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ABSTRACT. BEYOND THEIR KNOWN FUNCTIONS of facilitating cholesterol 
excretion and lipid absorption, recent studies indicate that bile acids play an im-
portant role as cell membrane and nuclear receptor ligands that alter post-receptor 
signaling and cell function. These findings support the novel hypothesis that bile 
acids are important cellular signaling molecules. Bile acid structure modifica-
tions, particularly steroid nucleus hydroxylation and conjugation, result in con-
formational changes that alter molecular charge and solubility. These structural 
characteristics determine the interaction of bile acids with cellular receptors, their 
access to different cellular compartments, and their interaction with subcellular 
components. Unconjugated hydrophobic bile acids interact primarily with death 
receptor pathways to induce apoptosis in hepatobiliary and colonic epithelial 
cells. In contrast, more soluble conjugated bile acids act as cell membrane recep-
tor ligands that initiate post-receptor intracellular cell signaling and alter cell 
function. Experimental evidence indicates that conjugated secondary bile acids 
activate several plasma membrane receptors, including G-protein-coupled recep-
tors and receptor tyrosine kinases. These functional interactions with cell mem-
brane receptors on gastric chief cells, colon cancer cells and vascular endothelial 
cells stimulate pepsinogen secretion, colon cancer cell proliferation and vasore-
laxation, respectively. As reviewed here, cellular signaling actions of bile acids 
depend on at least three major variables: (i) hydroxylation and conjugation of the 
steroid nucleus; (ii) cellular expression of relevant plasma membrane and nuclear 
receptors; and (iii) target cell exposure to effective bile acid concentrations. Fur-
ther elucidation of molecular mechanisms underlying the cellular signaling ac-
tions of bile acids will identify new therapeutic targets for common disorders. 
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1.  INTRODUCTION 
 

Bile acids1 are involved in a myriad of impor-
tant physiological processes that include but are not 
limited to bile excretion, cholesterol metabolism 
and elimination, and lipid and nutrient absorption. 
Insight into the role of bile acids in health and dis-
ease continues to expand. Bile acids, synthesized 
by the liver as by-products of cholesterol metabo-
lism, are secreted into the bile canaliculus where 
they stimulate bile flow. This process contributes to 
the elimination of toxic molecules including 
bilirubin and xenobiotics. By regulating expression 
of membrane transporters located on hepatocyte 
canalicular and basolateral membranes, bile acids 
regulate cholesterol metabolism.  In the biliary tree, 
bile acids promote cholesterol solubility and stimu-
late gallbladder epithelium to secrete mucin, thus 
reducing the likelihood of gallstone formation [2]. 
In the small intestine, bile acids facilitate digestion, 
particularly with regard to absorption of lipids and 
fat-soluble vitamins and nutrients. Most bile acids 
released in the small intestine are reabsorbed in the 
terminal ileum and transported back to the liver. 
This enterohepatic circulation allows the liver to 
regulate production of bile acids via a feedback 
mechanism and to maintain the bile acid pool [3]. 
A small proportion of bile acids (1-2%) that is not 
reabsorbed in the ileum passes into the colon. 

In last decade, several investigations expanded 
the biological role of bile acids to include cell sig-
naling. It is now apparent that bile acids are natural 
ligands for cell membrane and nuclear receptors 
[4,5]. Moreover, the signaling actions of bile acids 
vary depending on their structural modification and 
on the cell type examined. A pattern of bioactivity 
has emerged indicating that lipophilic dihydroxy 
and trihydroxy bile acids have pro-apoptotic ac-
tions and more water-soluble glycine and taurine 
conjugates of these molecules tend to have anti-
apoptotic or pro-proliferative actions. Here, we re-
view the structural modifications that modulate bile  
 
1 The term bile acid refers to the protonated form and bile salt the 
ionized form. In this report as is common in the literature, these terms 
are used interchangeably. Bile acid nomenclature conforms to recom-
mendations by Hofmann et al. [1]. 

acid interaction with both cell membrane and nu-
clear receptors. These observations support the hy-
pothesis that bile acid structural modifications and 
their consequent interaction with cellular receptors 
alter post-receptor signaling and cell function, 
thereby playing an important regulatory role in 
health and disease. 
  

