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Abstract In the past, bile acids were considered to be just
detergent molecules derived from cholesterol in the liver.
They were known to be important for the solubilization of
cholesterol in the gallbladder and for stimulating the ab-
sorption of cholesterol, fat-soluble vitamins, and lipids from
the intestines. However, during the last two decades, it has
been discovered that bile acids are regulatory molecules.
Bile acids have been discovered to activate specific nuclear
receptors (farnesoid X receptor, preganane X receptor, and
vitamin D receptor), G protein coupled receptor TGR5
(TGRb5), and cell signaling pathways (c-jun N-terminal ki-
nase 1/2, AKT, and ERK 1/2) in cells in the liver and gastro-
intestinal tract. Activation of nuclear receptors and cell
signaling pathways alter the expression of numerous genes
encoding enzyme /proteins involved in the regulation of bile
acid, glucose, fatty acid, lipoprotein synthesis, metabolism,
transport, and energy metabolism. They also play a role in
the regulation of serum triglyceride levels in humans and
rodents. Bile acids appear to function as nutrient signaling
molecules primarily during the feed/fast cycle as there is a
flux of these molecules returning from the intestines to the
liver following a meal.ll In this review, we will summarize
the current knowledge of how bile acids regulate hepatic
lipid and glucose metabolism through the activation of spe-
cific nuclear receptors and cell signaling pathways.—
Hylemon, P. B., H. Zhou, W. M. Pandak, S. Ren, G. Gil, and
P. Dent. Bile acids as regulatory molecules. J. Lipid Res.
2009. 50: 1509-1520.
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In the past, conjugated bile acids were considered to be
detergent molecules produced from cholesterol in the
liver. As detergents, bile acids are important for the solubi-
lization of cholesterol in the gallbladder and intestine by
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forming mixed micelles with cholesterol and phospholip-
ids. These amphipathic molecules are also recognized as
being required for the activation of certain pancreatic en-
zymes and for the solubilization and absorption of choles-
terol, lipid soluble vitamins (A, D, K, and E), and to a lesser
extent, triglycerides and fatty acids from the intestines (1).
Bile acid synthesis is also recognized as a major output
pathway of cholesterol from the body; the other being bil-
iary cholesterol secretion (1).

The concept of bile acids as hormones was not apparent
until 1999 when three independent laboratories reported
that bile acids were ligands for the farnesoid X receptor-o
(FXR-o; NR1H4) (2—4). Following this discovery, numer-
ous genes in the liver and intestine were shown to be in-
duced by bile acids via a functional FXR element in their
promoters (see Ref. 5 for recent summary). It was discov-
ered that many of the genes induced by bile acids encode
enzymes/proteins involved in regulating bile acid synthe-
sis, transport, conjugation, lipoprotein synthesis, uptake,
and metabolism (5). After FXR was shown to be activated
by bile acids, it was discovered that the preganane X recep-
tor (PXR; NR1I2) and the vitamin D receptor (VDR;
NRI1I1) could be activated by lithocholic acid, a hydropho-
bic bile acid formed by 7a-dehydroxylation of chenode-
oxycholic acid by intestinal anaerobic bacteria (6-8).
Activation of PXR or VDR induces genes encoding en-
zymes involved in the metabolism and detoxification of
lithocholic acid (6-8).

In the last few years, bile acids have also been discovered
to activate various cell signaling pathways in cells in the
liver and gastrointestinal tract. In this regard, bile acids
have been known for many years to activate different iso-
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kinase A; PKC, protein kinase C; PXR, preganane X receptor; SHP,
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protein; TNF-a, tumor necrosis factor-a; VDR, vitamin D receptor.
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forms of protein kinase C (PKC) in colonic cells and he-
patocytes by poorly defined mechanisms (9-12). In 2001,
bile acids were also reported to activate the c-jun N-termi-
nal kinase (JNK) 1/2 signaling pathway in primary hepa-
tocytes, and this was linked to the downregulation of
cholesterol 7a-hydroxylase (CYP7A1) and bile acid syn-
thesis (13). Moreover, in the same year, two independent
laboratories reported that deoxycholic acid activated the
epidermal growth factor receptor in hepatocytes (14, 15).
This was later shown to occur in other epithelial cells in
the gastrointestinal system (16, 17). In 2002, a Ga, pro-
tein-coupled receptor, TGRS, was discovered to be re-
sponsive to bile acids by two research groups (18, 19).
Activation of TGRb by bile acids was shown to be possibly
linked to energy metabolism (20, 21) and hepatoprotec-
tion in the liver (22). Subsequently, investigations re-
ported evidence for Ga; protein-coupled receptor(s) in
hepatocytes activated by conjugated, but not free, bile ac-
ids. These putative bile acid-responsive Gao; protein-cou-
pled receptor(s) were linked to the activation of the AKT
(insulin signaling pathway) and ERK 1/2 signaling path-
ways in hepatocytes in culture (23) and in vivo (24). The
rapid activation of the insulin signaling pathway by bile
acids strongly suggests they may help control glucose me-
tabolism in the liver. In total, the current evidence
strongly indicates that bile acids play an important role in
the regulation of their own synthesis, fatty acid, lipid, and
lipoprotein synthesis, as well as glucose metabolism in
the liver. Moreover, bile acids may be important in resis-
tance to intestinal bacterial growth and translocation in
the small intestine (25). Bile acids appear to primarily
function as metabolic regulatory molecules during the
feed/fast cycle as the flux of bile acids returning from the
intestine to the liver is increased following a meal. This
review will focus on how bile acid-activated nuclear recep-
tors and cell signaling pathways interact to produce an
overall physiological response regulating various biosyn-
thetic and metabolic pathways in the liver. There are al-
ready excellent reviews focused on FXR and metabolic
diseases (5, 26).

