
and secreted into bile and the small intestine, where they 
enable the absorption of  dietary lipids and fat soluble 
vitamins. Most of  the bile acids are reabsorbed in the 
terminal ileum, carried through the enterocytes into the 
portal blood and returned to the liver, where uptake 
into the hepatocytes and subsequent transport into bile 
completes their enterohepatic circulation[1,2]. However, 
bile acids are not only important for the absorption of  
dietary lipids but are also signalling molecules, which 
regulate bile acid synthesis, conjugation and transport 
and modulate lipid, glucose and energy homeostasis. 
Bile acids can activate nuclear hormone receptors, such 
as the farnesoid X receptor (FXR)[3,4], which is a ligand-
activated transcription factor[5]. FXR is highly expressed 
in liver, intestine and kidney[6], and regulates the 
expression of  proteins involved in bile acid synthesis, 
detoxification and secretion in these organs thereby 
maintaining bile acid homeostasis[7-9].

Bile acid effects can also be mediated by transcription-
independent pathways through the activation of  
intracellular protein kinases, such as mitogen-activated 
protein kinases and protein kinase C[10-15]. Furthermore, 
bile acids can modulate ion fluxes leading to an increase 
in intracellular ceramide levels, activation of  NADPH 
oxidase, cell shrinkage and apoptosis[16,17]. Recently, the 
first plasma membrane bound, G-protein coupled bile acid 
receptor TGR5 (Gpbar-1, M-Bar) has been described[18,19]. 
TGR5 mRNA was detected in many tissues, the highest 
expression being present in macrophages/monocytes, 
placenta, gallbladder, liver and intestine[18-20]. While FXR 
has been identified as important regulator of  bile acid, 
lipid and glucose homeostasis, the role of  TGR5 in bile 
acid mediated signalling is largely unclear. However, it has 
been suggested that bile acids via TGR5 induce energy 
expenditure in brown adipose tissue and skeletal muscle[21], 
modulate hepatic microcirculation[22], and suppress 
cytokine release in macrophages[18].

BILE ACIDS REGULATE BILE ACID HOME-
OSTASIS
Sustained elevation of  bile acid levels leads to severe 
liver damage and may promote the development of  liver 
tumors. Patients with progressive familial intrahepatic 
cholestasis type 2 (PFIC-2), which is caused by muta-
tions in the bile salt export pump (BSEP, ABCB11)[23], as 
well as FXR knockout mice[24] have chronically elevated 
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Abstract
Bile acids are not only important for the absorption of 
dietary lipids and fat soluble vitamins but are signalling 
molecules with diverse endocrine and paracrine func-
tions. Bile acids regulate bile acid, lipid and glucose 
metabolism and modulate temperature and energy 
homeostasis. Furthermore, bile acids can not only 
promote cell proliferation and liver regeneration but 
can also induce programmed cell death. Bile acid func-
tions are mediated through different pathways which 
comprise the activation of nuclear hormone receptors, 
of intracellular kinases and of the plasma membrane-
bound, G-protein coupled bile acid receptor TGR5/Gp-
bar-1. 
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serum bile acid levels and spontaneously develop hepa-
tocellular carcinomas[25-27]. In order to prevent bile acid-
dependent liver damage and carcinogenesis the bile acid 
pool size needs to be tightly regulated.

It is well established that bile acids regulate their own 
biosynthesis, detoxification and transport both in the 
liver and the intestine. The identification of  bile acids 
as natural ligands for the FXR[3,4] led to the discovery 
that FXR is essential for the maintenance of  bile acid 
homeostasis, and protects the organism from the ac-
cumulation of  potentially toxic bile acids (for reviews  
see[7,28-30]). 

In the liver bile acids suppress the transcription of  
the CYP7A1, the rate-controlling enzyme of  bile acid 
synthesis in the neutral pathway, and of  the CYP8B1, the 
enzyme controlling the production of  cholic acid[30]. This 
repression is mediated through several distinct, mainly 
FXR-dependent pathways. Activation of  FXR by bile 
acids leads to an upregulation of  the small heterodimer 
partner-1 (SHP)[31,32], which in turn interacts with sev-
eral transcription factors, including hepatocyte nuclear 
factor-4α (HNF-4α) and liver receptor homolog-1 
(LRH-1), which both bind to the bile acid-response ele-
ments (BAREs) in the promoters of  the CYP7A1 and 
CYP8B1 genes[31-35]. Using SHP knockout mice, it has 
become apparent that the bile acid-dependent repression 
of  CYP7A1 is mediated through several redundant path-
ways, since loss of  SHP impaired but did not abolish 
bile acid-dependent feedback repression of  CYP7A1 in 
these mice[36,37]. Activation of  FXR by bile acids leads to 
the increased expression of  fibroblast growth factor 19 
(FGF-19) in hepatocytes, which is subsequently secreted 
and binds its receptor FGFR4 on adjacent hepatocytes. 
Stimulation of  FGFR4 by FGF-19 leads to receptor 
dimerization, autophosphorylation and activation of  the 
c-Jun N-terminal kinase (JNK) pathway resulting in the 
repression of  CYP7A1 transcription[38]. Therefore FXR 
can inhibit bile acid synthesis through tow indepen-
dent pathways. The importance of  the FXR-dependent 
feedback mechanisms on bile acid synthesis is under-
scored by the finding, that FXR knockout mice failed to 
downregulate CYP7A and CYP8B in response to bile 
acid feeding, resulting in an elevation of  serum bile acid 
levels and death of  30% of  knockout mice by day 7[24]. 
Besides the FXR-dependent feedback regulation, bile 
acid signalling through the G-protein coupled bile acid 
receptor TGR5 (Gpbar-1) may also contribute to the 
regulation of  bile acid synthesis and bile acid homeosta-
sis. TGR5 knockout mice showed a significantly reduced 
bile acid pool size[39] and feeding of  cholic acid to these 
mice did not repress the expression of  CYP7A1 as ob-
served in wild type littermates[20], indicating that TGR5 
may play a role in the regulation of  bile acid synthesis 
and bile acid pool size.

Conjugation of  bile acids with taurine and glycine is 
mediated by the enzymes bile acid coenzyme A (CoA) 
synthetase and bile acid-CoA amino acid N-acetyltrans-
ferase and controlled by FXR[40]. Bile acids are secreted 
from the hepatocyte into bile across the canalicular 
membrane by the BSEP. Bile acids induce transcription 

of  BSEP through FXR thereby promoting their own 
excretion[41,42]. Besides BSEP, two other canalicular trans-
port proteins MDR3 (ABCB4), which is a phospholipid 
flippase, and MRP2 (ABCC2), which excretes bilirubin 
and organic anions, are also positively regulated by 
FXR[43,44]. Thus FXR facilitates bile flow and excretion 
of  cholephilic compounds from hepatocytes. Short-term 
regulation of  canalicular bile secretion occurs through 
exocytic insertion and endocytic retrieval of  transport 
proteins into and from the plasma membrane and is 
differentially regulated by hydrophobic and hydrophilic 
bile acids (for reviews see[45-49]). Hydrophobic bile acids 
such as taurolithocholylsulfate (TLCS), glycocheno-
deoxycholate (GCDC) and taurochenodeoxycholate 
(TCDC) induce NADPH oxidase-dependent hepatocyte 
shrinkage[16]. Hepatocyte shrinkage is known to lead to 
the rapid retrieval of  MRP2 and BSEP from the canal-
icular membrane and thus impairs bile formation[50-54]. 
On the contrary, taurocholate induces hepatocyte swell-
ing and subsequent choleresis, which in the presence of  
increased hepatocyte bile acid load may serve as a feed-
forward regulation leading to the insertion of  BSEP into 
the canalicular membrane and enhanced bile acid excre-
tion[52,54,55]. The choleretic effect of  tauroursodeoxycho-
late, which is widely used for the treatment of  choles-
tatic liver diseases, is mediated through integrins and Src, 
which trigger the downstream activation of  mitogen-
activated protein kinases resulting in the recruitment of  
BSEP to the canalicular membrane[12,13]. Therefore bile 
acids can alter bile flow both on the long-term scale on 
the transcriptional level via activation of  FXR as well as 
on the short-term scale at the posttranscriptional level 
through alteration in hepatocyte hydration and subse-
quent translocation of  transporter proteins.