2.  BILE ACID STRUCTURE 
 

 

Bile acids consist of four fused rings, referred to 
chemically as a cylcopentanophenanthrene or ster-
oid nucleus [1]. Three of these four rings are 6-
sided (labeled A-C in FIG. 1) and one is 5-sided 
(labeled D in FIG. 1). Carbon atom numbering is 
shown in FIG. 1. In humans, most bile acids have 
24 carbon atoms (cholanoic acids). In C-24 bile 
acids, a 5-carbon aliphatic side chain, which ends 
in carboxylic acid, is attached at the 17β-position 
of the D ring. Based on the orientation of the pro-
ton at the C-5 position at the junction of rings A 
and B, bile acids are divided into two groups. The 
C-5 proton in trans with respect to the methyl 
group at C-19 renders the bile acid in a 5α-
configuration with all four rings in the same plane. 
However, the C-5 proton in cis to the methyl group 
at C-19 renders the bile acid into a 5β-
configuration with ring A at an approximate right 
angle to the plane of the other rings. In humans, 
bile acids are in the 5β-configuration.  

Primary bile acids, namely, cholic acid 
(3α,7α,12α-trihydroxy-5β-cholanoic acid) and 
chenodeoxycholic acid (3α,7α-dihydroxy-5β-
cholanoic acid), are synthesized de novo exclu-
sively by the liver. When primary bile acids are 
released into the small intestine, bacterial 7α-
dehydroxylase converts a fraction of these mole-
cules into secondary bile acids [deoxycholic acid 
(3α,12α-dihydroxy-5β-cholanoic acid) and litho-
cholic acid (3α-monohydroxy-5β-cholanoic acid)] 
[6] (FIG. 2). Bile acids that undergo further hepatic 
and bacterial modification, such as ursodeoxycholic 
acid (3α,7β-dihydroxy-5β-cholanoic acid), are 
known as tertiary bile acids. In adults, primary and 
secondary bile acids collectively constitute more 
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than 95% of the bile acid pool.   
Before their secretion into bile, N-aminoacyl 

conjugation occurs between the carboxyl group of 
the bile acid and the amino group of glycine or 
taurine (FIG. 1). In adults, the ratio of glycine to 
taurine conjugates is normally 3:1. Conjugation 
increases bile acid solubility; more for taurine than 
for glycine conjugates [5]. Hepatocytes are not ca-
pable of synthesizing taurine from other sulfur-
containing amino acids. Hence, dietary intake of 
this amino acid dictates the amount of taurine-
conjugated bile acids. In the small intestine and 
colon, a portion of bile acids is deconjugated by 
bacterial enzymes, absorbed actively and returned 
to the liver for reconjugation.   
 

3.  BILE ACID SYNTHESIS 
 

3.1.  CHOLESTEROL 7α-HYDROXYLASE PATHWAY 
 

Cholesterol is the primary substrate for bile acid 
synthesis by either the ‘neutral’ or ‘acidic path-
ways’ (reviewed in [6]). The neutral pathway, also 
known as the ‘cholesterol 7α-hydroxylase path-

way’, is mediated by the first rate-limiting, exten-
sively regulated 7α-hydroxylase, a microsomal cy-
tochrome P450 (CYP) enzyme, CYP7A1, ex-
pressed exclusively in hepatocytes.  In the second 
step, catalyzed by 3β-hydroxy-∆5C27-steroid oxi-
doreductase, the 3β-hydroxyl group is oxidized 
leading to formation of 7α-hydroxy-4-cholesten-3-
one, the precursor of cholic and chenodeoxycholic 
acids. Microsomal sterol 12α-hydroxylase, 
CYP8B1, converts 7α-hydroxy-4-cholesten-3-one 
to 7α,12α-dihydroxy-4-cholesten-3-one. Cytosolic 
3-oxosteroid-5β-reductase and 3α-hydroxysteroid 
dehydrogenase convert 7α,12α-dihydroxy-4-
cholesten-3-one into 5β-cholestane 3α,7α,12α-triol 
which is a precursor of cholic acid, or alternatively 
into 5β-cholestane 3α,7α,-diol, a precursor of de-
oxycholic acid. These compounds are subsequently 
converted by a mitochondrial sterol 27-
hydroxylase, CYP27A1, into 5β-cholestane 
3α,7α,12α,27-tetrol and 5β-cholestane 3α,7α,27-
triol. The final steps occur in peroxisomes yielding 
C-24 hydroxylated bile acid intermediates. Side 
chain oxidation and thiolytic cleavage forms cholic 
or chenodeoxycholic acids, which are then conju-
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FIGURE 1.    GENERAL STRUCTURE FOR NATIVE BILE ACIDS AND FOR GLYCINE AND TAURINE CONJUGATES. 
Steroid nucleus and conjugate structure, and ring and carbon atom lettering and numbering, respectively, are shown. 
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gated with glycine or taurine.  
 

