
2000;16:459-81.

13. Schoonjans K, Brendel C, Mangelsdorf D, Auwerx J. Sterols and gene
expression: Control of affluence. Biochim Biophys Acta 2000;1529:114-25.

14. Russell DW, Setchell KD. Bile acid biosynthesis. Biochemistry
1992;31:4737-49.

15. Lecureur V, Courtois A, Payen L, Verhnet L, Guillouzo A, 
Fardel O. Expression and regulation of hepatic drug and bile acid
transporters. Toxicology 2000;153:203-19.

16. Small DM, Dowling RH, Redinger RN. The enterohepatic circulation of
bile salts. Arch Intern Med 1972;130:552-73.

17. Thaysen EH, Pedersen L. Idiopathic bile acid catharsis. Gut 1976;17:965-
70.

18. Redinger RN, Hawkins JW, Grace DM. The economy of the enterohepatic
circulation of bile acids in the baboon. 1. Studies of controlled
enterohepatic circulation of bile acids. J Lipid Res 1984;25:428-36.

19. Redinger RN. The economy of the enterohepatic circulation of bile acids
in the baboon. 2. Regulation of bile acid synthesis by enterohepatic
circulation of bile acids. J Lipid Res 1984;25:437-47.

20. Shefer S, Hauser, Bekersky I, Mosbach EH. Biochemical site of regulation
of bile acid biosynthesis in the rat. J Lipid Res 1970;11:404-11.

21. Tu H, Okamoto AY, Shan B. FXR, a bile acid receptor and biological
sensor. Trends Cardiovasc Med 2000;10:30-5.

22. Brown MS, Goldstein JL. A proteolytic pathway that controls the
cholesterol content of membranes, cells, and blood. Proc Natl Acad Sci
USA 1999;96:11041-8.

Redinger.qxd  3/28/03  11:22 AM  Page 270



Bile salts as ligands for nuclear hormone receptors

Can J Gastroenterol Vol 17 No 4 April 2003 271

23. Wang X, Sato R, Brown MS, Hua X, Goldstein JL. SREBP-1, a
membrane-bound transcription factor released by sterol-regulated
proteolysis. Cell 1994;77:53-62.

24. Escriva H, Delaunay F, Laudet V. Ligand binding and nuclear
receptor evolution. Bioessays 2000;22:717-27.

25. Bocher V, Pineda-Torra I, Fruchart JC, Staels B. PPARs:
Transcription factors controlling lipid and lipoprotein metabolism.
Ann NY Acad Sci 2002;967:7-18.

26. Robinson-Rechavi M, Carpentier AS, Duffraisse M, Laudet V. How
many nuclear hormone receptors are there in the human genome?
Trends Genet 2001;17:554-6.

27. Duarte J, Perriere G, Laudet V, Robinson-Rechavi M. NUREBASE: 
database of nuclear hormone receptors. Nucleic Acids Res
2002;30:364-8.

28. Giquere V. Orphan nuclear receptors: Gene to function. Endocr
Rev 1999;20:689-725.

29. Urizar NL, Liverman AB, Dodds DT, et al. A natural product that
lowers cholesterol as an antagonist ligand for FXR. Science
2002;296:1703-6.

30. Willson TM, Jones SA, Moore JT, Kliewer SA. Chemical genomics:
Functional analysis of orphan nuclear receptors in the regulation of
bile acid metabolism. Med Res Rev 2001;21:513-22.

31. Schultz JR, Tu H, Luk A, et al. Role of LXRs in control of
lipogenesis. Genes Dev 2000;14:2831-8.

32. Sparrow CP, Baffic J, Lam MH, et al. A potent synthetic LXR
agonist is more effective than cholesterol loading at inducing
ABCA1 mRNA and stimulating cholesterol efflux. J Biol Chem
2002;277:10021-7.

33. Joseph SB, McKilligin E, Pei L, et al. Synthetic LXR ligand inhibits
the development of atherosclerosis in mice. Proc Natl Acad Sci
USA 2002;99:7604-9.

34. Repa JJ, Berge KE, Pomajzl C, Richardson JA, Hobbs H,
Mangelsdorf DJ. Regulation of ATP-binding cassette sterol
transporters ABCG5 and ABCG8 by the liver X receptors alpha
and beta. J Biol Chem 2002;277:18793-800.

35. Repa JJ, Turley SD, Lobaccaro JA, et al. Regulation of absorption
and ABC-1 mediated efflux of cholesterol by RXR heterodimers.
Science 2000;289:1524-9.

36. Waxman DJ. P450 gene induction by structurally diverse
xenochemicals: Central role of nuclear receptors CAR, PXR, and
PPAR. Arch Biochem Biophys 1999;369:11-23.

37. Russell DW. Oxysterol biosynthetic enzymes. Biochim Biophys
Acta 2000;1529:126-35.

38. Lu TT, Makishima M, Repa JJ, et al. Molecular basis for feedback
regulation of bile acid synthesis by nuclear receptors. Mol Cell
2000;6:507-15.

39. Willy PJ, Umesono K, Ong ES, Evans RM, Heyman RA,
Mangelsdorf DJ. LXR, a nuclear receptor that defines a distinct
retinoid response pathway. Genes Dev 1995;9:1033-45.

40. Plat J, Mensink RP. Increased intestinal ABCA1 expression
contributes to the decrease in cholesterol absorption after plant
stanol consumption. FASEB J 2002;16:1248-53.