In the intestine bile acid uptake is mediated by the 
apical sodium dependent bile salt transporter (ASBT, 
SLC10A2)[56]. While marked interspecies differences in 
the regulation of  ASBT exist[7], human ASBT expres-
sion is controlled by FXR[57,58]. The ileal bile acid binding 
protein (IBABP) binds bile acids within the enterocytes 
and transfers them to the basolateral membrane for se-
cretion into the portal blood. Despite the regulation of  
IBABP by FXR[3,59] and the downregulation of  IBABP 
in FXR knockout mice[24], the enterohepatic circulation 
of  bile acids in these mice is increased[60], suggesting the 
existence of  further, FXR-independent pathways for the 
regulation of  bile acid absorption in the ileum. 

In the liver bile acids are taken up from the portal 
blood into hepatocytes across the sinusoidal membrane 
by several transport proteins. The sodium-dependent 
sodium taurocholate cotransporting peptide (NTCP, 
SLC10A1) accounts for the uptake of  more than 80% 
of  conjugated bile acids into hepatocytes. Similar to 
CYP7A1 and ASBT, bile acids repress the expression 
of  NTCP via FXR-SHP-dependent mechanisms[61,62]. 
However, further SHP-independent mechanisms for 
the regulation of  NTCP expression must exist, since 
NTCP mRNA levels in SHP knockout mice were un-
changed[36]. Bile acid uptake by NTCP may also be regu-
lated posttranslationally at the protein level, in an FXR-



independent way, since livers from patients with PFIC 
showed a significant downregulation of  the NTCP pro-
tein, while NTCP mRNA levels were similar to control 
livers[63]. The other bile acid uptake transporters in the 
liver belong to the family of  organic anion transporters 
(OATPs). While OATP1B1 expression is downregu-
lated by FXR[64,65], OATP1B3 expression is enhanced[66]. 
The repression of  bile acid uptake transporters (NTCP, 
OATP1B1) may protect hepatocytes from accumulation 
of  toxic bile acids, while the upregulation of  OATP1B3 
may help to maintain excretion of  xenobiotics under 
cholestatic conditions[66]. Upregulation of  the basolateral 
bile acid export pumps multidrug resistance protein 4 
(MRP4, ABCC4) and the organic solute transporter α/β 
(OSTα/β) is also observed under cholestatic conditions 
in humans and rodents[63,67,68]. While the expression of  
Ostα/β is induced by bile acids via FXR[69], the upregula-
tion of  MRP4 by bile acids is independent of  FXR and 
is observed both on the translational and posttransla-
tional level[63,67,69]. Bile acids increase the expression of  
different detoxification enzymes through FXR, such as 
the UDP-glucuronosyltranserase UGT2B4 and the sul-
fotransferase SULT2A1[40,70,71]. In hepatocytes, bile acids 
activate FXR, which in turn induces suppression of  de 
novo synthesis, enhances conjugation and detoxification 
and increases efflux both across the canalicular as well 
as the basolateral membrane thereby preventing hepatic 
accumulation of  bile acids and liver damage. This is sup-
ported by the finding that administration of  a synthetic 
FXR agonist (GW4064) reduced liver injury in rat mod-
els of  cholestasis[72].

BILE ACIDS MODULATE GLUCOSE 
HOMEOSTASIS
A link between bile acids and glucose homeostasis was 
recognized when patients with type Ⅱ diabetes were 
treated for dyslipidemia with cholestyramine, a bile acid 
sequestrant[73]. Besides lowering total cholesterol and 
LDL cholesterol, cholestyramine also improved glycemia 
and reduced blood glucose levels by 13%[73]. Treatment 
of  isolated rat hepatocytes with glucose increased 
FXR mRNA levels and target gene expression through 
activation of  the pentose phosphate pathway[74] and 
thus may interfere with bile acid metabolism. Insulin 
counteracted the glucose effects in these experiments[74]. 
Vice versa, several recent studies indicate that bile acids 
modulate hepatic gluconeogenesis, however, the data are 
controversial. While the expression of  the rate-limiting 
enzyme of  gluconeogenesis phosphoenolpyruvate 
carboxykinase (PEPCK) was upregulated by bile acids 
via FXR in both primary hepatocytes and hepatoma 
cell lines in one recent study[75], bile acids repressed 
PEPCK expression in an FXR-dependent and FXR-
independent, SHP-dependent mechanism in both 
HepG2 cells and mouse liver in several other studies[76-79]. 
Other enzymes involved in gluconeogenesis, such as 
the glucose-6 phosphatase (G6Pase) and the fructose 
1,6-bisphosphatase (FBP1) were also downregulated 

by bile acids through SHP[77]. Furthermore, activation 
of  FXR may not only reduce gluconeogenesis, but also 
increase glycogen synthesis the liver, thereby lowering 
blood glucose levels[80]. These findings are supported by 
studies with FXR knockout mice, which show increased 
gluconeogenesis in the liver and reduced glucose uptake 
in the skeletal muscle, resulting in elevated blood 
glucose levels[79]. Inhibition of  gluconeogenesis by 
bile acids was ameliorated in FXR knockout mice but 
observed in wildtype mice, however, a synthetic FXR 
agonist (GW4064) failed to repress gluconeogenesis 
in wildtype animals[79]. The authors give two possible 
explanations for these observations. Either, the 
in vivo pharmacokinetics of  the synthetic agonist 
prevented long term effects on glucose homeostasis, 
or bile acids alter gluconeogenesis not only through 
activation of  FXR but also through additional signalling 
pathways, which together lead to the suppression of  
gluconeogenesis[79]. The later seems more likely and it 
has recently been described that bile acids stimulated 
secretion of  glucagon-like peptide 1 through activation 
of  the membrane bound bile acid receptor TGR5[81] and 
thus may lower serum glucose levels and improve insulin 
resistance in non-insulin dependent diabetes[82]. 

Furthermore, bile acids can modulate glucose 
homeostas is through a l terat ion of  the ce l lu lar 
hydration state. Hypo-osmotic hepatocyte swelling, 
which can be induced by taurocholate[52], stimulates 
within minutes glycogen synthesis[83] as well as flux 
through the pentose phosphate pathway[84] and inhibits 
glycolysis and glycogenolysis[85-87]. Besides these rapid 
mechanisms, cell swelling leads to an increase in 
PEPCK mRNA expression thus linking hepatocyte 
hydration to carbohydrate metabolism[88]. Hydrophobic 
bile acids, such as taurolithocholylsulfate (TLCS) and 
glycochenodeoxycholate (GCDC), can confer insulin 
resistance in hepatocytes through inhibition of  insulin-
dependent phosphorylation of  the insulin receptor 
and impaired recruitment of  phosphoinositide-3 
(PI-3) kinase as well as protein kinase B activation[89]. 
Tauroursodeoxycholate (TUDCA) restored insulin 
signalling under these conditions[89]. Cell shrinkage 
induced by hydrophobic bile acids independently 
contributes to insulin resistance since hepatocyte 
shrinkage itself  has insulin-antagonistic effects, 
stimulating glycogenolysis, proteolysis and inhibiting 
glycogen and protein synthesis[46,85,86,90,91]. However, 
hyper-osmolarity does not affect insulin-dependent 
activation of  the insulin receptor but rather acts on the 
level of  or downstream to the PI-3 kinase[92]. These 
data suggest that hydrophobic bile acids confer insulin 
resistance in the liver through several distinct pathways. 

Taken together, these data demonstrate that bile 
acids through FXR regulate gluconeogenesis, glycogen 
synthesis and insulin sensitivity[93], therefore FXR 
agonists may be useful in the treatment of  type Ⅱ 
diabetes. Apart from FXR, the bile acid receptor TGR5 
may also influence glucose metabolism and insulin 
sensitivity via GLP-1 secretion, but additional in vivo 
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studies are required to elucidate the role of  TGR5 for 
glucose homeostasis. Furthermore, hydrophobic bile 
acids confer insulin resistance in the liver, which may be 
ameliorated by TUDCA treatment. 

BILE ACIDS AFFECT LIPID HOMEOSTASIS
The existence of  an inverse relationship between bile 
acid and triglyceride levels has been recognized over 
three decades ago, when patients with cholesterol 
gallstones were treated with chenodeoxycholic acid 
(CDCA)[94]. The administration of  CDCA was accompa-
nied by a reduction in plasma triglyceride levels, which 
was more pronounced in patients with endogenous 
hypertriglyceridemia[94], therefore CDCA has been sug-
gested for treatment of  hypertriglyceridemia[94-96]. The 
opposite effect was observed in patients who took bile 
acid binding resins, which lead to an increased produc-
tion of  very low density lipoproteins (VLDL) and an 
elevation of  serum triglyceride levels[97,98]. The mecha-
nisms underlying this bile acid effect on lipid metabolism 
remained largely unknown, however, the recent findings 
that FXR knockout mice have elevated liver and plasma 
triglyceride levels[24,99] and that the expression of  a variety 
of  lipid homeostasis-modulating proteins is regulated by 
FXR (summarized in[7,100]) suggest, that bile acids modu-
late lipid homeostasis mainly through activation of  FXR.

