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and decreased bile acid pool hydrophobicity, as compared 

with  Ost  �  null mice. Inactivation of FXR reversed the increase 

in ileal total FGF15 expression, which was associated with a 

significant increase in hepatic Cyp7a1 expression.  Conclu-
sions:  Inactivation of FXR largely unmasked the bile acid 

malabsorption phenotype and corrected the bile acid ho-

meostasis defect in  Ost  �  null mice, suggesting that inappro-

priate activation of the FXR-FGF15-FGFR4 pathway partially 

underlies this phenotype. Intestinal morphological changes 

and reduced apical sodium-dependent bile acid transporter 

expression were maintained in  Ost  �  –/–  Fxr  –/–  mice, indicating 

that FXR is not required for these adaptive responses. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Bile acids are synthesized from cholesterol in the liver 
and secreted with bile into the small intestine to facilitate 
absorption of dietary lipids. Bile acids are almost quanti-
tatively reclaimed by the intestine ( 1 95%) and transport-
ed back to the liver to be resecreted into bile. Efficient 
intestinal reabsorption and hepatic extraction of bile ac-
ids enables a very effective recycling and conservation 
mechanism that largely restricts these cytotoxic deter-
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 Abstract 

  Background/Aims:  Mutations in the apical sodium-depen-

dent bile acid transporter  (SLC10A2)  block intestinal bile acid 

absorption, resulting in a compensatory increase in hepatic 

bile acid synthesis. Inactivation of the basolateral membrane 

bile acid transporter (OST � -OST � ) also impairs intestinal bile 

acid absorption, but hepatic bile acid synthesis was paradox-

ically repressed. We hypothesized that the altered bile acid 

homeostasis resulted from ileal trapping of bile acids that act 

via the farnesoid X receptor (FXR) to induce overexpression 

of FGF15. To test this hypothesis, we investigated whether 

blocking FXR signaling would reverse the bile acid synthesis 

phenotype in  Ost  �  null mice.  Methods:  The corresponding 

null mice were crossbred to generate  Ost  �  Fxr  double-null 

mice. All experiments compared wild-type,  Ost  � ,  Fxr  and

 Ost  �  Fxr  null littermates. Analysis of the in vivo phenotype 

included measurements of bile acid fecal excretion, pool size 

and composition. Hepatic and intestinal gene and protein 

expression were also examined.  Results:   Ost  �  Fxr  null mice 

exhibited increased bile acid fecal excretion and pool size, 
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gents to the intestinal and hepatobiliary compartments 
 [1, 2] . Since the early 1990s, many of the hepatic and in-
testinal transporters that function to maintain the en-
terohepatic circulation of bile acids have been identified 
 [3, 4] . 

  In the ileum, the apical sodium-dependent bile acid 
transporter (Asbt or ibat; gene symbol  Slc10a2 ) mediates 
the uptake of bile acids from the gut lumen across the api-
cal brush border membrane of the enterocyte. Consider-
ing the large flux of bile acids across the ileal enterocyte 
(approx. 25 mg/day in mice; approx. 20–30 g/day in hu-
mans) and that there is a dedicated apical carrier, it is 
likely that a dedicated basolateral bile acid transporter
is also involved. More recently, the unusual heteromer-
ic transporter Ost � -Ost �  was identified and shown to 
transport a variety of solutes, including bile acids and ste-
roids  [5] . Subsequently, several lines of evidence emerged 
that support a role for Ost � -Ost �  in the basolateral mem-
brane transport of bile acids in the intestine, liver and 
kidney  [6–14] .

  Targeted inactivation of  Ost  �  in mice was associated 
with significantly decreased ileal absorption of bile acids, 
as demonstrated using everted gut sacs or by intralumi-
nal administration of bile acids  [12, 15] . However, where-
as hepatic bile acid synthesis and fecal bile acid excretion 
is typically elevated in patients with Asbt mutations  [16]  
or in  Asbt  –/–  mice  [17, 18] ,  Ost  �  –/–  mice exhibited de-
creased hepatic Cyp7a1 expression and no increase in fe-
cal bile acid excretion. In this study, we tested the hypoth-
esis that the farnesoid X receptor (FXR) is involved in the 
dysregulated bile acid metabolism and adaptive respons-
es observed in  Ost  �  –/–  mice.

