
SCIENCE @LERT

New horizons in the regulation of bile acid and lipid
homeostasis: critical role of the nuclear receptor FXR as an
intracellular bile acid sensor

Sinal CJ, Tohkin M, Miyata M, et al. Targeted
disruption of the nuclear receptor FXR/BAR impairs
bile acid and lipid homeostasis. Cell 2000;102:731–44.

Abstract
Mice lacking the nuclear bile acid receptor FXR/BAR
developed normally and were outwardly identical to
wild-type littermates. FXR/BAR null mice were dis-
tinguished from wild-type mice by elevated serum bile
acid, cholesterol, and triglycerides, increased hepatic
cholesterol and triglycerides, and a proatherogenic
serum lipoprotein profile. FXR/BAR null mice also had
reduced bile acid pools and reduced fecal bile acid
excretion due to decreased expression of the major
hepatic canalicular bile acid transport protein. Bile acid
repression and induction of cholesterol 7alpha-
hydroxylase and the ileal bile acid binding protein,
respectively, did not occur in FXR/BAR null mice,
establishing the regulatory role of FXR/BAR for the
expression of these genes in vivo. These data demon-
strate that FXR/BAR is critical for bile acid and lipid
homeostasis by virtue of its role as an intracellular bile
acid sensor.

Comment
Bile acids (BA) play an important role in human
physiology.1 As amphipathic water soluble end products of
cholesterol metabolism, they participate in body choles-
terol disposal as well as generation of bile flow and biliary
lipid secretion. However, in spite of being key endobiotics,
BA are intrinsically toxic for cells mainly because of their
inherent detergent and membrane disruptive properties. In
fact, BA induced hepatotoxicity has been implicated in the
pathogenesis and perpetuation of liver injury in cholestatic
liver diseases.2 Therefore, it is not surprising that
intracellular BA levels are tightly maintained within a nar-
row concentration range3 as too much leads to hepatotox-
icity while too little can lead to significant impairments in
bile flow and luminal fat digestion. How the liver
orchestrates the regulation of intracellular BA concentra-
tions appears to be through transcriptional regulation of
genes involved in both BA biosynthesis and transport. The
recent cloning and identification of major enzymes and
transport proteins involved in the synthesis and entero-
hepatic circulation of BA have provided insight into how
this regulation takes place.4 5 Available data suggest that BA
may indeed participate in transcriptional activation or
repression of several genes involved in the conversion of
cholesterol into BA as well as hepatic transport.6 Relevant
examples are BA mediated feedback inhibition of choles-
terol 7alpha-hydroxylase (CYP7A1),7 the rate limiting
enzyme in BA biosynthesis, and the sinusoidal Na(+)/bile
acid cotransporter (Ntcp), the main uptake system for BA

in the liver.8 Several recent reports have shed light on the
mechanisms mediating BA regulation of target genes.9 10

Building on the recent discovery that FXR is a BA acti-
vated nuclear receptor that can regulate expression of BA
responsive target genes in the intestine and liver,11 12 the
paper by Sinal et al explores the eVects of FXR deficiency
in vivo and therefore provides an important physiological
setting for the central role of FXR in controlling BA homeo-
stasis. Using now standard genetic ablation techniques,
FXR −/− mice were generated. Knockout mice were
viable, fertile, grew normally, and exhibited elevated serum
levels of BA, cholesterol, and triglycerides, increased
hepatic cholesterol and triglyceride levels, a reduced bile
acid pool size, and decreased faecal bile acid excretion.
This phenotype indicates that defective hepatic uptake and
excretion of BA are present in FXR −/− mice and that FXR
has a profound influence on lipid metabolism. In fact,
when the authors assessed expression of genes involved in
hepatic and ileal BA transport as well as genes controlling
BA biosynthesis, they found a significant decrease in
mRNA levels of the major BA transporter at the canalicu-
lar membrane, the bile salt export pump (Bsep) and the
putative intracellular intestinal transporter of bile acids
(the ileal bile acid binding protein) while CYP7A1 message
was increased. Together, these data indicate that under
basal conditions, FXR is required for normal expression of
these genes. To further study the influence of FXR on BA
and lipid homeostasis, Sinal et al fed control and FXR −/−
mice with either BA (1% cholic acid) or cholesterol
enriched chow. On dietary challenge with cholic acid,
FXR −/− mice developed severe hepatotoxicity with
marked vacuolation and necrosis of liver cells on histologi-
cal analysis reflecting an inability of the knockout mice to
deal with BA overload. In contrast, normal mice tolerated
well administration of cholic acid and did not show overt
signs of toxicity. When expression of genes involved in BA
metabolism was analysed, normal mice responded to BA
feeding with downregulation of CYP7A1 and Ntcp mRNA
levels, and upregulation of Bsep mRNA, while null animals
were unable to display these changes in gene expression.
These findings suggest that the regulatory response of
hepatocytes to BA overload consists of reducing BA
synthesis and import, and increasing BA export. These
data indicate that FXR plays a fundamental role in
protecting the liver against pathophysiological levels of BA.
In addition, Sinal et al observed that FXR deficiency is
associated with a significant reduction in mRNA levels of
the BA activated transcriptional repressor SHP (small het-
erodimer partner) which is known to mediate CYP7A1 and
Ntcp downregulation.8 10 On BA feeding of wild-type mice,
SHP expression was markedly upregulated while FXR −/−
mice were again unable to display this response. This
observation confirms that SHP expression is under direct
control of FXR.10
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Cholesterol feeding of FXR −/− mice resulted in
intrahepatic lipid accumulation and hepatomegaly. More-
over, the proatherogenic lipoprotein profile of FXR −/− fed
normal chow was exacerbated by cholesterol feeding as
null mice accumulated low density lipoprotein and apo-E
containing high density lipoprotein. The underlying
mechanisms of this response are not clear from experimen-
tal data. Excess cholesterol can be converted into oxyster-
ols signalling molecules which modulate the activity of a
number of transcription factors, so as to limit accumula-
tion of excess cholesterol. In view of the essential role of
nuclear receptors as regulators of cholesterol catabolism, it
is conceivable that crosstalk between them might serve to
regulate lipid homeostasis.13 Sinal et al hypothesize that
hepatic lipid accumulation seen in FXR null animals prob-
ably represents an indirect eVect of impaired BA excretion
which is known to be closely connected to biliary lipid
secretion. Unfortunately, no determinations of biliary sol-
utes were carried out in the knockout mice.

The work of Sinal et al provides exciting new data and
generates insights into bile physiology. FXR −/− mice rep-
resent valuable experimental tools to assess several aspects
of cholestatic liver injury as well as the biological eVects of
BA at the molecular level. They will also allow studies on
BA toxicity and the participation of FXR and other nuclear
receptors, such as the pregnane X receptor,14 15 in BA
detoxification.

In summary, the paper of Sinal et al demonstrated that
FXR is critical as an endogenous BA receptor and is a
major regulator of bile acid homeostasis. Therefore, it is
conceivable that altered expression or regulation of FXR
may play a role in several diseases related to bile acid
metabolism or transport. In addition, as FXR seems to be
critical for preventing intracellular accumulation of toxic
concentrations of BA, it constitutes a potential molecular
target that can be modulated as a novel therapeutic strategy
for cholestasis and other hepatic diseases.
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