BILE ACID BIOSYNTHETIC PATHWAYS

There are two major bile acid biosynthetic pathways in
the liver, the neutral and alternative pathway (Fig. 1).
The neutral pathway is initiated by CYP7A1, a cytochrome
P450 enzyme located in the smooth endoplasmic reticu-
lum of hepatocytes. The 7a-hydroxylation of cholesterol
has been shown to be the rate-limiting step in the neutral
pathway of bile acid biosynthesis (1). The gene encoding
CYP7A1 is highly regulated at the transcriptional level,
and its mRNA has a very short half-life (~1.5 h). The
gene encoding CYP7AI is strongly downregulated by
most bile acids, glucagon, certain cytokines [tumor ne-
crosis factor-a (TNF-a) and interleukin 1 (IL-1)] and
FGF 15/19 (27). The CYP7A1 gene has been reported to
be upregulated by thyroid hormone, glucocorticoids, and
oxysterols (in rodents, but not humans) (27). The neu-
tral bile acid biosynthetic pathway consists of least 16 en-
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zymatic steps leading to the formation of cholic acid and
chenodeoxycholic acid (reviewed in Ref. 28). The ratio
of cholic acid to chenodeoxycholic acid in this pathway is
controlled by sterol 12a-hydroxylase (CYP8B1). The gene
encoding CYP8BI1 is also highly regulated at the tran-
scriptional level by many of the same mechanisms regu-
lating CYP7A1. However, there some differences in the
regulation of the genes encoding CYP7A1 and CYP8B1
(29). The enzymes in the bile acid biosynthetic pathway
are located at many different cellular locations in the he-
patocyte, including smooth endoplasmic reticulum, mi-
tochondria, peroxisomes, and cytoplasm. It is unclear
how various bile acid biosynthetic intermediates in this
pathway move from one cellular location to another. The
neutral pathway of bile acid biosynthesis appears to be
the major pathway of bile acid synthesis in humans under
normal conditions. However, during various pathophysi-
ological conditions, the alternative pathway of bile acid
synthesis is the most active (30).

The alternative pathway of bile acid biosynthesis is initi-
ated by mitochondrial sterol 27-hydroxylase (CYP27A1).
However, the rate-limiting step in this pathway appears to
be transport of cholesterol to the inner mitochondrial
membrane. The inner mitochondrial membrane is nor-
mally low in cholesterol concentration. It has been dem-
onstrated that overexpression of the gene encoding
StarD1, a soluble cholesterol binding protein, either in
primary hepatocytes (31) or in vivo in rodent liver results
in increased rates of bile acid biosynthesis (32). StarD1 is
known to transport free cholesterol from intracellular
membranes to the mitochondria (33). Evidence has also
been presented for the presence of StarD1 mRNA and
protein in primary hepatocytes (34). Whether other cho-
lesterol transport proteins are involved in the movement
of cholesterol to mitochondria is currently unknown. Un-
like CYP7A1, which is expressed only in hepatocytes, mi-
tochondrial CYP27A1 is expressed in many different
tissues and cell types in the body and has been hypothe-
sized to play a role in reverse cholesterol transport (35).
CYP27A1 is a unique cytochrome P-450 enzyme in that it
catalyzes the 27-hydroxylation of cholesterol as well as
various bile acid biosynthetic intermediates (36). It also is
capable of carrying out further oxidation of the 27-hy-
droxy group to yield a C-27 carboxyl group. Finally, this
enzyme also has the ability to 25-hydroxylate cholesterol,
yielding a potentially important regulatory oxysterol, 25-
hydroxycholesterol (37). 25-Hydroxycholestrol can be
further metabolized in hepatocytes to 25-hydroxycholes-
terol-3-sulfate. There is some evidence that this sul-
fated oxysterol may be a regulatory metabolite (38). 7a-
Hydroxylation of 27-hydroxycholesterol and other oxys-
terolsis carried out by oxysterol 7a-hydroxylase (CYP7B1).
Therefore, in addition to bile acid biosynthesis, the
alternative pathway generates 27-hydroxycholesterol and
25-hydroxycholesterol, which are regulatory oxysterols
(35, 39). These oxysterols activate the liver X receptor
(LXR; NR1H2/3), which is known to be important in
maintaining cholesterol and fat homeostasis in the liver
and other tissues (39, 40).
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Fig. 1. Pathways of bile acid biosynthesis in the
liver. The neutral and alternative pathways of bile
acid biosynthesis are initiated by cholesterol 7a-
hydroxylase (CYP7A1) and mitochondrial sterol
27-hydroxylase (CYP27A1), respectively. Sterol
12a-hydroxylase (CYP8B1) determines the ratio of

CYPSB1 cholic acid to chenodeoxycholic acid synthesized. In
humans, the neutral pathway is the major pathway of
-------- Regulatory synthesis under normal physiological conditions.
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ENTEROHEPATIC CIRCULATION OF BILE ACIDS
AND SYNTHESIS OF FIBROBLAST GROWTH
FACTOR 15/19

