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Abstract

For many years, bile acids were thought to only function as detergents which solubilize fats and
facilitate the uptake of fat-soluble vitamins in the intestine. Many early observations, however,
demonstrated that bile acids regulate more complex processes, such as bile acids synthesis and
immune cell function through activation of signal transduction pathways. These studies were the
first to suggest that receptors may exist for bile acids. Ultimately, seminal studies by many
investigators led to the discovery of several bile acid-activated receptors including the farnesoid X
receptor, the vitamin D receptor, the pregnane X receptor, TGR5, a5 1 integrin, and
sphingosine-1-phosphate receptor 2. Several of these receptors are expressed outside of the
gastrointestinal system, indicating that bile acids may have diverse functions throughout the body.
Characterization of the functions of these receptors over the last two decades has identified many
important roles for these receptors in regulation of bile acid synthesis, transport, and
detoxification; regulation of glucose utilization; regulation of fatty acid synthesis and oxidation;
regulation of immune cell function; regulation of energy expenditure; and regulation of neural
processes such as gastric motility. Through these many functions, bile acids regulate many aspects
of digestion ranging from uptake of essential vitamins to proper utilization of nutrients.
Accordingly, within a short time period, bile acids moved beyond simple detergents and into the
realm of complex signaling molecules. Because of the important processes that bile acids regulate
through activation of receptors, drugs that target these receptors are under development for the
treatment of several diseases, including cholestatic liver disease and metabolic syndrome. In this
review, we will describe the various bile acid receptors, the signal transduction pathways activated
by these receptors, and briefly discuss the physiological processes that these receptors regulate.
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1. Introduction

Bile acids are amphipathic molecules synthesized from cholesterol through a series of
enzymatic reactions that predominately occur in hepatocytes in the liver (for excellent
reviews of bile acid chemistry and metabolism see [1,2]). There are two pathways for the
synthesis of bile acids, the classical or neutral pathway and the acidic pathway, which result
in the formation of the primary bile acids, cholic acid (CA) and chenodeoxycholic acid
(CDCA). These bile acids are further modified by conjugation reactions that add glycine or
taurine to the bile acid backbone, which increases their hydrophilicity. In the gut, bile acids
can also be modified by the gut flora to produce the secondary bile acids, deoxycholic acid
(DCA) and lithocholic acid (LCA). After they are synthesized in hepatocytes, bile acids are
secreted at the apical side of the hepatocytes into the bile canaliculi through active transport.
Bile acids form mixed micelles with cholesterol and phospholipids and, along with other
bile constituents, are stored in the gallbladder and ultimately secreted into the intestine
through the bile duct. Approximately 95% of bile acids are reabsorbed by enterocytes in the
gut and recycled back to the liver via the portal vein in a process called enterohepatic
circulation. Within the liver, bile acids are reabsorbed back into hepatocytes by transporters
expressed on the basolateral hepatocyte membrane.

For decades, bile acids were mainly thought to function in the gut where they solubilize fats
and facilitate uptake of fat-soluble vitamins. Studies in the last two decades, however, have
made it clear that bile acids are not only detergents, but important signaling molecules that
signal throughout the body by activating various receptors, including nuclear receptors and
G protein-coupled receptors. Through activation of these receptors, bile acids affect a
number of important processes, including bile acid metabolism, glucose homeostasis, lipid
metabolism, energy expenditure, gut motility, and immune cell function. Because of the
wide distribution of bile acid receptors in the body, the list of functions of these “simple
detergents” will most likely continue to grow. In this review, we will describe the various
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receptors activated by bile acids; the signal transduction pathways down-stream of these
receptors; and briefly discuss the physiological effects of activation of these receptors.