3.2.  STEROL 27- HYDROXYLASE PATHWAY 
 

In the sterol 27-hydroxylase pathway, com-
monly referred to as the ‘acidic pathway’, oxidative 

cleavage of the side chain precedes modification of 
the steroid nucleus. Chenodeoxycholic acid is the 
main product of this pathway. The initial step is 
catalyzed by CYP27A1. Synthesis of bile acids 
from extrahepatic cholesterol by this pathway may 
contribute up to 50% of the bile acid pool. 

 

FIGURE 2.   DERIVATION OF MAJOR HUMAN BILE ACIDS.  This general scheme shows the major bile acid synthetic pathways from 
cholesterol.  The bile acid -COOH and -OH groups are shown in boldface. 
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3.3.  CHOLESTEROL 25- HYDROXYLASE PATHWAY 
 

Cholesterol 25-hydroxylase is a minor biosyn-
thetic pathway. The key enzyme in this pathway, 
CYP7B1, produces 7α-hydroxylated oxysterols 
that are channeled into bile acid synthesis. Only 5–
16% of total bile acids are synthesized via this 
pathway. 

 
4.  NUCLEAR RECEPTORS: REGULATORS OF BILE 

ACID SYNTHESIS 
 

Nuclear receptors are ligand-activated transcrip-
tion factors that regulate gene function. Nuclear 
receptors with no identifiable ligands are referred 
to as orphan receptors. Because typical nuclear re-
ceptor ligands are small hydrophobic molecules, 
bile acids are excellent candidate nuclear receptor 
ligands. In 1999, the farnesoid X receptor (FXR), a 
previously cloned orphan nuclear receptor, was 
identified as the first bile acid nuclear receptor 
[7,8]. Three additional bile acid nuclear receptors 
were identified; rodent xenobiotic receptor (PXR) 
[9], its analog human xenobiotic receptor (SXR), 
and the vitamin D receptor (VDR).  

FXR alters bile acid synthesis by influencing 
various steps in cholesterol metabolism and bile 
acid excretion. Deoxycholic and chenodeoxycholic 
acids are FXR ligands. FXR-/- mice have increased 
expression of CYP7A1, indicating that FXR regu-
lates the neutral pathway of bile acid synthesis 
[10]. FXR also regulates bile acid excretion by al-
tering expression of hepatocyte canalicular and ba-
solateral membrane bile acid transporters. Total 
serum bile acid concentration in FXR-/- mice is 8-
fold greater than in wildtype mice, and increases to 
23-fold when the animals are fed 1% cholic acid. In 
contrast to wildtype animals, feeding 1% cholic 
acid to FXR-/- mice, does not reduce hepatocyte 
expression of CYP7A1 or Ntcp (Na-dependent tau-
rocholate cotransporter), a hepatocyte basolateral 
transporter. Bsep, a major canalicular bile acid 
transport pump is expressed at much lower levels in 
FXR-/- mice. With a 1% cholic acid diet, Bsep ex-
pression remained unchanged in the livers of FXR-/- 
mice whereas it increases in wild-type mice. In 

wildtype mice, feeding a synthetic FXR ligand, 
GW4064, leads to increased hepatic expression of 
Bsep and Mdr2 (bile acid and phospholipid trans-
porters, respectively) and decreased expression of 
CYP7A1 and CYP8B1 [11]. These findings indi-
cate that FXR negatively regulates CYP7A1 func-
tion, inhibits Ntcp, and induces Bsep and phosphol-
ipid transport proteins.  

The pregnane X (PXR) receptor is activated by 
variety of compounds such as steroids, xenobiotics 
and drugs [12].  In rat liver, PXR induces expres-
sion of CYP3A4 but inhibits CYP7A1. Lithocholic 
acid and 3-keto-lithocholic acid bind to and acti-
vate PXR. Thus, it is hypothesized that PXR inhib-
its bile acid synthesis and stimulates CYP3A4 to 
detoxify LCA.   

The VDR is activated by lithocholic acid, 
thereby inducing CYP3A4, which detoxifies litho-
cholic acid in the liver and intestines. Lithocolic 
and 3-keto-lithocholic acids are the only bile acids 
that bind and activate VDR. 