The triglyceride lowering effect of  bile acids 
involves different pathways downstream of  FXR. 
Activation of  FXR increases the expression of  SHP, 
which in turn inhibits the liver X receptor (LXR) 
mediated upregulation of  the sterol regulatory element-
binding protein-1c (SREBP-1c) and its target gene 
expression[100]. SREBP-1c serves as master regulator of  
fatty acid and triglyceride synthesis[101,102]. Both, basal 
and inducible expression of  SREBP-1c is controlled by 
LXR[101]. Activation of  SREBP-1c positively regulates 
the expression of  genes involved in fatty acid synthesis, 
such as acetyl CoA synthetase, acetyl CoA carboxylase 
and fatty acid synthetase[102]. Bile acids inhibit SREBP-
1c mediated lipogenesis in an FXR-SHP dependent 
manner, since the effect was also observed after 
administration of  a synthetic FXR agonist and was 
attenuated in SHP knockout mice[100]. Besides the 
inhibition of  fatty acid and triglyceride synthesis, bile 
acids can also stimulate the triglyceride clearance from 
serum through activation of  lipoprotein lipase and 
subsequent hydrolysis of  triglycerides in VLDL and 
chylomicrons. Bile acids activate FXR and subsequently 
induce the expression of  the apolipoprotein CⅡ (ApoC
Ⅱ)[103], which serves as an activator of  lipoprotein 
lipase[104,105]. Furthermore, the expression of  another 
apolipoprotein, ApoCⅢ, which is known to inhibit LPL 
activity[106], is repressed by activation of  FXR[107], thus 
enhancing the hydrolysis of  triglycerides from VLDL. 
The expression of  angiopoetin-like protein 3 (Angptl3), 
which can also inhibit lipoprotein lipase function[108], was 
decreased by bile acids[100] and may contribute further to 
bile acid induced triglyceride hydrolysis. Bile acids, such 

as CDCA, repressed the expression of  the microsomal 
triglyceride transfer protein (MTP) and ApoB[109], which 
are essential for the assembly of  chylomicrons and 
VLDL particles[110]. A synthetic FXR agonist failed 
to lower MTP levels[109] and MTP expression in FXR 
knockout mice was reduced[100] suggesting a FXR-
independent action of  bile acids on MTP.

Bile acids may also influence lipid metabolism through 
cross-talk with peroxisome proliferator-activated receptor 
α (PPARα)-dependent pathways. PPARα is a nuclear 
receptor, which plays an important role in lipid and 
lipoprotein metabolism and controls several enzymes 
critical for fatty acid oxidation[111]. Expression of  human 
PPARα is directly regulated by bile acids and a synthetic 
FXR agonist, however, murine PPARα expression is not 
responsive to bile acids[112]. Furthermore, expression of  
pyruvate dehydrogenase kinase-4 (PDK4) is upregulated 
by bile acids via FXR, which leads to inactivation of  
the pyruvate dehydrogenase complex with subsequent 
suppression of  glycolysis and increased fatty acid 
oxidation[113]. Thus, bile acids may lower triglyceride levels 
via FXR-dependent activation of  PPARα and PDK4 
eventually leading to increased fatty acid oxidation.

Not only VLDL synthesis and turnover is affected by 
bile acids, but also HDL clearance is modulated through 
activation of  FXR. FXR knockout mice have increased 
serum VLDL, LDL and HDL levels[24,99]. Reduced 
expression of  the scavenger receptor BI (SRBI) and 
subsequent delay in hepatic uptake of  HDL cholesterol 
esters account for the increase in plasma HDL in FXR 
knockout mice demonstrating that SRBI is a target gene 
of  FXR[99]. 

In summary, bile acids reduce triglyceride levels 
through several mechanisms. Besides inhibit ion 
of  triglyceride and VLDL synthesis v ia SREBP-
1c-dependent mechanisms and FXR-independent 
repression of  MTP and ApoB, bile acids also promote 
VLDL clearance via effects on ApoCⅡ, ApoCⅢ and 
Angptl3 and induce fatty acid oxidation via PPARα and 
PDK4. Furthermore, the close connection between bile 
acid synthesis and cholesterol elimination, underscores 
the important role of  bile acids in the regulation of  
triglyceride and cholesterol homeostasis.

BILE ACIDS INCREASE ENERGY 
EXPENDITURE
Bile acids not only regulate lipid and glucose homeostasis 
but also modulate energy metabolism via the membrane-
bound bile acid receptor TGR5 (Gpbar-1). TGR5 is 
coupled to stimulatory G-protein and activation of  the 
receptor by bile acids increases intracellular cyclic AMP 
levels[18,19]. Administration of  bile acids to mice increased 
energy expenditure in brown adipose tissue and prevented 
development of  obesity and insulin resistance[21]. The 
stimulation of  TGR5 induced an increased expression 
of  the cAMP-dependent iodothyronine deiodinase 
type 2 (D2), which converts inactive thyroxine (T4) to 
active 3,5,3'-triiodothyronine and is crucial for adaptive 
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thermogenesis in brown adipose tissue. The observed 
metabolic effect of  bile acids was abolished in D2 
knockout mice. In isolated brown adipocytes and human 
skeletal myocytes bile acids stimulated TGR5, increased 
intracellular cAMP, activated deiodinase D2 and lead to an 
increase in oxygen consumption[21]. Tissues important for 
thermogenesis, such as brown adipose tissue in rodents 
and skeletal muscle in humans co-express TGR5 and 
deiodinase 2 and the TGR5-cAMP-D2 pathway may be 
activated in these tissues in response to plasma bile acid 
levels, which rise after food intake, and may therefore 
regulate diet induced thermogenesis[21]. The important 
role of  TGR5 for energy homeostasis was confirmed by 
studies with TGR5 knockout mice. Administration of  a 
high fat diet to TGR5 knockout mice led to a significant 
accumulation of  adipose tissue and increase in body 
weight as compared to wild type littermates[39]. 

FURTHER ENDOCRINE EFFECTS OF BILE 
ACIDS
Bile acids have immunomodulatory functions as oral 
administration of  bile acids successfully reduced 
endotoxin-related complications following surgery 
in patients with obstructive cholestasis[114-116]. This 
beneficial effect of  bile acids was attributed to inhibition 
of  endotoxin-induced TNF-α production[117]. 

The bile acid receptor TGR5 is highly expressed 
in CD14-positive monocytes, alveolar macrophages[18] 
and Kupffer cells[118], which are resident macrophages 
in the liver. Bile acids can alter macrophage function 
by affecting phagocytic activity as well as cytokine 
production[119-123]. Bile acids inhibited LPS-induced 
cytokine production in alveolar macrophages and 
Kupffer cells in a TGR5-cAMP-dependent manner[18,118], 
thus supporting the hypothesis that TGR5 plays an 
important role for macrophage function. Activation of  
TGR5 in Kupffer cells may prevent excessive cytokine 
production in sepsis-associated or obstructive cholestasis 
thereby alleviating liver injury. 

Bi le ac ids can prevent bacter ia l overg rowth 
and mucosal injury in the small intestine of  mice. 
Subsequently, in mice elimination of  bile acids from 
the intestine through bile duct ligation resulted in 
bacterial propagation, disruption of  the epithelial 
barrier and translocation of  bacteria across the mucosa 
into lymph nodes. These effects could be prevented 
by the administration of  a synthetic FXR agonist, 
revealing a novel mechanism of  bile acid dependent 
enteroprotection[124]. The antibacterial action of  the FXR 
agonist (GW4064) were indirect since no bacteriostatic 
effects were observed when ileal contents were cultured 
in the presence of  GW4064[124]. 

Bile acids may also interfere with interleukin-6 (IL-6) 
signalling in hepatocytes. IL-6 has hepatoprotective 
properties and can ameliorate liver injury induced by 
obstructive cholestasis[125,126]. It has been shown recently, 
that the hydrophobic bile acid glycochenodeoxycholate 
(GCDC) impairs IL-6 induced activation of  the signal 

transducer and activator of  transcription (STAT) 3 
through caspase-dependent cleavage of  the IL-6 receptor 
glycoprotein 130 as well as through MAP kinase-
dependent inhibition of  STAT3 phosphorylation, thus 
contributing to the bile acid-induced liver injury[127,128].