41. Yu L, Li-Hawkins J, Hammer RE, et al. Overexpression of ABCG5
and ABCG8 promotes biliary cholesterol secretion and reduces
fractional absorption of dietary cholesterol. J Clin Invest
2002;110:671-80.

42. Berge KE, Tian H, Graf GA, et al. Accumulation of dietary
cholesterol in sitosterolemia caused by mutations in adjacent ABC
transporters. Science 2000;290:1771-5.

43. Kast HR, Nguyen CM, Sinal CJ, et al. Farnesoid X-activated
receptor induces apolipoprotein C-II transcription: A molecular
mechanism linking plasma triglyceride levels to bile acids. Mol
Endocrinol 2001;15:1720-8.

44. Urizar NL, Dowhan DH, Moore DD. The farnesoid X-activated
receptor mediates bile acid activation of phospholipid transfer
protein gene expression. J Biol Chem 2000;275:39313-7.

45. Laffitte BA, Kast HR, Nguyen CM, Zavacki AM, Moore DD,

Edwards PA. Identification of the DNA binding specificity and
potential target genes for the farnesoid X-activated receptor. J Biol
Chem 2000;275:10638-47.

46. Cao G, Beyer TP, Yang XP, et al. Phospholipid transfer protein is
regulated by liver x receptors in vivo. J Biol Chem 
2002;277:39561-5.

47. Luo Y, Liang CP, Tall AR. The orphan nuclear receptor LRH-1
potentiates the sterol-mediated induction of the human CETP gene
by liver X receptor. J Biol Chem 2001;276:24767-73.

48. Laffitte BA, Repa JJ, Joseph SB, et al. LXRs control lipid-inducible
expression of the apolipoprotein E gene in macrophages and
adipocytes. Proc Natl Acad Sci USA 2001;98:507-12.

49. Makishima M, Okamoto AY, Repa JJ, et al. Identification of a
nuclear receptor for bile acids. Science 1999;284:1362-5.

50. Parks DJ, Blanchard SG, Bledsoe RK, et al. Bile acids: Natural
ligands for an orphan nuclear receptor. Science 1999;284:1365-8.

51. Goodwin B, Jones SA, Price RR, et al. A regulatory cascade of the
nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid
biosynthesis. Mol Cell 2000;6:517-26.

52. Gupta S, Stravitz RT, Dent P, Hylemon PB. Down-regulation of
cholesterol 7alpha-hydroxylase (CYP7A1) gene expression by bile
acids in primary rat hepatocytes is mediated by the c-Jun N-
terminal kinase pathway. J Biol Chem 2001;276:15816-22.

53. Grober J, Zaghini I, Fujii H, et al. Identification of a bile acid-
responsive element in the human ileal bile acid-binding protein
gene. Involvement of the farnesol F receptor/9-cis-retinoic acid
receptor heterodimer. J Biol Chem 1999;274:29749-54.

54. Hwang ST, Urizar NL, Moore DD, Henning SJ. Bile acids regulate
the ontogenic expression of ileal bile acid binding protein in the rat
via the farnesoid X receptor. Gastroenterology 2002;122:1483-92.

55. Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez FJ.
Targeted disruption of the nuclear receptor FXR/BAR impairs bile
acid and lipid homeostasis. Cell 2000;102:731-44.

56. Denson LA, Sturm E, Echevarria W, et al. The orphan nuclear
receptor, shp, mediates bile acid-induced inhibition of the rat bile
acid transporter, ntcp. Gastroenterology 2001;121:140-7.

57. Ananthanarayanan M, Balasubramanian N, Makishima M,
Mangelsdorf DJ, Suchy FJ. Human bile salt export pump promoter
is transactivated by the farnesoid X receptor/bile acid receptor. 
J Biol Chem 2001;276:28857-65.

58. Xie W, Radominska-Pandya A, Shi Y, et al. An essential role for
nuclear receptors SXR/PXR in detoxification bile acids. Proc Natl
Acad Sci USA 2001;98:3375-80.

59. Staudinger JL, Goodwin B, Jones SA, et al. The nuclear receptor
PXR is a lithocholic acid sensor that protects against liver toxicity.
Proc Natl Acad Sci USA 2001;98:3369-74.

60. Schuetz EG, Strom S, Yasuda K, et al. Disrupted bile acid
homeostasis reveals an unexpected interaction among nuclear
hormone receptors, transporters, and cytochrome P450. J Biol
Chem 2001;276:39411-8.

61. Carey MC. The enterohepatic circulation. In: Arias I, Popper H, et
al, eds. The Liver: Biology, and Pathobiology. New York: Raven
Press Limited, 1982.

62. Makishima M, Lu TT, Xie W, et al. Vitamin D receptor as an
intestinal bile acid sensor. Science 2002;296:1313-6.

63. Drobnik W, Lindenthal B, Lieser B, et al. ATP-binding cassette
transporter A1 (ABC-A1) affects total body sterol metabolism.
Gastroenterology 2001;120:1203-11.

64. Balistreri WF. Inborn errors of bile acid biosynthesis and transport:
Novel forms of metabolic liver disease. Gastroenterol Clin North
Am 1999;28:145-72.

65. Kadakol A, Ghosh SS, Sappa BS, Sharma G, Chowdhury JR,
Chowdhury NR. Genetic lesions of bilirubin uridine-diphospho-
glucuronate Glucuronosyltransferase (UGT1A1) causing Crigler-
Najjar and Gilbert syndromes: Correlation of genotype to
phenotype. Human Mutation 2000;16:297-306.

Redinger.qxd  3/28/03  11:22 AM  Page 271



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