2. Activation of Nuclear Receptors by Bile Acids

Nuclear receptors are a group of ligand-activated transcription factors that play important
roles in various aspects of development, physiology, and pathophysiology [3—5]. A typical
nuclear receptor consists of an N-terminal DNA binding domain (DBD) that recognizes the
consensus DNA response element in the target genes, and a highly conserved C-terminal
ligand-binding domain (LBD) that usually binds hydrophobic small molecule ligands. Most
nuclear receptors recognize two tandem AGGTCA-like consensus sequences and bind to
DNA as either homodimers (e.g. glucocorticoid receptor) or heterodimers with the nuclear
receptor retinoid X receptor (RXR) (e.g. Thyroid hormone receptor). A few nuclear
receptors such as hepatocyte nuclear factor 4a (HNF4a) and liver receptor homologue-1
(LRH-1) bind DNA as a monomer. Ligand binding causes the LBD to undergo
conformational changes that allow the nuclear receptor to recruit co-activators via the
LXXLL motif-containing NR box on the co-activators which also displaces the co-repressor
complex. Once recruited to the target gene promoter, the co-activator complex can function
through chromatin remodeling to facilitate the assembly of the general transcriptional
complex that eventually leads to transcriptional activation. Forty-eight nuclear receptor
genes have been identified in the human genome and 49 nuclear receptors have been
identified in the mouse genome [5]. Studies thus far have shown that bile acids directly bind
and activate three nuclear receptors, the farnesoid X receptor (FXR) [6—8], the pregnane X
receptor (PXR) [9], and the vitamin D receptor (VDR) [10]. These bile acid-activated
nuclear receptors are highly expressed in the liver and/or the intestine which are routinely
exposed to bile acids at relatively high concentrations [11,12]. In these tissues, these nuclear
receptors act as sensors for bile acid levels in the enterohepatic circulation and in turn help
to maintain bile acid homeostasis by regulating genes involved in bile acid synthesis,
transport and detoxification. Furthermore, studies in recent years have further established
key roles for these bile acid receptors in mediating bile acid regulation of nutrient
metabolism, immune responses, and drug metabolism. Because of the pleiotropic effects of
bile acid-activated nuclear receptors, these receptors are promising therapeutic targets for the
treatment of several human diseases.

2.1 Farnesoid X Receptor

FXR, which is highly expressed in hepatocytes and enterocytes, was identified as a nuclear
receptor that formed a heterodimer with RXR and was activated by farnesol in cell-based
reporter assays [12]. Further studies determined, however, that farnesol did not directly bind
to FXR, suggesting that other ligands activate this receptor. A few years later, several
independent studies reported that both the free and conjugated primary bile acids, CDCA
and CA, and to a lesser extent the secondary bile acids, DCA and LCA, activated FXR [6-
8]. These studies not only identified the true ligand for FXR, but also identified the first bile
acid receptor, which set into motion years of research aimed at discovering the many
physiological functions of bile acids. Among all bile acids tested, CDCA was the most
potent ligand of FXR with an EC5g = ~10 pM for human FXR and an ECgy = ~50 pM for
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murine FXR. The more hydrophilic bile acids, UDCA and muricholic acid (MCA), do not
activate FXR.