 

5.  BILE ACIDS ACTIVATE INTRACELLULAR 
SIGNALING AND ALTER CELL FUNCTION 

 

5.1. BILE ACID INTERACTION WITH PLASMA MEM-
BRANE G-PROTEIN COUPLED RECEPTORS 

 

Experiments conducted in our laboratory indi-
cated that conjugated secondary bile acids are mus-
carinic receptor ligands. In guinea pig gastric chief 
cells, lithocholyltaurine (LCT) caused dose-
dependent increases in pepsinogen secretion and 
inositol phosphate (IP) production that was inhib-
ited by atropine [13]. Increasing concentrations of 
LCT diminished pepsinogen secretion stimulated 
by carbachol, a more efficacious and potent cho-
linergic agonist, and caused dose-dependent inhibi-
tion of muscarinic radioligand binding. In CHO 
cells expressing rat M3 muscarinic receptors (CHO-
rM3R), increasing concentrations of both LCT and 
deoxycholyltaurine (DCT), caused dose-dependent 
inhibition of muscarinic radioligand binding and 
muscarinic antagonists (atropine and N-
methylscopolamine) inhibited LCT-induced IP 
formation [14]. DCT reduced acetylcholine-
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induced IP formation and mitogen activated protein 
(MAP) kinase phosphorylation [15]. 

 
5.2.  ROLE OF BILE ACIDS IN APOPTOSIS 

 

Apoptosis is initiated by ligand-dependent or 
independent activation and oligomerization of cell 
surface death receptors, recruitment of a Fas-
associated DD (FADD) protein, activation of pro-
caspase-8 and -10, thereby resulting in formation of 
a death-inducing signaling complex (DISC) [16-
18]. Cytotoxic signaling downstream of DISC dif-
fers based on cell type; Type I when activated ini-
tiator caspases cleave and activate effector cas-
pases-3, -6, and -7 to execute cell death, or Type II 
when activation of effector caspases requires mito-
chondrial amplification. Recent research suggests 
that glycochenodeoxycholic acid (GCDA) induces 
death receptor-dependent hepatocyte apoptosis, 
promoting plasma membrane Fas aggregation in a 
Fas ligand-independent manner by altering cellular 
trafficking of this death receptor and increasing its 
cell surface density [19]. In hepatocytes, GCDA 
also enhances initiator caspase activation and aug-
ments mitochondrial cytochrome c release, thereby 
amplifying the caspase activation cascade [19]. 

To determine whether bile acid hydrophobicity 
predicts the ability to induce apoptosis in HCT116 
colon cancer cells, Martinez and colleagues inves-
tigated the actions of a relatively high concentra-
tion (500 µM) of 26 conjugated and unconjugated 
bile acids [20]. A 12-hr treatment with ursodeoxy-
cholic and deoxycholic acid analogues suppressed 
cell proliferation and extended exposure resulted in 
apoptosis. Deoxycholic and chenodeoxycholic ac-
ids induced apoptosis without first causing growth 
arrest. Glycine-conjugated deoxycholic and urso-
deoxycholic acids caused growth arrest but not 
apoptosis. These data indicate that the ability of 
bile acids to induce apoptosis increases with their 
hydrophobicity. Likewise, Martinez-Diez, et al. 
demonstrated that conjugated bile acids are less 
likely to reduce cell viability when compared with 
the unconjugated parent molecules [21]. Sclott-
mann and colleagues reported that deoxycholic and 
chenodeoxycholic acids cause concentration- and 

time-dependent apoptosis in SW480 and HT-29 
colon cancer cells [22]. In SW480 cells, deoxy-
cholic acid-induced apoptosis was associated with 
activation of caspases-2, -3, -7 and -8. However, 
conjugated bile acids and a trihydroxy bile acid 
(cholic acid) did not induce apoptosis. These data 
support the concept that bile acid solubility is in-
versely related to the ability to induce apoptosis. 
 

5.3.  ROLE OF BILE ACIDS IN MUSCARINIC 
RECEPTOR-MEDIATED COLON CANCER 

CELL PROLIFERATION 
 

For more than three decades, epidemiological 
and animal studies have supported an association 
between changes in fecal bile acids and the devel-
opment of cancer of the proximal colon. Nonethe-
less, the molecular mechanism for this association 
has been elusive.   