Conjugated bile acids, synthesized in the liver, are actively
transported across the canalicular membrane of the hepa-
toycte into the bile duct system along with cholesterol and
phosphatidylcholine (Fig. 2). The ratio of conjugated bile
acids, cholesterol, and phospholipids in bile is tightly regu-
lated to insure that cholesterol is solubilized as either mixed
micelles of conjugated bile acids, cholesterol, and phospho-
lipids or as cholesterol:phospholipid vesicles (1). Excess bil-
iary cholesterol secretion relative to conjugated bile acids
and phospholipids can result in cholesterol saturated bile
and an increased risk for cholesterol gallstone formation.
Biliary lipids are stored in the gallbladder and released into
the duodenum of the small intestine in response to alimen-
tary hormones. In the small bowel, conjugated bile acids
function to activate specific pancreatic lipases and to solubi-
lize dietary lipids, sterols, and fat-soluble vitamins by form-
ing mixed micelles, which allows for the uptake of these
nutrients into enterocytes. Bile acids move through the
small bowel under the influence of peristalsis. In the ileum,
bile acids are actively taken up by a sodium-dependent
transporter (IBAT; SLC10A2) (41, 42). Inside the ileocyte,
bile acids bind to the ileal bile acid binding protein (IBAT)
and are transported to the basolateral membrane where
bile acids exit the ileocyte primarily via the heterodimeric
organic solute transporter OSTa/3 (43-45). Bile acids ab-
sorbed from the intestines are transported back to the liver
via the portal vein where they are actively transported into
the hepatocyte primarily via the Na'/taurocholate cotrans-
porting polypeptide (SLC10AT) (46).

In ileocytes, bile acids stimulate the synthesis of fibro-
blast growth factor 15/19 (mouse FGF-15 is the ortholog
of human FGF-19) via a functional FXR element in the
promoter of the gene encoding FGF 15/19 (47). This hor-
mone, when secreted from ileocytes, is believed to be
transported to the liver and bind to its cognate tyrosine

kinase receptor (FGFR-4) on hepatocytes, which activates
the JNK 1/2 signaling pathway (48, 49). Activation of the
JNK 1/2 signaling pathway in primary hepatocytes by bile
acids or cytokines (i.e., TNF-a) has been shown to down-
regulate CYP7A1 mRNA (13). FGFR-4 is highly expressed
in the liver but not in the ileum. Holt et al. (47) and Song
et al. (49) have reported that bile acids can induce the
synthesis of FGF19 in human primary hepatocytes in cul-
ture, resulting in the downregulation of the gene encod-
ing CYP7A1. However, the significance of these observations
in vivo is not yet clear as most evidence suggest that intes-
tinally synthesized FGF 15/19 is probably the main mecha-
nism of CYP7A1 repression in the liver (50, 51). It was
discovered early on that FGFR-4 or B-klotho null mice had
increased CYP7A1 mRNA levels and an expanded bile acid
pool (52, 53). Further study showed that B-klotho is re-
quired for FGF 15/19 to interact with FGFR-4 and activate
the JNK 1/2 signaling pathway (Fig. 2).

Bile acids also induce the gene encoding the short het-
erodimer partner (SHP; NROB2) in the liver. SHP was
originally hypothesized to play a role in regulating CY-
P7Algene expression (54, 55). SHP is a nuclear receptor
without a DNA binding domain that can physically inter-
act with positive acting transcription factors, such as hepa-
tocyte nuclear factor 4o (HNF4o; NR2A1), liver receptor
homolog 1 (NRbA2), LXRa/B (NRI1H2/3), and others.
However, more recent studies by Mataki et al. (56) and
Lee et al. (57) showed that disruption of the liver receptor
homolog 1 gene in mouse hepatocytes did not alter the
regulation of CYP7A1 gene expression. In contrast, sterol
12a-hydroxylase (CYP8B1) gene expression was markedly
decreased in the liver of these same animals. This had the
effect of decreasing cholic acid biosynthesis and altering
the bile acid pool composition. The bulk of the current
scientific evidence suggests that the gene encoding CYP7A1
is downregulated by activating the JNK 1/2 signaling path-
way. JNK 1/2 and protein kinase A (PKA) kinases have
been hypothesized to phosphorylate HNF4a and alter its
ability to activate the CYP7A1 promoter (58, 59) (Fig. 3).
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Fig. 2. Enterohepatic circulation of bile acids. Conjugated bile acids (Conj-BA) are actively transported
from the canalicular side of the hepatocyte by the bile salt export pump (BSEP; ABC B11) along with phos-
pholipids (PL; ABC 4) and cholesterol (C; ABC G5/G8). Conjugated bile acids are actively transported into
ileocytes by the sodium-dependent intestinal bile acid transporter (IBAT). Inside the ileocyte, bile acids in-
duce the synthesis of fibroblast growth factor 15/19 (FGF-15/19) but are also bound by the intestinal bile
acid binding protein (I-BABP). They exit the ileocyte on the basolateral side via the heterodimeric organic
solute transporter (Ost-c./f). Bile acids and FGF-15/19 are transported back to the liver via the portal blood.
Conjugated bile acids are actively transported into the hepatocyte primarily by the Na'/taurocholate cotrans-
porting polypeptide (NTCP). FGF-15/19 binds to and activates hepatic fibroblast growth factor receptor 4
(FGFR4), which in turn activates the JNK signaling pathway. Activation of JNK downregulates the gene en-
coding cholesterol 7a-hydroxylase (CYP7A1), inhibiting bile acid synthesis.