Taken together, bile acids may influence immune 
functions in the intestine and the liver through activation 
of  FXR-, TGR5-, MAP-kinase- and caspase-dependent 
pathways.

A role for bile acids in regulation of  hepatic 
microcirculation has also been recently suggested. TGR5 
is localized in the plasma membrane of  sinusoidal 
endothelial cells of  rat liver and is responsive to 
bile acids[22]. Stimulation of  TGR5 increased cAMP 
levels, activated protein kinase A and lead to a serine 
phosphorylation of  endothelial NO synthetase and 
subsequent elevation of  NO production[22]. Furthermore, 
activation of  TGR5 resulted in an enhanced serine 
phosphorylation of  the CD95 receptor[22], which may 
promote the internalization of  the receptor from the 
plasma membrane thereby preventing CD95-induced 
apoptosis as it has been observed in hepatocytes[129]. 

A role for bile acids in liver regeneration has also 
recently been identified[130]. Increased bile acid levels 
after partial hepatectomy promoted liver regeneration 
which was attenuated in FXR knockout mice, suggesting 
that these effects are mediated by FXR[130]. Bile acids 
have been shown to affect cell proliferation, survival and 
cell death. These effects of  bile acids are reviewed in 
another article in this issue. 

Protein metabolism in the liver can also be affected 
by bile acids via alterations in cell hydration. Taurocholate 
can induce hepatocyte swelling, which is sensed by 
integrins and leads to the activation of  Src-type kinases 
and mitogen-activated kinases and subsequent inhibition 
of  autophagic proteolysis at the level of  autophagosome 
formation[131-133] (for reviews on hydration-dependent 
pathways see[46,86,90,91]).

PARACRINE ROLE OF BILE ACIDS
After excretion into bile, bile acids are in close contact 
with cholangiocytes, the bile duct forming epithelial cells. 
Bile acids modulate cholangiocyte secretion, proliferation 
and survival in a paracrine manner (for a recent review 
see[134]). Taurocholic acid and taurolithocholic acid 
increased secretin stimulated intracellular cAMP levels 
and Cl-/HCO3

- exchanger activity thus promoting 
ductal secretion and bile flow[135,136]. These effects were 
dependent on bile acid uptake into the cholangiocytes 
and led to an activation of  phosphatidylinositol 3-kinase 
(PI3-K), followed by an increase in cAMP[135,137]. 
Ursodeoxycholic acid induced ductal secretion through 
CFTR-dependent secretion of  ATP into bile, which 
in turn activated apical purinergic P2Y receptors and 
stimulated chloride eff lux and f luid secretion[138]. 
While taurocholic and taurolithocholic acid stimulated 
proliferation of  bile ducts and increased bile duct mass 
up to 3-fold[135,136], ursodeoxycholic acid has been shown 
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to inhibit cholangiocyte proliferation in bile duct ligated 
rats[139], and to prevent cholangiocyte apoptosis in 
vagotomized, bile-duct ligated rats[140]. 

Recently, TGR5 has been detected in cholangiocytes 
of  rat liver[118]. Among the endogenous bile acids tauro-
lithocholic acid represents the most potent TGR5 ago-
nist with an EC50 of  0.29 μmol/L[141]. The finding that 
hydrophobic bile acids, such as taurolithocholic acid, 
increase cAMP in cholangiocytes[135] suggest, that TGR5 
may play a role in cholangiocyte secretion and prolifera-
tion and prevention of  apoptosis[22]. 

REFERENCES
1	 Hofmann AF. Biliary secretion and excretion in health and 

disease: current concepts. Ann Hepatol 2007; 6: 15-27
2	 Kullak-Ublick GA, Stieger B, Meier PJ. Enterohepatic bile 

salt transporters in normal physiology and liver disease. 
Gastroenterology 2004; 126: 322-342

3	 Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, 
Luk A, Hull MV, Lustig KD, Mangelsdorf DJ, Shan B. 
Identification of a nuclear receptor for bile acids. Science 
1999; 284: 1362-1365

4	 Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler 
TG, Kliewer SA, Stimmel JB, Willson TM, Zavacki AM, 
Moore DD, Lehmann JM. Bile acids: natural ligands for an 
orphan nuclear receptor. Science 1999; 284: 1365-1368

5	 Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz 
G, Umesono K, Blumberg B, Kastner P, Mark M, Chambon 
P, Evans RM. The nuclear receptor superfamily: the second 
decade. Cell 1995; 83: 835-839

6	 Forman BM, Goode E, Chen J, Oro AE, Bradley DJ, 
Perlmann T, Noonan DJ, Burka LT, McMorris T, Lamph 
WW, Evans RM, Weinberger C. Identification of a nuclear 
receptor that is activated by farnesol metabolites. Cell 1995; 
81: 687-693

7	 Kalaany NY, Mangelsdorf DJ. LXRS and FXR: the yin and 
yang of cholesterol and fat metabolism. Annu Rev Physiol 
2006; 68: 159-191

8	 Claudel T, Staels B, Kuipers F. The Farnesoid X receptor: 
a molecular link between bile acid and lipid and glucose 
metabolism. Arterioscler Thromb Vasc Biol 2005; 25: 2020-2030

9	 Scotti E, Gilardi F, Godio C, Gers E, Krneta J, Mitro N, 
De Fabiani E, Caruso D, Crestani M. Bile acids and their 
signaling pathways: eclectic regulators of diverse cellular 
functions. Cell Mol Life Sci 2007; 64: 2477-2491

10	 Beuers U, Throckmorton DC, Anderson MS, Isales CM, 
Thasler W, Kullak-Ublick GA, Sauter G, Koebe HG, 
Paumgartner G, Boyer JL. Tauroursodeoxycholic acid 
activates protein kinase C in isolated rat hepatocytes. 
Gastroenterology 1996; 110: 1553-1563

11	 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: 15816-15822

12	 Häussinger D, Kurz AK, Wettstein M, Graf D, Vom 
Dahl S, Schliess F. Involvement of integrins and Src in 
tauroursodeoxycholate-induced and swelling-induced 
choleresis. Gastroenterology 2003; 124: 1476-1487

13	 Kurz AK, Graf D, Schmitt M, Vom Dahl S, Häussinger 
D. Tauroursodesoxycholate-induced choleresis involves 
p38(MAPK) activation and translocation of the bile salt 
export pump in rats. Gastroenterology 2001; 121: 407-419

14	 Qiao D, Chen W, Stratagoules ED, Martinez JD. Bile acid-
induced activation of activator protein-1 requires both 
extracellular signal-regulated kinase and protein kinase C 
signaling. J Biol Chem 2000; 275: 15090-15098

15	 Schliess F, Kurz AK, vom Dahl S, Häussinger D. Mitogen-

activated protein kinases mediate the stimulation of bile 
acid secretion by tauroursodeoxycholate in rat liver. 
Gastroenterology 1997; 113: 1306-1314

16	 Becker S, Reinehr R, Grether-Beck S, Eberle A, Häussinger 
D. Hydrophobic bile salts trigger ceramide formation 
through endosomal acidification. Biol Chem 2007; 388: 
185-196

17	 Reinehr R, Becker S, Keitel V, Eberle A, Grether-Beck S, 
Häussinger D. Bile salt-induced apoptosis involves NADPH 
oxidase isoform activation. Gastroenterology 2005; 129: 
2009-2031

18	 Kawamata Y, Fujii R, Hosoya M, Harada M, Yoshida H, 
Miwa M, Fukusumi S, Habata Y, Itoh T, Shintani Y, Hinuma 
S, Fujisawa Y, Fujino M. A G protein-coupled receptor 
responsive to bile acids. J Biol Chem 2003; 278: 9435-9440

19	 Maruyama T ,  Miyamoto Y, Nakamura T, Tamai Y, 
Okada H, Sugiyama E, Nakamura T, Itadani H, Tanaka 
K. Identification of membrane-type receptor for bile acids 
(M-BAR). Biochem Biophys Res Commun 2002; 298: 714-719

20	 Vassileva G, Golovko A, Markowitz L, Abbondanzo SJ, 
Zeng M, Yang S, Hoos L, Tetzloff G, Levitan D, Murgolo NJ, 
Keane K, Davis HR Jr, Hedrick J, Gustafson EL. Targeted 
deletion of Gpbar1 protects mice from cholesterol gallstone 
formation. Biochem J 2006; 398: 423-430