  Results 

 Phenotype of Ost� –/– Fxr –/–  Mice 
  Ost  �  –/–  mice (in a mixed C57BL/6J-129/SvEv back-

ground) were generated as previously described by Rao
et al.  [12] .  Fxr  –/–  mice were purchased from the Jackson 
Laboratory (stock No.: 004144, strain: B6;   129X(FVB)-
Nr1h4 tm1Gonz /J). The corresponding null mice were cross-
bred to generate  Ost  �  –/–  Fxr  –/–  mice. The experiments 
were performed using wild-type,  Ost  �  –/– ,  Fxr  –/–  and
 Ost  �  –/–  Fxr  –/–  littermates in a mixed background, which 
were maintained on a rodent-chow diet. The  Ost  �  –/–  Fxr  –/–  
mice were viable and fertile. There was no obvious prena-
tal mortality in these backgrounds as crosses between 
heterozygous mice produced the predicted Mendelian 
distribution of wild-type and mutant genotypes. There 

were no significant differences in body weight or liver 
weight between the adult wild-type and  Ost  �  –/–  mice or 
between the  Fxr  –/–  and  Ost  �  –/–  Fxr  –/–  mice. As previous-
ly reported  [12, 15] , the most significant morphologi-
cal finding was a longer and heavier small intestine in 
 Ost  �  –/–  mice as compared with wild-type littermates. 
Specifically, the small intestine of adult male  Ost  �  –/–  mice 
(3 months of age) was approximately 18% longer and 46% 
heavier; similar results were observed for female  Ost  �  –/–  
mice versus wild-type mice. Inactivation of FXR in
 Ost  �  –/–  mice largely restored the small intestine to the 
wild-type length, but did not reverse the increase in the 
intestinal weight. The increased intestinal weight was 
particularly evident in distal small intestine of  Ost  �  –/–  
and  Ost  �  –/–  Fxr  –/–  mice.

  Quantitative morphometric analyses were also per-
formed to examine the effects of  Ost  �  inactivation on 
small intestine. Histological evaluation revealed little 
change in proximal small intestine, but it did show a sig-
nificantly thickened mucosa in ileum. Villus width and 
crypt depth were all significantly increased in ileum of 
 Ost  �  –/–  mice as compared with wild-type or  Fxr  –/–  litter-
mates. FXR deficiency did not reverse this phenotype in 
 Ost  �  –/–  mice, suggesting that bile acid signaling via this 
nuclear receptor is not responsible for the intestinal hy-
perplasia. These morphological changes were not accom-
panied by an increase in inflammatory cell infiltration. 
In addition, analysis of mRNA expression revealed no in-
creases in expression of proinflammatory genes such as 
TNF �  or IL-1 � , or genes involved in ER stress such as X-
box-binding protein-1  (Xbp1)  or activating transcription 
factor-6  (Atf6)  in ileum of  Ost  �  –/–  or  Ost  �  –/–  Fxr  –/–  mice 
versus wild-type or  Fxr  –/–  mice. The gene expression pro-
file was consistent with the histological absence of intes-
tinal inflammation and the lack of diarrhea in  Ost  �  –/–  
and  Ost  �  –/–  Fxr  –/–  mice. 

  Fecal Bile Acid Excretion and Pool Size in
Ost� –/– Fxr –/–  Mice  
 Inactivation of  Ost  �  was predicted to induce bile acid 

malabsorption by blocking enterocyte basolateral mem-
brane bile acid transport, a phenotype similar to that ob-
served for a block in intestinal apical uptake of bile acids 
 [16–18] . However, as previously reported  [12, 15] , fecal 
bile acid excretion was not increased in  Ost  �  –/–  mice, de-
spite an apparent block in intestinal bile acid absorption 
and a greater than 50% decrease in the bile acid pool size. 
Although this decrease in bile acid pool size was similar 
to that observed in  Asbt  –/–  mice, the  Ost  �  –/–  mice exhib-
ited a disproportionate decrease in the taurocholate frac-
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tion, yielding a more hydrophilic bile acid pool that is 
enriched in tauro- � -muricholate. This phenotype is in 
contrast with the  Asbt  –/–  mice, where elevated hepatic bile 
acid synthesis via the Cyp7a1/Cyp8b1 pathway results in 
a bile acid pool that is significantly enriched in taurocho-
late. 