During their enterohepatic circulation, several hundred
milligrams of bile acids escape this cycle each day and en-
ter the colon where they are exposed to the indigenous
intestinal microbiota. Bile acids are metabolized in a vari-
ety of ways by intestinal bacteria, including deconjugation,
epimerization of hydroxy groups at C-3, C-7, and C12, and
the 7a-dehydroxylation of cholic acid and chenodeoxy-
cholic acid, yielding deoxycholic acid and lithocholic acid,
respectively (60). Deoxycholic acid and lithocholic acid
are referred to as secondary bile acids (Fig. 4). Secondary
bile acids and metabolites are passively absorbed from the
colon and are returned to the liver via the portal vein.
Hence, there is a mixture of primary and secondary bile
acids and metabolites returning to the liver during each
enterohepatic cycle. Bile acids returning from the intes-
tines are actively transported from the blood into hepato-
cytes, biotransformed, conjugated to either glycine or
taurine, actively transported from the hepatocyte into bile,
and become part of the circulating bile acid pool. The ra-
tio of taurine to glycine bile acids in bile is a function of
dietary habits in humans, but not rodents. High-protein
diets in humans favor taurine conjugation, whereas vege-
tarian diets favor glycine conjugation (61). Interestingly,
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the percentage of deoxycholic acid in bile can vary from
<1% to >50% (60). Deoxycholic acid increases the hydro-
phobicity of the bile acid pool, which is associated with
greater toxicity and increased cholesterol secretion from
the liver. The human bile acid pool contains only small
amounts (1-4%) of conjugated and/or sulfated litho-
cholate. This is due mainly to the very hydrophobic nature
and insolubility of lithocholic acid, which is formed in the
colon by the 7a-dehydroxylation of chenodeoxycholic
acid by anaerobic bacteria (60). Hence, only small amounts
are absorbed. However, it is a very toxic bile acid and must
be rapidly conjugated and/or sulfated to limit damage to
hepatocytes.

Bile acids appear to function as important regulatory
molecules in the small intestinal tract by inducing genes,
in an FXR-dependent manner, that are involved in resis-
tance to bacterial growth and translocation into intestinal
epithelial cells (25). These observations may have impor-
tant pathophysiological implications for patients with
cholestatic liver disease or impaired bile flow as bacterial
overgrowth and uptake may enhance pro-inflammatory
processes in the intestines that could affect multiple organ
systems in the body.
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Fig. 3. Downregulation of cholesterol 7a-hydroxylase (CYP7A1) by bile acids, cytokines, and FGF-15/19.
Bile acids are transported into the hepatocyte via the Na'/taurocholate cotransporting polypeptide (NTCP).
In vitro, bile acids activate ASM-generating ceramide, which causes the clustering and activation of the FAS
receptor. This receptor then activates the JNK signaling pathway. Activation of the JNK 1/2 pathway by bile
acids, TNF-a, IL-1, or fibroblast growth factor-15/19 (FGF-15/19) is hypothesized to result in the phospho-
rylation of HNF4a, decreasing its ability to activate the gene encoding CYP7A1. BARE, bile acid-responsive

element; MKK4/7, MAP kinase kinase 4/7; RXR, retinoid X receptor.

ACTIVATION OF NUCLEAR RECEPTORS AND CELL
SIGNALING PATHWAYS BY BILE ACIDS

Over the past decade, bile acids have been reported to
activate several nuclear receptors (FXR, PXR, and VDR)
and cell signaling pathways (AKT, ERK 1/2, and JNK 1/2)
in cells in the liver and gastrointestinal tract (Fig. 5); how-
ever, the physiological significance of activating these nu-
clear receptors and cell signaling pathways is only now
becoming apparent. Activation of the JNK 1/2 signaling
cascade by bile acids can occur by direct or indirect mech-

S

Cholesterol

Primary

anisms. The addition of either conjugated or free bile ac-
ids to primary hepatocytes in culture rapidly (~1 h)
activates the JNK 1/2 signaling pathway and downregu-
lates CYP7A1 mRNA (13). Activation of the JNK 1/2 path-
way by bile acids at the level of the hepatocyte requires the
synthesis of ceramide (62). Bile acids appear to generate
ceramide by activating acidic sphingomyelinase (ASM) as
hepatocytes isolated from ASM null mice fail to synthesize
ceramide in response to bile acids or activate the J]NK 1/2
signaling pathway. However, the JNK 1/2 pathway is intact
in ASM null hepatocytes as TNF-a activates this pathway to

Fig. 4. Structures of unconjugated primary and
secondary bile acids in humans. Cholic acid (CA;
3a,7a,12a-trihydroxy-5B-cholan-24-oic acid) and
chenodeoxycholic acid (CDCA; 3a,7a-dihydroxy-58-
cholan-24-oic acid) are synthesized from cholesterol
in the liver hepatocytes. Deoxycholic acid (DCA;
3a,12a-dihydroxy-53-cholan-24-oic acid) and litho-

H cholic acid (LCA; 3a-hydroxy-5B0cholan-24-oic acid)
Cholic acid (CA) Chenodeoxycholic acid (CDCA) are synthesized from cholic acid and chenodeoxy-
s d cholic acid, respectively, by a small population of 7a-
econdary dehydroxylating intestinal anaerobic bacteria.
QH
G2l G2in
SCOg SCE
Hot Hot
H