21	 Watanabe M, Houten SM, Mataki C, Christoffolete MA, 
Kim BW, Sato H, Messaddeq N, Harney JW, Ezaki O, 
Kodama T, Schoonjans K, Bianco AC, Auwerx J. Bile acids 
induce energy expenditure by promoting intracellular 
thyroid hormone activation. Nature 2006; 439: 484-489

22	 Keitel V, Reinehr R, Gatsios P, Rupprecht C, Gorg B, 
Selbach O, Häussinger D, Kubitz R. The G-protein coupled 
bile salt receptor TGR5 is expressed in liver sinusoidal 
endothelial cells. Hepatology 2007; 45: 695-704

23	 Strautnieks SS, Bull LN, Knisely AS, Kocoshis SA, Dahl N, 
Arnell H, Sokal E, Dahan K, Childs S, Ling V, Tanner MS, 
Kagalwalla AF, Nemeth A, Pawlowska J, Baker A, Mieli-
Vergani G, Freimer NB, Gardiner RM, Thompson RJ. A 
gene encoding a liver-specific ABC transporter is mutated in 
progressive familial intrahepatic cholestasis. Nat Genet 1998; 
20: 233-238

24	 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: 731-744

25	 Knisely AS, Strautnieks SS, Meier Y, Stieger B, Byrne JA, 
Portmann BC, Bull LN, Pawlikowska L, Bilezikci B, Ozcay 
F, Laszlo A, Tiszlavicz L, Moore L, Raftos J, Arnell H, 
Fischler B, Nemeth A, Papadogiannakis N, Cielecka-Kuszyk 
J, Jankowska I, Pawlowska J, Melin-Aldana H, Emerick 
KM, Whitington PF, Mieli-Vergani G, Thompson RJ. 
Hepatocellular carcinoma in ten children under five years of 
age with bile salt export pump deficiency. Hepatology 2006; 
44: 478-486

26	 Strautnieks SS, Byrne JA, Pawlikowska L, Cebecauerova 
D, Rayner A, Dutton L, Meier Y, Antoniou A, Stieger B, 
Arnell H, Ozcay F, Al-Hussaini HF, Bassas AF, Verkade HJ, 
Fischler B, Nemeth A, Kotalova R, Shneider BL, Cielecka-
Kuszyk J, McClean P, Whitington PF, Sokal E, Jirsa M, Wali 
SH, Jankowska I, Pawlowska J, Mieli-Vergani G, Knisely 
AS, Bull LN, Thompson RJ. Severe bile salt export pump 
deficiency: 82 different ABCB11 mutations in 109 families. 
Gastroenterology 2008; 134: 1203-1214

27	 Yang F, Huang X, Yi T, Yen Y, Moore DD, Huang W. 
Spontaneous development of liver tumors in the absence of 
the bile acid receptor farnesoid X receptor. Cancer Res 2007; 
67: 863-867

28	 Chiang JY. Bile acid regulation of gene expression: roles of 
nuclear hormone receptors. Endocr Rev 2002; 23: 443-463

29	 Chiang JY. Bile acid regulation of hepatic physiology: III. 
Bile acids and nuclear receptors. Am J Physiol Gastrointest 
Liver Physiol 2003; 284: G349-G356

30	 Russell DW. The enzymes, regulation, and genetics of bile 

www.wjgnet.com

Keitel V et al . Endocrine and paracrine role of bile acids		                         		                  5625



acid synthesis. Annu Rev Biochem 2003; 72: 137-174
31	 Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, 

Moore LB, Galardi C, Wilson JG, Lewis MC, Roth ME, 
Maloney PR, Willson TM, Kliewer SA. A regulatory cascade 
of the nuclear receptors FXR, SHP-1, and LRH-1 represses 
bile acid biosynthesis. Mol Cell 2000; 6: 517-526

32	 Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, 
Auwerx J, Mangelsdorf DJ. Molecular basis for feedback 
regulation of bile acid synthesis by nuclear receptors. Mol 
Cell 2000; 6: 507-515

33	 Stroup D, Crestani M, Chiang JY. Identification of a bile acid 
response element in the cholesterol 7 alpha-hydroxylase 
gene CYP7A. Am J Physiol 1997; 273: G508-G517

34	 Yang Y ,  Zhang M, Eggertsen G, Chiang JY. On the 
mechanism of bile acid inhibition of rat sterol 12alpha-
hydroxylase gene (CYP8B1) transcription: roles of alpha-
fetoprotein transcription factor and hepatocyte nuclear 
factor 4alpha. Biochim Biophys Acta 2002; 1583: 63-73

35	 Zhang M, Chiang JY. Transcriptional regulation of the 
human sterol 12alpha-hydroxylase gene (CYP8B1): roles 
of heaptocyte nuclear factor 4alpha in mediating bile acid 
repression. J Biol Chem 2001; 276: 41690-41699

36	 Wang L, Lee YK, Bundman D, Han Y, Thevananther S, Kim 
CS, Chua SS, Wei P, Heyman RA, Karin M, Moore DD. 
Redundant pathways for negative feedback regulation of 
bile acid production. Dev Cell 2002; 2: 721-731

37	 Kerr TA, Saeki S, Schneider M, Schaefer K, Berdy S, Redder 
T, Shan B, Russell DW, Schwarz M. Loss of nuclear receptor 
SHP impairs but does not eliminate negative feedback 
regulation of bile acid synthesis. Dev Cell 2002; 2: 713-720

38	 Holt JA, Luo G, Billin AN, Bisi J, McNeill YY, Kozarsky KF, 
Donahee M, Wang DY, Mansfield TA, Kliewer SA, Goodwin 
B, Jones SA. Definition of a novel growth factor-dependent 
signal cascade for the suppression of bile acid biosynthesis. 
Genes Dev 2003; 17: 1581-1591

39	 Maruyama T, Tanaka K, Suzuki J, Miyoshi H, Harada N, 
Nakamura T, Miyamoto Y, Kanatani A, Tamai Y. Targeted 
disruption of G protein-coupled bile acid receptor 1 
(Gpbar1/M-Bar) in mice. J Endocrinol 2006; 191: 197-205

40	 Pircher PC, Kitto JL, Petrowski ML, Tangirala RK, Bischoff 
ED, Schulman IG, Westin SK. Farnesoid X receptor regulates 
bile acid-amino acid conjugation. J Biol Chem 2003; 278: 
27703-27711

41	 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: 28857-28865

42	 Plass JR, Mol O, Heegsma J, Geuken M, Faber KN, Jansen 
PL, Muller M. Farnesoid X receptor and bile salts are 
involved in transcriptional regulation of the gene encoding 
the human bile salt export pump. Hepatology 2002; 35: 
589-596

43	 Huang L, Zhao A, Lew JL, Zhang T, Hrywna Y, Thompson 
JR, de Pedro N, Royo I, Blevins RA, Pelaez F, Wright 
SD, Cui J. Farnesoid X receptor activates transcription 
of the phospholipid pump MDR3. J Biol Chem 2003; 278: 
51085-51090

44	 Kast HR, Goodwin B, Tarr PT, Jones SA, Anisfeld AM, 
Stoltz CM, Tontonoz P, Kliewer S, Willson TM, Edwards 
PA. Regulation of multidrug resistance-associated protein 
2 (ABCC2) by the nuclear receptors pregnane X receptor, 
farnesoid X-activated receptor, and constitutive androstane 
receptor. J Biol Chem 2002; 277: 2908-2915

45	 Häussinger D, Schmitt M, Weiergraber O, Kubitz R. Short-
term regulation of canalicular transport. Semin Liver Dis 
2000; 20: 307-321

46	 Häussinger D, Kubitz R, Reinehr R, Bode JG, Schliess F. 
Molecular aspects of medicine: from experimental to clinical 
hepatology. Mol Aspects Med 2004; 25: 221-360

47	 Kipp H, Arias IM. Intracellular trafficking and regulation of 
canalicular ATP-binding cassette transporters. Semin Liver 

Dis 2000; 20: 339-351
48	 Kubitz R, Helmer A, Häussinger D. Biliary transport 

systems: short-term regulation. Methods Enzymol 2005; 400: 
542-557

49	 Kubitz R, Häussinger D. Osmoregulation of bile formation. 
Methods Enzymol 2007; 428: 313-324

50	 Dombrowski F, Kubitz R, Chittattu A, Wettstein M, Saha 
N, Häussinger D. Electron-microscopic demonstration of 
multidrug resistance protein 2 (Mrp2) retrieval from the 
canalicular membrane in response to hyperosmolarity and 
lipopolysaccharide. Biochem J 2000; 348 (Pt 1): 183-188