2.1.1 FXR regulation of bile acid homeostasis—Since the identification of FXR as
the physiological bile acid receptor, extensive studies have been conducted to elucidate the
roles of FXR in the regulation of bile acid homeostasis and in experimental cholestasis.
Numerous studies have demonstrated increased susceptibility of 7xrknockout mice to bile
acid toxicity upon bile duct ligation (BDL), bile acid feeding or drug-induced intrahepatic
cholestasis [13—15]. Furthermore, activation of FXR protects against liver injury in
experimental models of cholestasis [16—18]. It is now established that the protective role of
FXR against bile acid toxicity can be largely attributed to its function as a bile acid sensor in
the enterohepatic system where it regulates bile acid synthesis, transport and excretion. Bile
acid feedback inhibition of CYP7A1, which encodes the rate-limiting enzyme in the classic
bile acid synthetic pathway, and other bile acid synthesis genes including CYP8B1 and
CYP27A1, are well-recognized mechanisms to decrease bile acid synthesis in response to an
expanded bile acid pool or in cholestasis where bile acid concentrations are greatly elevated
[19]. Sinal and colleagues demonstrated that bile acid inhibition of CYP7AI was defective
in mice lacking FXR, which established a central role of FXR in regulating bile acid
synthesis [20]. It is now clear that FXR can repress CYP7AI gene expression in the liver by
sensing elevated bile acid concentrations in both the liver and the intestine. In the liver, FXR
induces a nuclear receptor called small heterodimer partner (SHP), which acts as a co-
repressor by interacting with and inhibiting the transcriptional activity of liver receptor
homologue-1 (LRH-1) and its target gene CYP7A1 [21,22]. In the intestine, FXR induces
fibroblast growth factor 15 (FGF15) which acts in an endocrine manner to repress hepatic
CYP7A1 via binding to the FGF receptor 4 (FGFR4) on the hepatocytes [23,24]. Mice
lacking either FGF15 or FGFR4 show elevated hepatic CYP7A1 mRNA and an enlarged
bile acid pool size, while mice expressing a constitutively active FGFR4 show reduced
hepatic CYP7A1 mRNA and a smaller bile acid pool [25,26]. The intracellular signaling
mechanism that results in CYP7A1 inhibition following FGFR4 activation has not been fully
elucidated, however Erk1/2 signaling has been suggested by several independent studies
[23,27,28]. In addition, the B-Klotho [29], cytoplasmic tyrosine phosphatase SHP-2 [30] and
FGF receptor substrate 2 (FSR2) [31] have been identified as key components of the FGFR4
signaling complex at the plasma membrane. Deletion of any of these genes results in the loss
of FGF15-mediated repression of the hepatic CYP7A1 gene and an enlarged bile acid pool
in mice. Human FGF19 shares ~51% amino acid sequence identity with mouse FGF15, and
is considered to be the mouse FGF15 orthologue. FGF19 has also been shown to repress
CYP7A1 in human hepatocytes [27,32]. In contrast to mice where FGF15 is not expressed in
hepatocytes, FGF19 mRNA is detectable not only in human ileum but also in human livers
and human hepatocytes where it is induced by FXR [27,33,34]. Furthermore, circulating
FGF19 levels are elevated in patients with obstructive cholestasis, where bile acid
concentrations in the intestine are reduced, indicating that human hepatocytes produce
FGF19 [33]. Finally, it is worth mentioning that the hepatic FXR/SHP cascade, but not the
intestinal FXR/FGF15 axis, inhibit the CYP8B1 gene which is involved in CA synthesis
[28]. A more recent report identified MAFG as an FXR-induced liver transcriptional
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repressor that inhibited CYP8BI, but not CYP7A1, and altered bile acid composition in
mice [35].

Bile acids are secreted at the apical side of the hepatocytes into the bile via the bile salt
export pump (BSEP). This process is highly efficient and helps maintain intracellular bile
acid levels at relatively low concentrations. FXR activation not only induces BSEP [36], but
also the phosphatidylcholine transporter, multidrug resistance protein 3 (MRP3, ABCB4)
[17], and the cholesterol transporters, ATP-binding cassette transporter G5 and G8 (ABCG5
and ABCG8) [37]. Through this mechanism, FXR coordinates the biliary secretion of bile
acids, cholesterol and phospholipids to form micelles in the canaliculus. This process
increases cholesterol solubility and prevents bile acid toxicity to the bile duct epithelial cells
[17,38,39]. Furthermore, this process decreases intracellular concentrations of bile acids in
hepatocytes, thereby preventing bile acid toxicity. At the basolateral membrane of the
hepatocyte, the sodium-taurocholate co-transporting polypeptide (NTCP) and isoforms of
the organic anion-transporting polypeptide (OATPs) mediate the uptake of most bile acids
from the portal circulation. In response to intrahepatic bile acid accumulation, FXR inhibits
NTCP thereby decreasing bile acid uptake into hepatocytes and preventing toxicity [40].
Several transporters localized at the basolateral membrane of the hepatocytes, including the
heteromeric organic solute transporter (OST) OSTa/p and several isoforms of multidrug
resistance-associated proteins (MRP), efflux bile acids into the systemic circulation [41—45].
These transporters are induced in cholestasis resulting in elevated plasma bile acid
concentrations and increased renal excretion of bile acids. The OS7a and OSTp genes are
direct FXR targets [41], whereas induction of MRP1, MRP3, and MRP4 in cholestasis
appears to be mediated by PXR [46,47].