Colon epithelial cells express and most colon 
cancers over-express M3 muscarinic receptors 
(M3R) [23,24]. In H508 colon cancer cells, acetyl-
choline activates the p44/42 MAP kinase (Erk 1/2) 
signaling pathway and stimulates cell proliferation. 
Muscarinic agonists do not alter proliferation of 
SNU-C4 colon cancer cells that do not express 
M3R. These data indicate that M3R are involved in 
cell proliferation and possibly promote colon can-
cer growth. Additional work indicated that, as ob-
served with other G-protein coupled receptors, 
muscarinic agonist-induced colon cancer cell pro-
liferation is mediated by transactivation of epider-
mal growth factor receptors (EGFR) [25]. 

Bile acids mimic the signaling and proliferative 
actions of cholinergic agonists on colon cancer 
cells that express M3R.  Whereas deoxycholic acid 
caused a 15- to 43-fold increase in caspase-3 activ-
ity, a marker of apoptosis, up to 5-day incubation 
of H508 cells with conjugated bile acids did not 
increase caspase-3 activity. In fact, incubation of 
H508 cells with conjugated secondary bile acids 
activated p44/42 MAP kinase signaling and stimu-
lated an increase in the proliferation of H508 colon 
cancer cells [25,26]. As observed with acetylcho-
line, the proliferative actions of conjugated bile 
acids are dependent on expression and activation of 
both M3R and EGFR [25]. 
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5.4.  BILE ACIDS STIMULATE SYSTEMIC 
VASODILATION 

 

Bile acids are implicated in the modulation of 
vascular tone, particularly in reducing systemic 
vascular resistance in end-stage liver disease. In 
bile duct ligated rats, Bomzon and colleagues dem-
onstrated reduced contractile responses of vascular 
smooth muscle to noradrenaline [27]. In isolated rat 
mesentery preconstricted with an α1-adrenergic 
receptor agonist, taurine-conjugated deoxycholic, 
chenodeoxycholic and ursodeoxycholic acids 
caused dose-dependent decreases in vascular 
smooth muscle tension [28]. We observed in 
phenylephrine-constricted rodent (rat and mouse) 
thoracic aortic rings that increasing doses of DCT 
caused a progressive decrease in vascular smooth 

muscle tension [29,30]. DCT-induced vasodilation 
was more pronounced in intact aortic segments 
compared to those denuded of endothelium. These 
findings indicate that DCT-induced decreases in 
vascular smooth muscle tension are endothelium-
dependent.   

Nitric oxide (NO), a potent endothelium-derived 
vasodilator, formed by endothelial NO synthase 
(eNOS), diffuses into the vascular smooth muscle 
cells where it stimulates the formation of cyclic 
GMP, calcium influx and smooth muscle relaxa-
tion.  DCT-induced vasodilation was attenuated in 
rodent aortic segments with intact endothelium in-
cubated with an eNOS inhibitor [30]. These find-
ings indicate that in rodent thoracic aorta, DCT-
induced endothelium-dependent vasodilation is 

TABLE 1.   CELLULAR EXPRESSION OF NUCLEAR AND PLASMA MEMBRANE RECEPTORS REPORTED TO INTERACT 
FUNCTIONALLY WITH BILE ACID LIGANDS. 

RECEPTORS 
ACTIVATED 

BILE ACID LIGANDS CELL TYPES REFERENCES 

NUCLEAR RECEPTORS 

FXR Conjugated and unconjugated cholic, 
chenodeoxycholic, lithocholic and de-
oxycholic acids 

Hepatocytes  
Intestinal epithelial cells 
Vascular smooth muscle cells 
Cardiomyocytes 
Renal cells 
Cancers 

[11,42,45,46] 

SXR/PXR Conjugated deoxycholic and lithocholic 
acids 

Hepatocytes  [47] 

VDR Lithocholic and keto-lithocholic acids Hepatocytes 
Enterocytes 

[48] 

PLASMA MEMBRANE RECEPTORS 

TRAIL-R2/DR5 Chenodeoxycholylglycine Hepatocytes [49] 

Fas Chenodeoxycholylglycine Hepatocytes [19] 

G-PROTEIN-COUPLED RECEPTORS 

M3R Conjugated lithocholic and deoxycholic 
acids 

Gastric chief cells 
Colon cancer cells  

[13,26] 

TGR5 Conjugated and unconjugated cholic, 
chenodeoxycholic, lithocholic and de-
oxycholic acids   

Monocytes/macrophages 
Intestinal cell lines 
Enteroendocrine cells 

[35-38] 

RECEPTOR TYROSINE KINASES 

EGFR Conjugated deoxycholic acid 
Deoxycholic and chenodeoxycholic acids 

Colon cancer cells  
Cholangiocytes 

[25] 
[32] 