51	 Hallbrucker C, Lang F, Gerok W, Häussinger D. Cell 
swelling increases bile flow and taurocholate excretion into 
bile in isolated perfused rat liver. Biochem J 1992; 281 (Pt 3): 
593-595

52	 Häussinger D, Hallbrucker C, Saha N, Lang F, Gerok W. 
Cell volume and bile acid excretion. Biochem J 1992; 288 (Pt 
2): 681-689

53	 Kubitz R, D’urso D, Keppler D, Häussinger D. Osmode-
pendent dynamic localization of the multidrug resistance 
protein 2 in the rat hepatocyte canalicular membrane. 
Gastroenterology 1997; 113: 1438-1442

54	 Schmitt M, Kubitz R, Lizun S, Wettstein M, Häussinger 
D. Regulation of the dynamic localization of the rat Bsep 
gene-encoded bile salt export pump by anisoosmolarity. 
Hepatology 2001; 33: 509-518

55	 Noe B, Schliess F, Wettstein M, Heinrich S, Häussinger D. 
Regulation of taurocholate excretion by a hypo-osmolarity-
activated signal transduction pathway in rat liver. 
Gastroenterology 1996; 110: 858-865

56	 Dawson PA, Haywood J, Craddock AL, Wilson M, Tietjen 
M, Kluckman K, Maeda N, Parks JS. Targeted deletion of the 
ileal bile acid transporter eliminates enterohepatic cycling of 
bile acids in mice. J Biol Chem 2003; 278: 33920-33927

57	 Oelkers P, Kirby LC, Heubi JE, Dawson PA. Primary bile 
acid malabsorption caused by mutations in the ileal sodium-
dependent bile acid transporter gene (SLC10A2). J Clin 
Invest 1997; 99: 1880-1887

58	 Neimark E, Chen F, Li X, Shneider BL. Bile acid-induced 
negative feedback regulation of the human ileal bile acid 
transporter. Hepatology 2004; 40: 149-156

59	 Grober J, Zaghini I, Fujii H, Jones SA, Kliewer SA, Willson 
TM, Ono T, Besnard P. Identification of a bile acid-
responsive element in the human ileal bile acid-binding 
protein gene. Involvement of the farnesoid X receptor/9-
cis-retinoic acid receptor heterodimer. J Biol Chem 1999; 274: 
29749-29754

60	 Kok T, Hulzebos CV, Wolters H, Havinga R, Agellon LB, 
Stellaard F, Shan B, Schwarz M, Kuipers F. Enterohepatic 
circulation of bile salts in farnesoid X receptor-deficient 
mice: efficient intestinal bile salt absorption in the absence 
of ileal bile acid-binding protein. J Biol Chem 2003; 278: 
41930-41937

61	 Denson LA, Sturm E, Echevarria W, Zimmerman TL, 
Makishima M, Mangelsdorf DJ, Karpen SJ. The orphan 
nuclear receptor, shp, mediates bile acid-induced inhibition 
of the rat bile acid transporter, ntcp. Gastroenterology 2001; 
121: 140-147

62	 Jung D, Hagenbuch B, Fried M, Meier PJ, Kullak-Ublick 
GA. Role of liver-enriched transcription factors and nuclear 
receptors in regulating the human, mouse, and rat NTCP 
gene. Am J Physiol Gastrointest Liver Physiol 2004; 286: 
G752-G761

63	 Keitel V, Burdelski M, Warskulat U, Kuhlkamp T, Keppler 
D, Häussinger D, Kubitz R. Expression and localization 
of hepatobiliary transport proteins in progressive familial 
intrahepatic cholestasis. Hepatology 2005; 41: 1160-1172

64	 Jung D, Hagenbuch B, Gresh L, Pontoglio M, Meier PJ, 
Kullak-Ublick GA. Characterization of the human OATP-C 
(SLC21A6) gene promoter and regulation of liver-specific 
OATP genes by hepatocyte nuclear factor 1 alpha. J Biol 

5626     ISSN 1007-9327    CN 14-1219/R     World J Gastroenterol     October 7, 2008     Volume 14      Number 37

www.wjgnet.com



receptor FXR improves hyperglycemia and hyperlipidemia 
in diabetic mice. Proc Natl Acad Sci USA 2006; 103: 1006-1011

81	 Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote 
glucagon-like peptide-1 secretion through TGR5 in a 
murine enteroendocrine cell line STC-1. Biochem Biophys Res 
Commun 2005; 329: 386-390

82	 Houten SM, Watanabe M, Auwerx J. Endocrine functions of 
bile acids. EMBO J 2006; 25: 1419-1425

83	 Baquet A, Hue L, Meijer AJ, van Woerkom GM, Plomp PJ. 
Swelling of rat hepatocytes stimulates glycogen synthesis. J 
Biol Chem 1990; 265: 955-959

84	 Saha N, Stoll B, Lang F, Häussinger D. Effect of anisotonic 
cell-volume modulation on glutathione-S-conjugate 
release, t-butylhydroperoxide metabolism and the pentose-
phosphate shunt in perfused rat liver. Eur J Biochem 1992; 
209: 437-444

85	 Graf J, Haddad P, Haeussinger D, Lang F. Cell volume 
regulation in liver. Ren Physiol Biochem 1988; 11: 202-220

86	 Häussinger D, Lang F. Cell volume in the regulation of 
hepatic function: a mechanism for metabolic control. Biochim 
Biophys Acta 1991; 1071: 331-350

87	 Häussinger D. The role of cellular hydration in the 
regulation of cell function. Biochem J 1996; 313 (Pt 3): 697-710

88	 Newsome WP, Warskulat U, Noe B, Wettstein M, Stoll B, 
Gerok W, Häussinger D. Modulation of phosphoenolpyruvate 
carboxykinase mRNA levels by the hepatocellular hydration 
state. Biochem J 1994; 304 (Pt 2): 555-560

89	 Mannack G, Graf D, Donner MM, Richter L, Gorg B, Vom 
Dahl S, Häussinger D, Schliess F. Taurolithocholic acid-3 
sulfate impairs insulin signaling in cultured rat hepatocytes 
and perfused rat liver. Cell Physiol Biochem 2008; 21: 137-150

90	 Häussinger D, Hallbrucker C, vom Dahl S, Decker S, 
Schweizer U, Lang F, Gerok W. Cell volume is a major 
determinant of proteolysis control in liver. FEBS Lett 1991; 
283: 70-72

91	 Häussinger D. The role of cellular hydration in the 
regulation of cell function. Biochem J 1996; 313 (Pt 3): 697-710

92	 Schliess F, von Dahl S, Häussinger D. Insulin resistance 
induced by loop diuretics and hyperosmolarity in perfused 
rat liver. Biol Chem 2001; 382: 1063-1069

93	 Cariou B, van Harmelen K, Duran-Sandoval D, van Dijk 
TH, Grefhorst A, Abdelkarim M, Caron S, Torpier G, 
Fruchart JC, Gonzalez FJ, Kuipers F, Staels B. The farnesoid 
X receptor modulates adiposity and peripheral insulin 
sensitivity in mice. J Biol Chem 2006; 281: 11039-11049

94	 Fromm H, Eschler A, Tollner D, Canzler H, Schmidt FW. [In 
vivo dissolving of gall-stones: the effect of chenodeoxycholic 
acid. (author’s transl)] Dtsch Med Wochenschr 1975; 100: 
1619-1624

95	 Camarri E, Fici F, Marcolongo R. Influence of chenode-
oxycholic acid on serum triglycerides in patients with 
primary hypertriglyceridemia. Int J Clin Pharmacol Biopharm 
1978; 16: 523-526

96	 Carulli N, Ponz de Leon M, Podda M, Zuin M, Strata 
A, Frigerio G, Digrisolo A. Chenodeoxycholic acid and 
ursodeoxycholic acid effects in endogenous hypertri-
glyceridemias. A controlled double-blind trial. J Clin 
Pharmacol 1981; 21: 436-442

97	 Crouse JR 3rd. Hypertriglyceridemia: a contraindication 
to the use of bile acid binding resins. Am J Med 1987; 83: 
243-248

98	 Beil U, Crouse JR, Einarsson K, Grundy SM. Effects of 
interruption of the enterohepatic circulation of bile acids on 
the transport of very low density-lipoprotein triglycerides. 
Metabolism 1982; 31: 438-444