Deoxycholic acid (DCA)

Lithocholic acid (LCA)
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the same extent as in wild-type hepatocytes. Activation of
the JNK 1/2 pathway in primary hepatocytes is hypothe-
sized to downregulate CYP7A1 primarily by phosphoryla-
tion of HNF4a by activated JNK 1/2 kinases in this pathway
(Fig. 3). In vivo, bile acids appear to activate the JNK 1/2
signaling cascade primarily by the FXR-dependent synthe-
sis of FGF-15/19 in the ileum (48). In this scenario, bile
acids activate FXR (nuclear receptor), inducing the gene
encoding FGF15/19 (a hormone) that is secreted, trans-
ported to the liver, and binds to FGFR-4 (cell surface ty-
rosine kinase receptor) activating JNK 1/2 (cell signaling
pathway), which downregulates CYP7A1 (a specific gene).
Hence, this is an example of crosstalk between a bile acid-
activated nuclear receptor and cell signaling pathway.

It is unclear why the intraduodenal infusion of tauro-
cholate in the chronic bile fistula rat model does not rap-
idly activate JNK 1/2 in the liver (R. Cao etal., unpublished
observations). However, this may be due to the rapid trans-
port of conjugated bile acids through the hepatocyte into
bile. The JNK 1/2 pathway can also be activated by pro-in-
flammatory cytokines, i.e., TNF-a and IL-1 (13). These cy-
tokines are synthesized during infection and other
pathophysiological conditions (i.e., excess cholesterol in
macrophages). In addition, their synthesis may be stimu-
lated by unconjugated hydrophobic bile acids returning
from the intestines. In this regard, Miyake etal. (63) showed
that hydrophobic bile acids induced the expression of
genes encoding IL-1 and TNF-« in monocyte/macrophage
cultures. The in vivo significance of these cytokines in regu-
lating CYP7A1 expression and bile acid synthesis under
normal physiological conditions is currently unclear.

Bile acids can activate AKT (insulin signaling pathway)
in hepatocytes by two different mechanisms. Conjugated
bile acids activate this signaling pathway primarily via Goy
protein-dependent receptor(s), while unconjugated hy-
drophobic bile acid appear to activate this pathway by mi-
tochondrially generated superoxide ions (Fig. 6) (23).
The activation of the AKT pathway by bile acids has been

1514 Journal of Lipid Research Volume 50, 2009
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Fig. 5. Major cell signaling pathways activated by
bile acids in hepatocytes. Components of the JNK
1/2, extracellularregulated kinases (ERK 1/2), and
Ser/Thr kinase Akt/PKB (protein kinase B) signal-
ing pathways are shown. Each signaling pathway con-
sists of three sequentially acting kinases. GS, glycogen
synthase; GSK-3, glycogen synthase kinase 3; PI3K,
phosphoinositide-3-kinase; PDK-1, phosphoinositide-
dependent protein kinase 1; Erbl/2/3, epidermal
growth factor receptor family members; Rac/
Rho;Cdc-42, small molecular weight GTP/GDP bind-
ing proteins involved in activating JNK 1/2 pathway;
K-Ras and H-Ras, small molecular weight GTP/GDP
binding proteins associated with activation of ERK
1/2 pathway; p90 rsk, p90 ribosomal 6 kinase; Ets,
ETS domain transcription factor; CREB, c-AMP-re-
sponsive element binding protein; C/EBPB, CCAAT
enhancer binding protein 3; GPCRs, G-protein-cou-
pled receptors; FGF-R4, fibroblast growth factor re-
ceptor 4; TNF-R, tumor necrosis factor receptor; IL-1
R, interleukin 1 receptor; Fas-R, Fas receptor.

shown to occur in primary rat hepatocytes and in the liver
of the chronic bile fistula rat (23, 24). Activation of the
AKT pathway by bile acids allows them to function in a
manner almost identical to insulin in regulating glucose
metabolism in the liver (23, 24, 64). This makes physiolog-
ical sense as bile acids are released from the gallbladder
following a meal. This may allow bile acids returning to
the liver to boost insulin signaling during the feed/fast
cycle. In this regard, the addition of bile acids to primary
hepatocytes activates glycogen synthase activity, an insulin
target enzyme, to the same degree as insulin. The addition
of both a bile acid and insulin to primary hepatocytes
yields an additive effect on glycogen synthase activity (24).
Taurocholate added to cultures of primary hepatocytes
also increases the phosphorylation of FOX01 and down-
regulates the gluconeogenic genes (PEPCK and G-6-Pase)
in a manner similar to insulin (R. Cao et al., unpublished
observations). Moreover, it has been recently reported
that activation of the AKT pathway is necessary for the op-
timal induction of the gene encoding SHP by TCA in pri-
mary hepatocytes. Preliminary evidence indicates that
phosphorylation of FXR by PKC{ (65) or possibly other
isoforms of PKC (66) may enhance the induction of SHP
by TCA (R. Cao et al., unpublished observations). PKC{ is
known to be activated by PDK-1, a component of the insu-
lin signaling pathway (Fig. 6). Activation of the insulin sig-
naling pathway and phosphorylation of FXR has been
hypothesized, but not yet proven, to increase the affinity
of FXR for TCA (R. Cao et al., unpublished observations).
In vitro, TCA is a very poor activator of FXR (EC;, >1 mM)
(2—4, 67). However, in primary hepatocytes, TCA causes
induction of SHP mRNA at concentrations as low as 1-5
PM (R. Cao et al., unpublished observations). Hence, the
activation of a cell signaling pathway (AKT) by bile acids
may alter the functionality of a nuclear receptor (FXR)
that binds bile acids. The phosphorylation of nuclear re-
ceptors by activated protein kinases in cell signaling path-
ways can alter their cellular location, affinity for ligand,
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Fig. 6. Activation of the Akt (insulin signaling pathway) and FXR by bile acids in hepatocytes. Tauro-
cholate (TCA) activates the AKT pathway via a Go; protein;coupled receptor(s). Phosphoinositide-depen-
dent protein kinase 1 (PDK-1), a kinase in the insulin signaling pathway, then activates atypical protein
kinase C { (PKC{). Activated PKCL is proposed to phosphorylate FXR, enhancing its ability to bind TCA and
induce the gene encoding SHP. Activated Akt phosphorylates the transcription factor FOX01. The phospho-
rylated form of FOXO1 exits the nucleus, allowing for the downregulation of gluconeogenic genes [PEP
carboxykinase (PEPCK) and glucose-6-phosphatase (G-6-Pase)]. Akt also phosphorylates glycogen synthase
kinase 3 (GSK-3), inactivating this kinase, which allows for the dephosphorylation and activation of glycogen
synthase activity. NTCP, Na'/taurocholate cotransporting polypeptide; DCA, deoxycholic acid; Src, src fam-
ily kinases; EGFR, epidermal growth factor receptor; PTP, phosphotyrosine phosphatase; PTX, pertussis