  The phenotype in  Ost  �  –/–  mice is consistent with a 
paradoxical downregulation of hepatic bile acid synthesis 
via the Cyp7a1 pathway. In light of the central role of the 
FXR-FGF15-FGFR4 pathway in regulation of Cyp7a1 and 
hepatic bile acid synthesis  [19, 20] , we hypothesized that 
the altered bile acid homeostasis in  Ost  �  –/–  was secondary 
to increased activation of FXR and induction of FGF15 
expression in ileum. In support of that hypothesis, FXR 
deficiency in  Ost  �  –/–  mice unmasked the underlying bile 
acid malabsorption phenotype, increasing fecal bile ac-
id excretion by almost threefold in  Ost  �  –/–  Fxr  –/–  versus 
 Ost  �  –/–  mice.

  The bile acid pool size was also partially restored fol-
lowing inactivation of FXR, increasing almost twofold
in male and female  Ost  �  –/–  Fxr  –/–  versus  Ost  �  –/–  mice. 
However, the bile acid pool size was still reduced in
 Ost  �  –/–  Fxr  –/–  versus  Fxr  –/–  mice and wild-type mice, dem-
onstrating that the increased hepatic bile acid synthesis 
cannot fully compensate for the decreased intestinal bile 
acid absorption as a result of inactivation of  Ost  � . FXR 
deficiency increased the proportion of taurocholate in the 
bile acid pool, as reflected by an increased calculated hy-
drophobicity of the bile acid pool in  Ost  �  –/–  Fxr  –/–  versus 
 Ost  �  –/–  mice. Overall, inactivation of FXR in  Ost  �  –/–  mice 
resulted in a bile acid phenotype that was more similar to 
the  Asbt  –/–  than wild-type mice. 

  Expression of Hepatic and Intestinal Genes Involved 
in Bile Acid Metabolism in Ost�   –/– Fxr –/–  Mice 
 In agreement with the bile acid fecal excretion and 

pool size results, inactivation of FXR was associated with 
a dramatic induction of Cyp7a1 mRNA expression in the 
 Ost  �  –/–  mice. Hepatic expression of Cyp7a1 mRNA was 
increased almost eightfold in  Ost  �  –/–  Fxr  –/–  mice as com-
pared to  Ost  �  –/–  mice. A similar trend was observed for 
hepatic Cyp8b1 mRNA expression, which was increased 
almost fourfold. The gene expression changes appeared 
to be restricted to the classical bile acid biosynthetic path-
way, as there were no changes in hepatic mRNA expres-
sion for  Cyp27a1 , a major enzyme in the alternative path-
way. 

  Analysis of the gradient of FGF15 mRNA expression 
along the cephalocaudal axis of the small intestine re-
vealed no major differences between the four genotypes, 

and FGF15 mRNA expression was largely restricted to 
distal small intestine. Contrary to the predicted mecha-
nism for the decreased hepatic Cyp7a1 expression, ileal 
FGF15 mRNA expression (when normalized to expres-
sion of the housekeeping gene cyclophilin) was not sig-
nificantly increased in  Ost  �  –/–  versus wild-type mice. 
However, total ileal FGF15 mRNA expression was in-
creased almost threefold in  Ost  �  –/–  versus wild-type mice 
when the intestinal hyperplasia was considered and gene 
expression was normalized for the increased RNA con-
tent of the tissue. Inactivation of FXR dramatically re-
duced ileal cellular and total FGF15 mRNA expression in 
agreement with previous studies demonstrating an es-
sential role of FXR in regulating FGF15 expression  [19–
21] . In  Ost  �  –/–  Fxr  –/–  mice, ileal total FGF15 mRNA ex-
pression was reduced by approximately 90% as compared 
to  Ost  �  –/–  mice.

  Although these results indicate that FXR is essential 
for the increased intestinal FGF15 expression, the finding 
that the FGF15 mRNA expression per cell was not in-
creased suggests that bile acids do not accumulate within 
the enterocyte or that the cell is hyporesponsive to the bile 
acid load. In order to investigate those potential mecha-
nisms, the cellular expression of other FXR-responsive 
genes was investigated. Ileal cellular mRNA expression of 
the FXR target genes Ibabp and Ost �  was significantly 
decreased in ileum from  Ost  �  –/–  mice. This apparent de-
crease in FXR activity may be secondary to the decreased 
bile acid pool size in  Ost  �  –/–  mice. However, another po-
tential mechanism is decreased Asbt expression, which 
would function to limit the uptake and accumulation of 
cytotoxic bile acids in ileal enterocytes. In fact, ileal Asbt 
expression was found to be reduced by approximately 
50% at the mRNA level and greater than 90% at the pro-
tein level in  Ost  �  –/–  mice. Notably, the dramatic reduction 
in Asbt mRNA and protein expression was maintained in 
 Ost  �  –/–  Fxr  –/–  mice, indicating that FXR is not required for 
this adaptive response.