Insulin Deoxycholic acid Hepatocytes [39] 
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mediated by NO.  
In aortic segments from M3R-/- mice, acetylcho-

line- and DCT-induced vasodilation is reduced in 
comparison to effects in wildtype animals [30]. 
These data suggest that in the systemic circulation 
bile acids interact with vascular endothelial cell 
membrane receptors, thereby stimulating vasodila-
tion by an NO-dependent mechanism. Since end-
stage liver disease is associated with the formation 
of multiple collateral vessels that lead to the shunt-
ing of the blood from the portal to the systemic cir-
culation, thereby elevating bile acids levels in the 
systemic circulation, we hypothesize that secondary 
conjugated bile acids play an important role in re-
ducing systemic vascular resistance. 
 

6.  STRUCTURAL DETERMINANTS OF 
BILE ACID SIGNALING 

 

As shown in TABLE 1, the spectrum and com-
plexity of bile acid interaction with plasma mem-
brane or nuclear receptors depends on at least three 
major factors; steroid nucleus hydroxylation, ster-
oid nucleus conjugation, and target receptor ex-
pression. It is evident that these factors depend on 
the expression of a number of mammalian and bac-
terial genes that regulate biochemical transforma-
tions underlying bile acid synthesis and post-
synthetic molecular modifications, as well as those 
that regulate target receptor expression. As with 
any mammalian signaling system, this multitude of 
regulatory steps allows for fine-tuning, amplifica-
tion, and precise cellular targeting of the signal. 
The presence of bile acids in amphibians, reptiles, 
fish, and birds speaks to the antiquity of this signal-
ing system [31]. 
 

6.1.  STEROID NUCLEUS HYDROXYLATION 
 

As illustrated in FIG. 2, primary and secondary 
bile acids vary in the number of hydroxyl groups 
attached to the steroid nucleus. Cholic acid has 
three hydroxyl groups, chenodeoxycholic and de-
oxycholic acids have two hydroxyl groups, and 
lithocholic acid has one hydroxyl group attached to 
the steroid nucleus.  

Nuclear receptors are activated primarily by mono- 
and di-hydroxylated bile acids. FXR is activated by 
di-hydroxylated bile acids, thereby inhibiting 
CYP7A1, the rate-limiting enzyme involved in 
conversion of cholesterol to bile acids and thus 
suppressing bile acid synthesis. SXR and PXR are 
activated to a lesser extent by di-hydroxylated bile 
acids. Mono-hydroxylated bile acids activate PXR, 
SXR and VDR. Activation of PXR/SXR results in 
induction of CYP3A, a cytochrome enzyme that 
detoxifies xenobiotics. Compared to dihydroxy-
lated bile acids, mono-hydroxylated bile acid-
induced activation of FXR is minimal.  

Plasma membrane receptors are activated pri-
marily by di-hydroxylated bile acids, but the effects 
vary depending on the cell type examined. In vas-
cular endothelial cells, taurine-conjugated deoxy-
cholic acid interacts with M3R to cause nitric ox-
ide-mediated vasodilation [30]. In cholangiocytes 
and colon cancer cells, deoxycholyltaurine acti-
vates EGFR and promotes cell proliferation [25, 
32]. However, in colon cancer cells, this action ap-
pears to be mediated by interaction with M3R, the 
release of an EGFR ligand, and consequent transac-
tivation of EGFR [25]. In contrast, in hepatocytes, 
deoxycholic acid and conjugated chenodeoxycholic 
acid, another di-hydroxylated bile acid, are reported 
to promote Fas activation and apoptosis [33]. How-
ever, more recent studies indicate that in hepato-
cytes, taurine-conjugated cholic and deoxycholic 
acids stimulate p44/42 MAP kinase activation by a 
G-protein coupled receptor and EGFR-dependent 
mechanism [34]. The changes in hepatocyte func-
tion that result from these bile acid effects and the 
responsible G-protein coupled receptor have yet to 
be elucidated. 

A novel G-protein-coupled receptor, designated 
TGR5, was described as a ‘bile acid responsive 
receptor’. Surprisingly, all hydroxylated bile acids 
are reported to interact with TGR5 to promote in-
tracellular cAMP production [35,36]. Moreover, 
the function of TGR5 activation is unknown al-
though it may play a role in glucose homeostasis 
[37]. Recently, novel evidence was presented that 
interaction of serum bile acids with TGR5 may be 
important for the regulation of diet-induced ther-
mogenesis [38]. In this context, it is of interest that 
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a previous study indicated that deoxycholic acid 
also enhances the activity of the insulin receptor 
[39]. 