In the intestine, bile acids are reabsorbed into the enterocytes via the apical sodium
dependent bile acid transporter (ASBT). The intestine bile acid binding protein (I-BABP)
facilitates intracellular bile acid transport to the basolateral side of the enterocytes where bile
acids are secreted into the portal circulation via the OSTa/p heterodimer [48—50]. Activation
of FXR increases both /-BABPand OST7a and OSTP gene transcription [41,51]. In addition,
ASBT is inhibited by FXR [48,49]. Therefore, bile acid accumulation in enterocytes
activates FXR which decreases bile acid uptake and promotes bile acid efflux. In addition, as
discussed above, activation of FXR in the intestine represses hepatic bile acid synthesis via
the FGF15/FGF19-FGFR4 signaling axis [23,24]. In mice lacking OSTa, bile acids
accumulate in enterocytes resulting in increased FGF15 which represses hepatic bile acid
synthesis, thereby decreasing the bile acid pool size [52,53]. In contrast, mice lacking ASBT
have reduced intestinal FGF15 and increased hepatic CYP7AL, which protects against
hypercholesterolemia and atherosclerosis most likely through increased conversion of
cholesterol to bile acids [54]. The major mechanisms of regulation of bile acid synthesis and
transport by FXR in hepatocytes and ileal epithelial cells are summarized in Figure 1.

2.1.2. FXR regulation of lipid and glucose metabolism—Bile acid binding resins
have been shown to raise plasma triglyceride levels in patients undergoing cholesterol
lowering therapies [55—57]. This demonstrated that prevention of bile acid re-absorption in
the intestine, which attenuates bile acid signaling in the liver, causes hypertriglyceridemia,
suggesting an important role for FXR in regulation of lipid metabolism [55—57]. Consistent

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

Page 6

with this finding, mice lacking FXR have increased hepatic lipid levels; elevated circulating
total cholesterol and triglycerides; and a pro-atherogenic lipoprotein profile [20]. In contrast,
activation of FXR decreases plasma cholesterol and triglycerides in mice [58]. One
mechanism by which FXR decreases lipids is via induction of SHP which interacts with and
inhibits sterol regulatory element-binding protein-1c (SREBP-1c) and the carbohydrate
response element binding protein (ChREBP) [59,60]. SREBP-1c increases expression of a
number of genes involved in de novo lipogenesis [61—63], whereas ChREBP induces
lipogenic genes, such as /iver pyruvate kinase (L-PK) to facilitate the conversion of
carbohydrate into fatty acid. In addition to inhibiting lipogenesis by inhibiting SREPB-1c
and ChREBP, more recent studies suggest that FXR may also decrease hepatic fat
accumulation via promoting fatty acid oxidation. One study showed that FXR induced
hepatic carboxyl esterase 1 (CES1) [64], which converts triglycerides into free fatty acids
and thus facilitates hepatic fat mobilization and oxidation. Indeed, mice lacking CES1
developed obesity and hepatic steatosis, presumably due to defective intracellular TG
mobilization [64]. Another study showed that FXR induces hepatic production of FGF21
[65], a key fasting-induced regulator of lipid oxidation and ketogenesis [66—68]. In addition
to the regulation of hepatic fat content, FXR activation also induces hepatic expression of
apolipoprotein CIl (ApoCll) and apolipoprotein A5 (ApoAS5), which are lipoprotein lipase
(LPL) activators, and FXR activation represses Apolipoprotein ClI1 (ApoClIl), which is an
LPL inhibitor [69—71]. These liver-produced apolipoproteins are carried by VLDL particles
in the circulation and play critical roles in modulating LPL activity and thus VLDL-TG
hydrolysis in peripheral tissues. Collectively, these studies demonstrate that FXR regulates
plasma triglyceride levels via a number of mechanisms that inhibit hepatic lipogenesis and
stimulate peripheral triglyceride clearance.