  Discussion 

 In this study, we examined the role of FXR in the al-
tered regulation of bile acid metabolism in  Ost  �  –/–  mice. 
In summary, we demonstrated that FXR is essential for 
repression of Cyp7a1 expression in  Ost  �  –/–  mice. Genetic 
inactivation of FXR in  Ost  �  –/–  mice increased bile acid 
synthesis, reversed shifts in bile acid pool composition 
and restored intestinal cholesterol absorption. However, 
FXR deficiency failed to reverse the intestinal morpho-
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logical changes in  Ost  �  –/–  mice. Moreover, it is not an en-
hanced activation of FXR that drives the increase in in-
testinal FGF15 expression, but rather a complex adaptive 
response that increases the ileal enterocyte population. In 
fact, a decrease in the bile acid pool size and significantly 
reduced ileal Asbt expression may function to protect the 
enterocytes in  Ost  �  –/–  mice from accumulating potential-
ly cytotoxic levels of bile acids. These findings are consis-
tent with a critical but limited role of FXR in the adaptive 
responses engaged to compensate for the loss of  Ost  �  in 
mice. The current model depicting the hypothesized 
mechanism for regulation of bile acid homeostasis in 
wild-type,  Ost  �  –/–  and  Ost  �  –/–  Fxr  –/–  mice is shown in  fig-
ure 1 .

  These results generally support a significant role for 
Ost � -Ost �  in intestinal basolateral bile acid transport. 
However, many questions remain to be answered, par-
ticularly with regard to the complex intestinal adaptive 
response in  Ost  �  –/–  mice. This intestinal phenotype is not 
a general response to bile acid malabsorption, as similar 
changes in intestinal morphology were not observed in 
 Asbt  –/–  or  Mrp3  –/–  mice  [17, 18, 22] . Nor does the intestinal 
adaptation appear to be a direct response to bile acid tox-
icity, as neither bile acid accumulation nor intestinal in-
flammation were observed in  Ost  �  –/–  mice. The finding 
that inactivation of FXR failed to reverse the intestinal 
adaptive response indicates that the changes are not me-
diated through increased bile acid signaling via this nu-
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  Fig. 1.  Model depicting the regulation of ileal FGF15 synthesis
and hepatic bile acid (BA) synthesis in wild-type, Ost �  –/–  and
Ost�   –/– Fxr –/–  mice. Schematic model depicting the differential 
regulation of Cyp7a1.  a  Bile acids are absorbed from the intestinal 
lumen via Asbt and activate FXR to induce FGF15 expression. 
Ileal-derived FGF15 acts on the liver via its receptor, FGFR4, to 
repress Cyp7a1 expression and bile acid synthesis.  b  A reduction 
in the bile acid pool size and decreased Asbt expression reduces 
the accumulation of bile acids in the ileal enterocytes. However, 

ileal hyperplasia leads to an increase in the number of FGF15-
expressing enterocytes. As a result, the total intestinal FGF15 ex-
pression is increased and signals to repress hepatic Cyp7a1 expres-
sion and bile acid synthesis.  c  Inactivation of FXR does not reverse 
the downregulation of Asbt expression or intestinal morphologi-
cal changes in the  Ost  �  –/–  mice. However, inactivation of FXR 
significantly reduces ileal FGF15 expression. As a result, the total 
intestinal FGF15 expression is reduced, and hepatic Cyp7a1 ex-
pression and bile acid synthesis is increased.   
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clear receptor. As such, other mechanisms such as the 
accumulation of non-bile acid substrates may be involved. 
Ost � -Ost �  has been shown to transport other solutes, 
such as steroids and steroid sulfates  [23] , and enhanced 
signaling due to accumulation of these substrates may be 
involved in promoting intestinal growth in  Ost  �  –/–  mice.

  In conclusion, activation of the FXR-FGF15-FGFR4 
pathway is essential for the altered bile acid homeostasis 
associated with genetic ablation of the intestinal basolat-
eral bile acid transporter Ost � -Ost � . Surprisingly, a com-
plex adaptive response that increases the ileal enterocyte 
population largely accounts for the increase in total intes-
tinal FGF15 expression in  Ost  �  –/–  mice rather than in-
creased bile acid accumulation and FXR activation. 
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