With respect to non-apoptotic signaling, the 
findings described above indicate that conjugated 
di-hydroxylated bile acids are the most active 
ligands. These bile acids interact with various cell 
membrane receptors to modulate cell function, in-
cluding secretion, cell proliferation and vasorelaxa-
tion [13,25,30]. The structural requirements for 
interaction of bile acids with TGR5 do not readily 
conform to this paradigm. However, currently in-
formation regarding TGR5 is based on limited data 
[35-38]. 

 
6.2.  STEROID NUCLEUS CONJUGATION 

 

Besides steroid nucleus hydroxylation, taurine 
and glycine conjugation modifies the interaction of 
bile acids with various receptors in different cell 
types.  

With respect to hydroxylation, the interaction of 
bile acids with nuclear receptors described above is 
limited only to unconjugated bile acids. FXR is 
activated by unconjugated chenodeoxycholic and 
deoxycholic acids, whereas the conjugated forms of 
these bile acids activate FXR only in cells that co-
express bile acid transporters. Unconjugated litho-
cholic, chenodeoxycholic and deoxycholic acids 
activate PXR and SXR, whereas the interaction of 
conjugated bile acids with these nuclear receptors 
is not clearly defined. 

Conjugation alters the interaction of bile acids 
with plasma membrane receptors. As indicated in 
the steroid hydroxylation segments, taurine-
conjugated lithocholic acid interacts with mus-
carinic receptors on gastric chief cells to promote 
inositol phosphate formation and stimulate pepsi-
nogen secretion whereas the unconjugated bile acid 
does not induce these effects [13]. In colon cancer 
cells, unconjugated deoxycholic acid activates cas-
pases and induces apoptosis, but taurine and gly-
cine conjugates of the same bile acid interact with 
M3R, transactivate EGFR and stimulate p44/42 
MAP kinase signaling, thereby inducing cell prolif-
eration [25]. In a similar manner, conjugation alters 

the signaling actions of bile acids on hepatocytes 
and liver cancer cells [19,34,40]. In human HuH-7 
cells, the glycine conjugate of chenodeoxycholic 
acid enhances the expression of TRAIL-R2/DR5 
and Fas to initiate death-signaling [19] whereas in 
rat McNtcp.24 cells, the taurine conjugate promotes 
cell survival via PI3K-dependent signaling [40]. 
The pattern of bile acid conjugation also alters the 
ability of these molecules to stimulate DNA syn-
thesis in regenerating mouse liver [41]. The obser-
vation that conjugation of bile acids alters interac-
tion with different cell types and that specific con-
jugation with either taurine or glycine further 
modulates bile acid actions on cell signaling has 
been noted by several groups [14,19,34,40]. 
 

6.3.  TARGET RECEPTOR EXPRESSION 
 

From the previous segments, it is apparent that 
in addition to structural modification of the steroid 
nucleus, the actions of bile acids also depend on the 
cell type examined and, in particular, the receptors 
expressed by these cells. Moreover, it is important 
to recognize that either physiological or pathologi-
cal actions of bile acids on a particular cell type can 
only occur in a setting (organ) where that cell is 
exposed to biologically active concentrations of the 
relevant bile acid. For example, it is likely that bile 
acid effects on hepatoma or cholangiocarcinoma 
cells are important, since these cells are exposed to 
effective concentrations of bile acids. For cell types 
in other locations, the physiological relevance of 
bile acid interaction with cell receptors must be 
proved by showing that effective concentrations of 
the relevant bile acid are achieved in the organ of 
interest. 

Nuclear bile acid receptors, including FXR, 
PXR, SXR and VDR, are expressed predominantly 
in hepatocytes and enterocytes, cells that are most 
involved in lipid and nutrient absorption and en-
terohepatic circulation. Recent investigation has 
revealed FXR expression in the vasculature, heart, 
kidney, lymph nodes and cancers, including metas-
tatic bronchial adenocarcinoma and sarcomas [42]. 
The distribution of FXR across different cell lines 
is a new finding and the physiological and patho-
logical implications are areas of future investiga-
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tion. 
As indicated above, bile acids interact with 

various cell surface receptors. M3R are widely dis-
tributed in the gastrointestinal tract and vascular 
endothelium. The expression of muscarinic recep-
tors in gastrointestinal epithelial cells and colon 
cancer cells that are continuously exposed to bile 
acids is the basis of our working hypothesis that 
interaction of bile acids with these receptors plays a 
regulatory role in colon cancer growth. In cirrhosis, 
systemic vascular endothelial cells are exposed to 
high levels of bile acids. Hence, bile acid interac-
tion with vascular M3R may play a role in mediat-
ing the hemodynamic changes associated with cir-
rhosis.   