99	 Lambert G, Amar MJ, Guo G, Brewer HB Jr, Gonzalez FJ, 
Sinal CJ. The farnesoid X-receptor is an essential regulator 
of cholesterol homeostasis. J Biol Chem 2003; 278: 2563-2570

100	 Watanabe M ,  Houten SM, Wang L,  Moschetta  A, 
Mangelsdorf DJ, Heyman RA, Moore DD, Auwerx J. Bile 
acids lower triglyceride levels via a pathway involving FXR, 

Chem 2001; 276: 37206-37214
65	 Jung D, Kullak-Ublick GA. Hepatocyte nuclear factor 1 

alpha: a key mediator of the effect of bile acids on gene 
expression. Hepatology 2003; 37: 622-631

66	 Jung D, Podvinec M, Meyer UA, Mangelsdorf DJ, Fried 
M, Meier PJ, Kullak-Ublick GA. Human organic anion 
transporting polypeptide 8 promoter is transactivated by 
the farnesoid X receptor/bile acid receptor. Gastroenterology 
2002; 122: 1954-1966

67	 Denk GU, Soroka CJ, Takeyama Y, Chen WS, Schuetz 
JD, Boyer JL. Multidrug resistance-associated protein 4 
is up-regulated in liver but down-regulated in kidney in 
obstructive cholestasis in the rat. J Hepatol 2004; 40: 585-591

68	 Schuetz EG, Strom S, Yasuda K, Lecureur V, Assem M, 
Brimer C, Lamba J, Kim RB, Ramachandran V, Komoroski 
BJ, Venkataramanan R, Cai H, Sinal CJ, Gonzalez FJ, Schuetz 
JD. Disrupted bile acid homeostasis reveals an unexpected 
interaction among nuclear hormone receptors, transporters, 
and cytochrome P450. J Biol Chem 2001; 276: 39411-39418

69	 Wagner M, Fickert P, Zollner G, Fuchsbichler A, Silbert D, 
Tsybrovskyy O, Zatloukal K, Guo GL, Schuetz JD, Gonzalez 
FJ, Marschall HU, Denk H, Trauner M. Role of farnesoid X 
receptor in determining hepatic ABC transporter expression 
and liver injury in bile duct-ligated mice. Gastroenterology 
2003; 125: 825-838

70	 Song CS, Echchgadda I, Baek BS, Ahn SC, Oh T, Roy AK, 
Chatterjee B. Dehydroepiandrosterone sulfotransferase gene 
induction by bile acid activated farnesoid X receptor. J Biol 
Chem 2001; 276: 42549-42556

71	 Barbier O, Torra IP, Sirvent A, Claudel T, Blanquart C, 
Duran-Sandoval D, Kuipers F, Kosykh V, Fruchart JC, 
Staels B. FXR induces the UGT2B4 enzyme in hepatocytes: 
a potential mechanism of negative feedback control of FXR 
activity. Gastroenterology 2003; 124: 1926-1940

72	 Liu Y, Binz J, Numerick MJ, Dennis S, Luo G, Desai B, 
MacKenzie KI, Mansfield TA, Kliewer SA, Goodwin B, Jones 
SA. Hepatoprotection by the farnesoid X receptor agonist 
GW4064 in rat models of intra- and extrahepatic cholestasis. 
J Clin Invest 2003; 112: 1678-1687

73	 Garg A ,  Grundy SM. Cholestyramine therapy for 
dyslipidemia in non-insulin-dependent diabetes mellitus. 
A short-term, double-blind, crossover trial. Ann Intern Med 
1994; 121: 416-422

74	 Duran-Sandoval D, Mautino G, Martin G, Percevault 
F, Barbier O, Fruchart JC, Kuipers F, Staels B. Glucose 
regulates the expression of the farnesoid X receptor in liver. 
Diabetes 2004; 53: 890-898

75	 Stayrook KR, Bramlett KS, Savkur RS, Ficorilli J, Cook 
T, Christe ME, Michael LF, Burris TP. Regulation of 
carbohydrate metabolism by the farnesoid X receptor. 
Endocrinology 2005; 146: 984-991

76	 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 cycle. J 
Biol Chem 2003; 278: 39124-39132

77	 Yamagata K, Daitoku H, Shimamoto Y, Matsuzaki H, Hirota 
K, Ishida J, Fukamizu A. Bile acids regulate gluconeogenic 
gene expression via small heterodimer partner-mediated 
repression of hepatocyte nuclear factor 4 and Foxo1. J Biol 
Chem 2004; 279: 23158-23165

78	 Yamagata K, Yoshimochi K, Daitoku H, Hirota K, Fukamizu 
A. Bile acid represses the peroxisome proliferator-activated 
receptor-gamma coactivator-1 promoter activity in a small 
heterodimer partner-dependent manner. Int J Mol Med 2007; 
19: 751-756

79	 Ma K, Saha PK, Chan L, Moore DD. Farnesoid X receptor is 
essential for normal glucose homeostasis. J Clin Invest 2006; 
116: 1102-1109

80	 Zhang Y, Lee FY, Barrera G, Lee H, Vales C, Gonzalez 
FJ, Willson TM, Edwards PA. Activation of the nuclear 

www.wjgnet.com

Keitel V et al . Endocrine and paracrine role of bile acids		                         		                  5627



SHP, and SREBP-1c. J Clin Invest 2004; 113: 1408-1418
101	 Repa JJ, Liang G, Ou J, Bashmakov Y, Lobaccaro JM, 

Shimomura I, Shan B, Brown MS, Goldstein JL, Mangelsdorf 
DJ. Regulation of mouse sterol regulatory element-
binding protein-1c gene (SREBP-1c) by oxysterol receptors, 
LXRalpha and LXRbeta. Genes Dev 2000; 14: 2819-2830

102	 Horton JD, Goldstein JL, Brown MS. SREBPs: activators of 
the complete program of cholesterol and fatty acid synthesis 
in the liver. J Clin Invest 2002; 109: 1125-1131

103	 Kast HR ,  Nguyen CM, Sinal CJ, Jones SA, Laffitte 
BA, Reue K, Gonzalez FJ, Willson TM, Edwards PA. 
Farnesoid X-activated receptor induces apolipoprotein 
C-II transcription: a molecular mechanism linking plasma 
triglyceride levels to bile acids. Mol Endocrinol 2001; 15: 
1720-1728

104	 Breckenridge WC, Little JA, Steiner G, Chow A, Poapst 
M. Hypertriglyceridemia associated with deficiency of 
apolipoprotein C-II. N Engl J Med 1978; 298: 1265-1273

105	 LaRosa JC, Levy RI, Herbert P, Lux SE, Fredrickson DS. A 
specific apoprotein activator for lipoprotein lipase. Biochem 
Biophys Res Commun 1970; 41: 57-62

106	 Ginsberg HN, Le NA, Goldberg IJ, Gibson JC, Rubinstein 
A, Wang-Iverson P, Norum R, Brown WV. Apolipoprotein 
B metabolism in subjects with deficiency of apolipoproteins 
CIII and AI. Evidence that apolipoprotein CIII inhibits 
catabolism of triglyceride-rich lipoproteins by lipoprotein 
lipase in vivo. J Clin Invest 1986; 78: 1287-1295

107	 Claudel T, Inoue Y, Barbier O, Duran-Sandoval D, Kosykh 
V, Fruchart J, Fruchart JC, Gonzalez FJ, Staels B. Farnesoid 
X receptor agonists suppress hepatic apolipoprotein CIII 
expression. Gastroenterology 2003; 125: 544-555

108	 Inaba T, Matsuda M, Shimamura M, Takei N, Terasaka N, 
Ando Y, Yasumo H, Koishi R, Makishima M, Shimomura I. 
Angiopoietin-like protein 3 mediates hypertriglyceridemia 
induced by the liver X receptor. J Biol Chem 2003; 278: 
21344-21351

109	 Hirokane H, Nakahara M, Tachibana S, Shimizu M, Sato 
R. Bile acid reduces the secretion of very low density 
lipoprotein by repressing microsomal triglyceride transfer 
protein gene expression mediated by hepatocyte nuclear 
factor-4. J Biol Chem 2004; 279: 45685-45692

110	 Hussain MM, Shi J, Dreizen P. Microsomal triglyceride 
transfer protein and its role in apoB-lipoprotein assembly. J 
Lipid Res 2003; 44: 22-32

111	 Evans RM, Barish GD, Wang YX. PPARs and the complex 
journey to obesity. Nat Med 2004; 10: 355-361

112	 Pineda Torra I, Claudel T, Duval C, Kosykh V, Fruchart 
JC, Staels B. Bile acids induce the expression of the human 
peroxisome proliferator-activated receptor alpha gene via 
activation of the farnesoid X receptor. Mol Endocrinol 2003; 
17: 259-272