toxin; IR, insulin receptor.

turnover rate, DNA binding, and ability to interact with
coactivators (reviewed in Refs. 68, 69).

Bile acids appear to be able to alter glucose metabolism
in hepatocytes by at least two mechanisms. First, conjugated
bile acids activate the insulin signaling pathway via Go; pro-
tein-coupled receptors or superoxide ions and function
much like insulin to activate glycogen synthase and repress
gluconeogenic genes. This is probably a very rapid (min-
utes) response to bile acids. In addition, bile acids activate
(hours) the gene encoding SHP via a functional FXR site in
its promoter. SHP can bind to FOX01, CEBPa, and HNF4a,
transcription factors known to activate gluconeogenic genes
(Fig. 7) (70, 71). Although the G protein-coupled recep-
tors in hepatocytes activating the insulin signaling pathway
have not yet been identified, they could be a target for drug
development for treating patients with type II diabetes.
High-affinity agonists activating the putative conjugated
bile acid G-protein-coupled receptor may bypass insulin re-
sistance by activating the PI3K/PDK-1/AKT pathway via the
B/v-subunits of G-protein-coupled receptors (72).

There is abundant literature indicating that bile acid-
activated FXR and cell signaling pathways play an impor-
tant role in hepatic glucose metabolism (reviewed in Ref.

73). However, the cellular mechanisms of regulating glu-
cose metabolism by bile acids are not yet clear. It was re-
ported in 2003 by De Fabiani et al. (74) that there was
coordinate regulation between the regulation of the genes
encoding CYP7A1 and PEPCK by an FXR-independent
mechanism. In other studies, FXR-null mice were shown
to develop fatty liver and elevated serum free fatty acids,
which are associated with elevated serum glucose levels
and insulin resistance (75). FXR appears to be crucial for
normal glucose homeostasis during the feed-fast cycle and
may also play a role in the inhibition of glycolysis via re-
pression of liver pyruvate kinase as well as inhibiting gluco-
neogenic genes via induction of SHP (76). Treatment of
diabetic animals with GW4064, an FXR synthetic ligand,
improves insulin resistance and hyperglycemia (77). Over-
all, the effects of bile acids on hepatic glucose metabolism
appears to involve both a bile acid activated cell signaling
pathway (AKT) and the nuclear receptors FXR and SHP
(78). Generally, cell signaling pathways respond much
faster (seconds to minutes) than nuclear receptors (min-
utes to hours) to regulatory ligands. Therefore, the combi-
nation of these two regulatory mechanisms may be
required for an overall physiological response.
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Fig. 7. Regulation of hepatic glucose metabolism and cholesterol
and fatty acid biosynthetic pathways by bile acids. Bile acids regu-
late glucose metabolism in hepatocytes by activating the insulin
signaling pathway and by induction of the gene encoding SHP.
Conjugated bile acids activate the insulin signaling pathway (pAKT)
via surface G-protein-coupled receptors (GPCRs), which activates
glycogen synthase activity and inhibits gluconeogenesis by phos-
phorylation of FOXO01. SHP is known to interact with FOX01, a
transcription factor known to upregulate gluconeogenic genes.
Phosphoinositide-dependent protein kinase 1 (PDK-1), a kinase in
the insulin signaling pathway, is known to phosphorylate and acti-
vate protein kinase C{ (PCKZ). PKC{ is proposed to phosphorylate
FXR, enhancing the ability of conjugated bile acids to induce the
gene encoding SHP. SHP can also downregulate the gene encod-
ing SREBP1-c, which controls the rate of FA synthesis. Bile acids
can activate JNK 1/2 in hepatocyte cultures by stimulating cer-
amide synthesis. In vivo, bile acids can activate the JNK 1/2 path-
way by stimulating the synthesis of fibroblast growth factor 15/19
(FGF-15/19) in the intestines. Finally, TNF-a and IL-1 can also ac-
tivate the JNK 1/2 pathway downregulating CYP7A1. Bold lines in-
dicate pathways activated by bile acids.