Our laboratory has shown that bile acids acti-
vate M3R and EGFR, thereby inducing colon can-
cer cell proliferation. EGFR is expressed abun-
dantly in the epithelial lining of all the hollow or-
gans, including the entire gastrointestinal, respira-
tory, biliary and urinary tract, and by various can-
cers.  Several investigators have shown that bile 
acid-induced activation of post-receptor signaling 
is associated with cell survival. Using a small intes-
tinal epithelial cell line, Wang and colleagues 
showed that deoxycholyltaurine stimulates anti-
apoptotic signaling, including activation of NF-κB 
[43,44]. These signaling mechanisms play an im-
portant role in mediating bile acid-induced cellular 
restitution following mucosal injury [45]. Collec-
tively, these observations support the hypothesis 
that bile acids interact functionally with epithelial 
cells expressing EGFR and that this interaction 
stimulates cell proliferation. These effects are 
likely to be beneficial when cell proliferation is 
necessary to heal mucosal injury, but they are det-
rimental when they stimulate the growth of hepato-
biliary or colon cancers. 
 

7.  CONCLUSIONS 
 

The data reviewed here demonstrate that conju-
gated bile acids are receptor ligands that interact 
not only with nuclear receptors but also with cell 
surface receptors on gastric chief cells, colon can-
cer cells and vascular endothelial cells. Bile acid 

interactions with plasma membranes are associated 
with activation of post-receptor signaling and 
measurable changes in target organ function; 
pepsinogen secretion, cellular proliferation, and 
vasodilation, respectively. Hence, experimental 
data support our central hypothesis that bile acids 
play an important role as cell membrane receptor 
ligands that alter post-receptor signaling and cell 
function.  

The pattern that emerges from these observa-
tions leads us to refine our hypothesis and suggest 
that, much like conventional peptide and steroid 
hormones, bile acids are signaling molecules whose 
actions are modulated by structural modifications. 
Whereas unconjugated bile acids are primarily pro-
apoptotic, the finding that conjugated bile acids are 
primarily pro-proliferative and anti-apoptotic al-
lows us to generate additional testable hypotheses 
regarding the interaction of bile acids with mus-
carinic and other plasma membrane receptors. 
These include, but are not limited, to the following: 

• Bile acid-induced stimulation of gastric pepsi-
nogen secretion in vivo may play a role in mediat-
ing the pathological findings associated with ‘bile 
gastritis’. 

• Bile acid-induced colon cancer cell prolifera-
tion may play an important promoting role in the 
growth of colonic neoplasms. This is particularly 
true in the proximal colon, where lesions are more 
likely exposed to concentrations of conjugated sec-
ondary bile acids that activate muscarinic receptors 
(Hamilton J, Xie G, Raufman J-P, et al, unpub-
lished observations). 

• Bile acid-induced NO release from aortic en-
dothelial cells may play a role in stimulating angio-
genesis and neovascularization. Moreover, end-
stage liver disease is associated with decreased he-
patic NO production and increased splanchnic and 
systemic circulation NO that correlates with a shift 
of the bile acid pool to the systemic circulation. 
Hence, bile acids may play an important role in 
regulating intrahepatic vascular and sinusoidal tone 
and reducing systemic vascular resistance.  

As reviewed here, present evidence indicates 
that cellular actions of bile acids depend on three 
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major variables: hydroxylation and conjugation of 
the steroid nucleus, bile acid concentration, and 
cellular expression of relevant plasma membrane 
and nuclear receptors. Clearly, the potential role of 
bile acids in activating intracellular cell signaling, 
although compelling on the basis of the experi-
ments outlined above, requires additional study. 
For example, the molecular mechanisms underlying 
bile acid-induced transactivation of receptor tyro-
sine kinases via M3R activation requires explora-
tion, as does the impact on cell cycle regulation. 
These issues can best be addressed by a combina-
tion of in vitro and in vivo approaches. Elucidation 
of the molecular mechanisms underlying the regu-
latory and signaling actions of bile acids will iden-
tify new therapeutic targets for common disorders. 
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