Oral administration of bile acids or the FXR agonist, GW4064, decrease fasting plasma
glucose levels and improve insulin sensitivity in diabetic mice [58,72]. Un-repressed hepatic
gluconeogenesis is a major cause of fasting hyperglycemia in type-Il diabetes. Many studies
have shown that FXR decreases expression of the hepatic gluconeogenic genes
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6 phosphatase (G6Pase) via a
SHP-dependent mechanism. Thus far, many transcriptional factors that activate PEPCK and
G6Pase gene transcription, including CREB [73], FoxO1 [74], C/EBP [75], glucocorticoid
receptor [76], HNF3 [77] and HNF4a [74] are inhibited by SHP via direct protein-protein
interactions. In addition, a recent study showed that FGF15 can act as a postprandial
hormone and regulate glucose homeostasis in the liver [78,79]. Interesting, high glucose
causes FXR O-Glc-A-acylation, and this posttranslational modification potentiates the
ligand-dependent trans-activating activity of FXR, therefore linking hepatic glucose influx to
FXR regulation of hepatic glucose metabolism [80]. The major functions of FXR are
illustrated in Figure 1.

2.1.3 FXR agonists for the treatment of cholestasis and non-alcoholic
steatohepatitis (NASH)—AnN FXR agonist is currently being tested clinically for the
treatment of two forms of liver disease: cholestasis and nonalchoholic steatohepatitis
(NASH). The rationale is based on the demonstrated roles of FXR in the regulation of bile
acid metabolism, lipid metabolism and inflammation in many preclinical studies.
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Obeticholic acid (OCA) is a 6a-ethyl CDCA derivative and a potent FXR agonist with an
ECg of ~ 100 nM [81—83]. In experimentally induced cholestasis, OCA protected against
cholestatic liver injury in mice [18,82]. Clinical trials also showed that OCA significantly
improved liver tests in patients with primary biliary cirrhosis (PBC), indicating that OCA
may be a promising therapy for PBC, especially for PBC patients that do not show an
adequate response to UDCA [84,85]. Furthermore, OCA has also shown promise in treating
NASH based on the outcome of several recent clinical trials [83,86]. A randomized, placebo-
controlled clinical trial showed that OCA administration to patients with type-1I diabetes and
fatty liver disease improved insulin sensitivity and decreased liver enzymes and markers of
fibrosis [87]. More recently, the FXR receptor ligand OCA in NASH treatment (the FLINT)
trial, a multicenter, double-blinded, placebo-controlled clinical trial including over 200
NASH patients, reported that OCA at a daily oral dose of 25 mg for 72 weeks improved
histological NASH score by at least 2 points [86]. OCA treatment was associated with the
development of pruritus in some patients, and increased plasma LDL cholesterol and
decreased HDL-cholesterol. Because of this, studies investigating the long-term
effectiveness and safety of OCA in treating PBC and NASH are still needed. In addition,
whether OCA would be effective in other cholestatic diseases, such as primary sclerosing
cholangitis remains to be determined.

2.2 Preghane X Receptor

The PXR is a nuclear receptor that functions as a xenobiotic sensor [88]. It was originally
identified as a receptor that is activated by steroids, such as pregnenolone and synthetic
glucocorticoids [11]. Studies over the past several decades, however, have solidified its
importance as a xenobiotic sensor that promotes detoxification and excretion of potentially
harmful chemicals from the body. This receptor is highly expressed in the intestine and liver
[11], where it regulates expression of various cytochrome P450s (i.e., phase | detoxification
pathways); phase Il conjugation enzymes, such as sulfotransferases and
glucuronosyltransferases; and uptake and efflux transporters (i.e., phase 111 metabolism)
[89,90]. Coordinated regulation of these genes in cells, such as hepatocytes, promotes uptake
of xenobiotics where they are detoxified by phase | and phase Il metabolic pathways, and
subsequently secreted into the bile via efflux transporters for elimination from the body.