It has been known for many years that bile acids can
regulate lipid metabolism in humans. Bile acid binding
resins decrease the transhepatic bile acid flux and increase
serum levels of VLDL-triglycerides and HDL-cholesterol
but reduce LDIL-cholesterol. In contrast, treatment of
cholesterol gallstone patients with chenodeoxycholic acid,
which increases the transhepatic flux of bile acids, has the
opposite effect on lipid metabolism (79-81). How do bile
acids regulate lipid homeostasis in the liver? Current evi-
dence suggests that bile acids regulate the rates of fatty
acid, triglyceride, and VLDL synthesis primarily through
the FXR, SHP, LXR, and SREBP-1c pathway (82-84). In
this model, bile acids activate FXR, inducing the gene en-
coding SHP, which then interacts with LXR to decrease
the transcriptional activity of gene encoding SREBP-Ic.
Sterol-regulatory element binding proteins (SREBPs) are
transcription factors that are activated by a highly regu-
lated, sterol-dependent, proteolytic cleavage process. It
has been shown that expression of the gene encoding ac-
tive SREBP1c specifically induces genes encoding enzymes
involved in fatty acid, triglyceride, and VLDL biosynthesis
(84). In contrast, SREBP2 has been shown to primarily
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regulate genes encoding enzymes involved in cholesterol
biosynthesis (84). Watanabe et al. (82) have reported con-
vincing evidence that SHP downregulates the gene encod-
ing SREBPIc by interacting with LXR. LXRa is known to
enhance the transcriptional activity of the gene encoding
SREBPIc. In this regard, LXRa agonists have been shown
to raise serum triglyceride levels (85, 86). Bile acids may
also lower serum triglyceride levels by enhancing the clear-
ance and turnover of VLDL. In this regard, bile acids in-
duce the gene encoding apolipoprotein G-I, a coactivator
of lipoprotein lipase, which is involved in the metabolism
of VLDL (87). Finally, bile acids induce a number of other
genes encoding enzymes/proteins involved in the uptake
and metabolism of VLDL (83).

The ERK 1/2 signaling pathway is rapidly activated by
either conjugated or free bile acids in primary hepatocytes
and in vivo (23, 24). The activation of the ERK 1/2 signal-
ing pathway by bile acids can also occur by two different
mechanisms. Conjugated bile acids activate this signaling
pathway via Ga; protein-dependent receptor(s). Alterna-
tively, free bile acids stimulate the synthesis of mitochon-
drial superoxide ions, which has been reported to inactivate
phosphoprotein phosphatase(s), resulting in the activa-
tion of the epidermal growth factor receptor and activa-
tion of ERK 1/2 (23). There is also evidence that bile acids
activate this pathway in some epithelial cells via stimula-
tion of matrix metalloproteinase that generates TGFa, an
epidermal growth factor receptor ligand, in an autocrine/
paracrine manner (17). Although the physiological signifi-
cance of activation of the ERK 1/2 pathway in hepatocytes
and other epithelial cells is not yet clear, its activation does
help to protect the hepatocyte against bile acid-induced
apopotosis (14, 88).

ACTIVATION OF TGR5 AND MUSCARINIC
RECEPTORS BY BILE ACIDS

TGR5 was discovered in 2002 (18), fully characterized
in 2003 (19), and shown to be a Ga, protein-coupled re-
ceptor responsive to both conjugated and free bile acids.
Ga, protein-coupled receptors, once activated, stimulate
the synthesis of c-AMP, which activates PKA. Activated
PKA, among other things, can phosphorylate c-AMP re-
sponse element binding protein. This activated transcrip-
tion factor can then induce the expression of many genes
that have a functional c-AMP response element in their
promoter. The secondary bile acids, lithocholic acid and
deoxycholic acid, were found to be the best activators of
TGRb using in vitro cell culture techniques (19). By amino
acid sequence analysis, TGRb is a member of the Rhodopsin-
like subfamily of G protein-coupled receptors (89). The
gene encoding TGRb is widely expressed in different
tissues in the body, with the highest expression in gallblad-
der, spleen, liver, intestine, adipose tissue, and immune
cells (19). However, there appears to be very low expression
in hepatocytes. In mice, it has been shown that bile acids
induce c-AMP-dependent thyroid hormone activating
enzyme type 2 iodothyronine deiodinase (D2) and other
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enzymes/proteins involved in energy expenditure in
brown adipose tissue and muscle (20). D2 converts met-
abolically inactive thyroxine (T,) into Ts, which is known
to play a vital role in energy homeostasis in brown adipose
tissue and muscle. Mice fed a high-fat diet supplemented
with cholic acid gained less body weight than mice fed a
high fat diet alone although both groups consumed the
same amount of food. In D2 gene null mice, there was no
difference in weight gain on these two diets. However, fur-
ther studies of D2 null mice failed to confirm greater
weight gain in male D2 mice on a high-fat diet compared
with control mice (90). Moreover, in TGR5 null animals,
male mice had greater expression of CYP7A1 than females.
It has been hypothesized that in humans, bile acids might
help regulate energy metabolism in skeletal muscle as
TGRS can regulate D2 expression in human muscle myo-
blasts (20). However, the physiological importance of
muscle TGR5 in humans is unclear as the serum levels of
bile acids are usually low (5-15 pM) and mostly bound to
serum albumin and lipoproteins. Finally, hydrophobic sec-
ondary bile acids are the most powerful activators of TGRb5,
and their concentrations are quite variable in human bile
(60). TGR5 may be important in immune cells as bile acids
have been shown to have immunoregulatory properties in
these cells (19). Moreover, TGR5 may also play a protec-
tive role in the liver as it is expressed in sinusoidal en-
dothelial cells in the liver. Bile acids have been shown to
induce nitric oxide synthase in these cells in a c-AMP-
dependent manner (22). The physiological importance of
this TGRb is only beginning to be elucidated and will prob-
ably be tissue/cell type dependent.