113	 Savkur RS, Bramlett KS, Michael LF, Burris TP. Regulation 
of pyruvate dehydrogenase kinase expression by the 
farnesoid X receptor. Biochem Biophys Res Commun 2005; 329: 
391-396

114	 Cahill CJ. Prevention of postoperative renal failure in 
patients with obstructive jaundice--the role of bile salts. Br J 
Surg 1983; 70: 590-595

115	 Pain JA, Bailey ME. Prevention of endotoxaemia in 
obstructive jaundice--a comparative study of bile salts. HPB 
Surg 1988; 1: 21-27

116	 Pain JA, Cahill CJ, Gilbert JM, Johnson CD, Trapnell JE, 
Bailey ME. Prevention of postoperative renal dysfunction 
in patients with obstructive jaundice: a multicentre study of 
bile salts and lactulose. Br J Surg 1991; 78: 467-469

117	 Greve JW, Gouma DJ, Buurman WA. Bile acids inhibit 
endotoxin-induced release of tumor necrosis factor by 
monocytes: an in vitro study. Hepatology 1989; 10: 454-458

118	 Keitel V, Donner M, Winandy S, Kubitz R, Häussinger D. 
Expression and function of the bile acid receptor TGR5 in 
Kupffer cells. Biochem Biophys Res Commun 2008; 372: 78-84

119	 Calmus Y, Guechot J, Podevin P, Bonnefis MT, Giboudeau 
J, Poupon R. Differential effects of chenodeoxycholic and 
ursodeoxycholic acids on interleukin 1, interleukin 6 and 
tumor necrosis factor-alpha production by monocytes. 
Hepatology 1992; 16: 719-723

120	 Funaoka M, Komatsu M, Toyoshima I, Mikami K, Ono 
T, Hoshino T, Kato J, Kuramitsu T, Ishii T, Masamune O. 
Tauroursodeoxycholic acid enhances phagocytosis of the 
cultured rat Kupffer cell. J Gastroenterol Hepatol 1999; 14: 
652-658

121	 Minter RM, Fan MH, Sun J, Niederbichler A, Ipaktchi K, 
Arbabi S, Hemmila MR, Remick DG, Wang SC, Su GL. 
Altered Kupffer cell function in biliary obstruction. Surgery 
2005; 138: 236-245

122	 Scott-Conner CE, Grogan JB. The pathophysiology of 
biliary obstruction and its effect on phagocytic and immune 
function. J Surg Res 1994; 57: 316-336

123	 Sung JJ, Go MY. Reversible Kupffer cell suppression in 
biliary obstruction is caused by hydrophobic bile acids. J 
Hepatol 1999; 30: 413-418

124	 Inagaki T, Moschetta A, Lee YK, Peng L, Zhao G, Downes 
M, Yu RT, Shelton JM, Richardson JA, Repa JJ, Mangelsdorf 
DJ, Kliewer SA. Regulation of antibacterial defense in the 
small intestine by the nuclear bile acid receptor. Proc Natl 
Acad Sci USA 2006; 103: 3920-3925

125	 Sewnath ME, van der Poll T, van Noorden CJ, ten Kate 
FJ, Gouma DJ. Cholestatic interleukin-6-deficient mice 
succumb to endotoxin-induced liver injury and pulmonary 
inflammation. Am J Respir Crit Care Med 2004; 169: 413-420

126	 Ezure T, Sakamoto T, Tsuji H, Lunz JG 3rd, Murase N, Fung 
JJ, Demetris AJ. The development and compensation of 
biliary cirrhosis in interleukin-6-deficient mice. Am J Pathol 
2000; 156: 1627-1639

127	 Graf D, Kohlmann C, Haselow K, Gehrmann T, Bode JG, 
Häussinger D. Bile acids inhibit interleukin-6 signaling via 
gp130 receptor-dependent and -independent pathways in 
rat liver. Hepatology 2006; 44: 1206-1217

128	 Graf D, Haselow K, Munks I, Bode JG, Häussinger D. 
Caspase-mediated cleavage of the signal-transducing IL-6 
receptor subunit gp130. Arch Biochem Biophys 2008; 477: 
330-338

129	 Reinehr R, Häussinger D. Inhibition of bile salt-induced 
apoptosis by cyclic AMP involves serine/threonine 
phosphorylation of CD95. Gastroenterology 2004; 126: 249-262

130	 Huang W, Ma K, Zhang J, Qatanani M, Cuvillier J, Liu J, 
Dong B, Huang X, Moore DD. Nuclear receptor-dependent 
bile acid signaling is required for normal liver regeneration. 
Science 2006; 312: 233-236

131	 vom Dahl S, Dombrowski F, Schmitt M, Schliess F, Pfeifer 
U, Häussinger D. Cell hydration controls autophagosome 
formation in rat liver in a microtubule-dependent way 
downstream from p38MAPK activation. Biochem J 2001; 354: 
31-36

132	 Häussinger D, Schliess F, Dombrowski F, Vom Dahl S. 
Involvement of p38MAPK in the regulation of proteolysis 
by liver cell hydration. Gastroenterology 1999; 116: 921-935

133	 vom Dahl S, Schliess F, Reissmann R, Gorg B, Weiergraber 
O, Kocalkova M, Dombrowski F, Häussinger D. Involvement 
of integrins in osmosensing and signaling toward autophagic 
proteolysis in rat liver. J Biol Chem 2003; 278: 27088-27095

134	 Xia X, Francis H, Glaser S, Alpini G, LeSage G. Bile acid 
interactions with cholangiocytes. World J Gastroenterol 2006; 
12: 3553-3563

135	 Alpini G, Glaser S, Robertson W, Phinizy JL, Rodgers RE, 
Caligiuri A, LeSage G. Bile acids stimulate proliferative and 
secretory events in large but not small cholangiocytes. Am J 
Physiol 1997; 273: G518-G529

136	 Alpini G, Glaser SS, Ueno Y, Rodgers R, Phinizy JL, Francis 
H, Baiocchi L, Holcomb LA, Caligiuri A, LeSage GD. 
Bile acid feeding induces cholangiocyte proliferation and 
secretion: evidence for bile acid-regulated ductal secretion. 

5628     ISSN 1007-9327    CN 14-1219/R     World J Gastroenterol     October 7, 2008     Volume 14      Number 37

www.wjgnet.com



Gastroenterology 1999; 116: 179-186
137	 Alpini G, Glaser S, Alvaro D, Ueno Y, Marzioni M, Francis H, 

Baiocchi L, Stati T, Barbaro B, Phinizy JL, Mauldin J, Lesage 
G. Bile acid depletion and repletion regulate cholangiocyte 
growth and secretion by a phosphatidylinositol 3-kinase-
dependent pathway in rats. Gastroenterology 2002; 123: 
1226-1237

138	 Fiorotto R, Spirli C, Fabris L, Cadamuro M, Okolicsanyi 
L, Strazzabosco M. Ursodeoxycholic acid stimulates 
cholangiocyte fluid secretion in mice via CFTR-dependent 
ATP secretion. Gastroenterology 2007; 133: 1603-1613

139	 Alpini G, Baiocchi L, Glaser S, Ueno Y, Marzioni M, Francis 
H, Phinizy JL, Angelico M, Lesage G. Ursodeoxycholate 
and tauroursodeoxycholate inhibit cholangiocyte growth 

and secretion of BDL rats through activation of PKC alpha. 
Hepatology 2002; 35: 1041-1052

140	 Marzioni M, Francis H, Benedetti A, Ueno Y, Fava G, 
Venter J, Reichenbach R, Mancino MG, Summers R, Alpini 
G, Glaser S. Ca2+-dependent cytoprotective effects of 
ursodeoxycholic and tauroursodeoxycholic acid on the 
biliary epithelium in a rat model of cholestasis and loss of 
bile ducts. Am J Pathol 2006; 168: 398-409

141	 Sato H, Macchiarulo A, Thomas C, Gioiello A, Une M, 
Hofmann AF, Saladin R, Schoonjans K, Pellicciari R, 
Auwerx J. Novel potent and selective bile acid derivatives 
as TGR5 agonists: biological screening, structure-activity 
relationships, and molecular modeling studies. J Med Chem 
2008; 51: 1831-1841

S- Editor  Li DL    E- Editor  Ma WH

www.wjgnet.com

Keitel V et al . Endocrine and paracrine role of bile acids		                         		                  5629