As indicated above, PXR is also activated by endobiotics, such as steroids. In 2001,
Staudinger and colleagues demonstrated that PXR is activated by lithocholic acid (LCA) and
3-keto-LCA. In a competitive binding assay, LCA and 3-keto-LCA bound with an 1Cgq of
approximately 10 uM [9]. While this suggested that PXR may be another bile acid sensor
similar to FXR, LCA concentrations in serum are less than 100 nM, and even in patients
with severe cholestasis, LCA concentrations in serum remain below 100 nM [91]. At these
concentrations, LCA most likely does not activate PXR. It is conceivable; however, that
rupture of intrahepatic bile ducts during cholestasis could expose hepatocytes to bile, where
concentrations of LCA reach as high as 10 uM [91,92]. In this case, activation of PXR could
protect the liver from toxicity by increasing expression of cytochrome P450s that
hydroxylate bile acids to less toxic, more hydrophilic bile acid species that are subsequently
excreted into the bile. PXR also induces the bile acid conjugation enzymes SULT2A1 and
UGTs that are involved in phase Il bile acid metabolism and detoxification [93,94]. In
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addition, studies have shown that PXR suppresses CYP7AL, which would decrease the bile
acid pool potentially limiting liver injury during cholestasis [9]. Consistent with a protective
role for PXR in cholestasis, mice lacking PXR were shown to be more susceptible to
hepatotoxicity caused by LCA administration or BDL [9,95]. In support of a protective role
for PXR in humans, treatment of patients with primary biliary cirrhosis with the PXR
activator rifampicin decreased biomarkers of liver disease, indicating that activation of PXR
is beneficial in conditions, such as cholestasis [96—99]. This protective effect is most likely
due to detoxification of bile acids by cytochrome P4503A4 (CYP3A4)-mediated
hydroxylation, as Marschall and colleagues demonstrated that rifampicin increased levels of
CYP3A4 in the livers of patients with gallstone disease [100]. Interestingly, though, in this
study rifampicin did not affect levels of CYP7A1 indicating that PXR may not be an
important regulator of bile acid synthesis in humans [100]. Accordingly, activation of PXR
by LCA during severe cholestasis may serve to limit liver injury by detoxification of bile
acids.

2.3 Vitamin D Receptor

The classic endogenous ligand of VDR is vitamin D, with vitamin D3 as the most important
form in humans. VDR is highly expressed in the osteoblasts, kidney and many types of
immune cells including macrophages and T and B lymphocytes, and plays a central role in
mediating the biological functions of vitamin D including the regulation of calcium
homeostasis, cellular proliferation, and immunity [101—104]. In the enterohepatic system,
VDR is expressed at high levels in the small and large intestines but at very low levels in the
liver. In 2002, Makishima et al reported that the secondary bile acid LCA and its metabolite
3-keto-LCA acted as endogenous ligands of VDR in the intestine [10]. Activation of VDR
by toxic secondary bile acids induced bile acid metabolizing cytochrome p450 CYP3A4 that
detoxified bile acids in the intestine [10]. LCA and 3-keto-LCA activated human VDR with
an ECgg of ~ 8 UM and 3 UM, respectively [10]. The LCA derivatives LCA acetate and LCA
propionate were later identified as more potent VDR agonists and both activated VDR with
an ECgg of ~0.4 uM [105,106]. In contrast, the primary bile acids CDCA, CA, the secondary
bile acid DCA and the hydrophilic bile acid MCA do not activate VDR [10]. Further studies
showed that activation of VDR by LCA or 1,25 VD3 regulates genes involved in bile acid
synthesis, conjugation, transport and metabolism. These findings revealed a crosstalk
between vitamin D signaling and bile acid/drug metabolism.

The intestine is constantly exposed to high concentrations of bile acids. Although most
conjugated primary and secondary bile acids are efficiently re-absorbed in the terminal
ileum and transported back to the liver, unconjugated bile acid species enter the colon where
they can be either re-absorbed via passive diffusion or be excreted into feces [107].
Particularly, highly toxic secondary bile acids DCA and LCA are thought to promote bowel
inflammation and colon carcinogenesis [108]. LCA is efficiently detoxified by CYP3A
enzymes in the intestine and only trace amounts of LCA reach the liver under normal
conditions. Two studies first showed that treating intestine derived cells with 1, 25 VD3
induced the expression of CYP3A4 via a promoter ER6 motif that is recognized by
VDR/RXR heterodimer, suggesting vitamin D signaling regulates drug metabolism
[109,110]. The identification of LCA and LCA metabolites as endogenous VDR ligands
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revealed a novel role of VDR as an intestine bile acid sensor in protecting the gut from bile
acid toxicity. In enterocytes, CYP3A4 catalyzes the hydroxylation of LCA, and
hydroxylated LCA can further undergo sulfation mediated by SULT2A1. LCA and its
metabolites can be effluxed via the bile acid and the drug transporter MRP3. Indeed, VDR
activation induced both SULT2A1 [111] and MRP3 [112], suggesting that VDR activation
promotes phase I, Il and 111 bile acid detoxification in the intestine. In the small intestine, 1,
25 VD3 activation of VDR induced ASBT gene transcription and promoted ileal bile acid
transport, which may play a role in regulating the enterohepatic bile acid circulation under
normal physiology [113]. Administration of 1, 25 VD3 to mice fed bile acids reduced
hepatic and plasma bile acid levels and increased renal bile acid excretion [114]. Intestine-
specific varknockout mice were more susceptible to LCA-induced hepatotoxicity, which
was attenuated by CYP3A4 over-expression in the intestine [115].