In 1998, taurolithocholate was reported to activate cho-
linergic receptors in chief cells isolated from guinea pig
stomach, resulting in the increased secretion of pepsino-
gen (91). No other bile acid tested (conjugated or free)
altered pepsinogen secretion in these cells. This was the
first evidence that specific conjugated bile acids might ac-
tivate muscarinic receptors. There are five muscarinic re-
ceptors (M, to M;), and they are coupled to different G
protein families (M, 35 are coupled to Ga,/ Gy and My 4 to
Ga,/G,type proteins) (92). Muscarinic receptor subtypes
are variably expressed in different tissues in the body, in-
cluding stomach, small intestine, colon, gallbladder, intes-
tinal smooth muscle, central nervous system, and pancreatic
B-islet cells. Taurolithocholate preferentially activates the
M; receptor subtype presumably because of its structural
similarity to acetylcholine (92-94). The physiological im-
portance of activation of muscarinic receptors by tauro-
lithocholic acid is uncertain as high concentrations are
required for activation. Lithocholic acid is formed only by
intestinal anaerobic bacteria, and conjugated and sulfated
lithocholic acid is quite low (1-4%) in human bile.

PERSPECTIVE

During the last decade, the perception of bile acids in
health and disease has dramatically changed. In the past,
bile acids were considered to be just detergent molecules

involved in digestive processes in the intestines and impor-
tant for cholesterol solubilization in the gallbladder. How-
ever, it is now clear that bile acids are hormones that can
activate specific nuclear receptors and cell signaling path-
ways in cells in the liver and gastrointestinal tract in a phys-
iologically relevant manner. In general, they appear to
primarily regulate biosynthetic and metabolic pathways in
the liver and intestines during the feed/fast cycle. How-
ever, these molecules also have the potential to control
cell proliferation and inflammatory processes in the liver
and gastrointestinal tract. Although a large amount of lit-
erature has been published in the last decade related to
bile acids as regulatory molecules, there are a number of
important questions yet to be answered. 1) Do changes in
the human bile acid pool composition affect the activation
of nuclear receptors and cell signaling pathways in the
liver and intestines in a physiologically significant way? In
this regard, humans are different from rodents and a num-
ber of other species, in that the human liver cannot 7a-
hydroxylate deoxycholic acid, which allows for this
hydrophobic secondary bile acid to accumulate to high
levels in the bile acid pool in some individuals (60). The
percentage of deoxycholic acid in bile, relative to other
bile acids, appears to be a function of levels of 7a-
dehydroxylating intestinal bacteria, colonic pH, and tran-
sit time. High levels of secondary bile acids in blood, bile,
and feces have been correlated with an increased inci-
dence of colon cancer (reviewed in Ref. 95). Finally, in
humans, but not rodents, dietary habits can alter the ratio
of taurine to glycine conjugation of bile acids in bile (61).
Hence, both diet and gut microbiota may alter the human
bile acid pool composition and possibly hepatic and intes-
tinal physiology. The possible pathophysiological signifi-
cance of bile acid pool changes is not yet clear. However,
current thinking suggests that inhibiting the formation of
secondary bile acids in the colon will yield a more hydro-
philic bile acid pool with less toxicity and pathophysiology
to cells in the liver and gastrointestinal tract. 2) There are
as yet unidentified Go; protein-coupled receptors in hepa-
tocytes and other epithelial cells in the gastrointestinal
tract that are activated by conjugated bile acids. These pu-
tative G protein-coupled receptor(s) activate the AKT (in-
sulin signaling pathway) and ERK 1/2 pathway by poorly
defined mechanisms. In the liver, preliminary data indi-
cate that activation of the AKT pathway by bile acids may
be physiologically important in helping to control hepatic
glucose metabolism. Identification of this putative Go;
protein-coupled receptor(s) may be important as it could
be a target for drug development for controlling hepatic
glucose metabolism. It is not yet clear if the same Go; pro-
tein-coupled receptor activating the AKT pathway activates
the ERK 1/2 signaling pathway in the liver. Bile acid-acti-
vated G protein-coupled receptors may also be relevant to
certain pathophysiological processes in the gastrointesti-
nal tract. For example, conjugated bile acids have been
reported to activate the AKT and ERK 1/2 signaling path-
ways in most epithelial cells of the gastrointestinal tract,
including those in the esophagus. This may have relevance
to Barrett’s esophagus and the development of esophageal
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cancer as the inappropriate activation of these signaling
pathways may enhance cell proliferation following bile re-
flux. Conjugated bile acids may also play a role in the regu-
lation of cholangiocyte proliferation in cholestatic liver
disease through activation of these cell signaling pathways.
Hence, it will be important to identify and characterize the
Ga; protein-coupled receptors activated by conjugated
bile acids to gain a full understanding of their role in
health and disease HE
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