Numerous clinical studies and basic research support a role of intestine VDR signaling in
the pathogenesis and treatment of inflammatory bowel diseases [116]. Vitamin D deficiency
was associated with higher risk of inflammatory bowel diseases, while higher vitamin D
intake lowers this risk. Inflammatory bowel disease is an idiopathic inflammatory disorder
whose pathogenesis is thought to involve alterations of the mucosal barrier function and the
immune responses to gut bacteria and pathogens [117,118]. Inflammatory bowel diseases
are frequently associated with bile acid malabsorption and increased intestinal bile acid
levels, which alter gut permeability and integrity and promote disease progression [119—
121]. Bile acids in the intestine are known to act as potent anti-microbial agents and controls
gut bacteria growth and gut microbiome composition. The increasing prevalence of Western
diet and life style has been linked to altered bile acid metabolism and gut dysbiosis,
providing a potential mechanistic explanation for higher risk of inflammatory bowel diseases
in the obese and diabetic populations [122]. Studies in animal models of inflammatory
bowel disease suggest that the protective effects of VDR activation against inflammatory
bowel disease can be attributed to attenuated gut epithelial cell apoptosis and improved
mucosal barrier function [123,124]. VDR inactivation not only diminishes the bile acid
detoxification mechanisms, but also disrupts bile acid homeostasis, causing enlarged bile
acid pool size and hydrophobicity [125]. These studies support a mechanistic link.

Despite low expression of VDR in the liver, treating primary human hepatocytes with 1, 25
VD3 induced CYP3A, CYP2B, and CYP2C [126], suggesting a functional VDR signaling in
the liver. During cholestasis, CYP7AL is transcriptionally repressed to decrease bile acid
synthesis. In addition to FXR and PXR, studies have suggested that VDR may also play a
role in mediating bile acid inhibition of CYP7A1 in the hepatocytes [127,128]. Consistently,
a recent study showed that varknockout mice had higher hepatic cyp7al gene expression
and enlarged bile acid pool size, while 1, 25 VD3 treatment repressed hepatic cyp7al gene
expression in mice [125]. VDR activation transcriptionally induced intestine FGF15 to
repress hepatic CYP7AL, and 1,25 VD5 failed to repress CYP7AL in fgfl5knockout mice.
In contrast, Chow et al. recently showed that injecting mice with 1, 25 VD3 increased
hepatic CYP7AL by decreasing hepatic SHP expression and lowered cholesterol levels
[129]. Such discrepancy between studies in vdrknockout mice and 1a, 25-dihydroxyvitamin
D3 treated mice is still not clear.
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Based on the role of VDR in the regulation of bile acid synthesis and detoxification, a
number of studies have been carried out to investigate the potential effects of VDR
activation or VDR deficiency on experimental cholestasis. When 1, 25 VD3 was
administered to mice undergoing bile duct ligation (BDL), major effects observed were
significant reduction of hepatic inflammatory cytokine mRNA expression and reduced
circulating cytokine levels [130]. Consistent with the known role of VDR in immunity [101],
these results suggest that the anti-inflammatory properties of VDR may provide certain
benefits during cholestasis. Administration of 1, 25 VD3 did not significantly alter hepatic
and plasma bile acid levels, but increased renal MRP2, MRP3 and MRP4 mRNA expression
and increased renal bile acid secretion [114,130], suggesting VDR activation may also
promote renal bile acid elimination under cholestasis conditions. VDR deficient mice were
more susceptible to BDL-induced liver injury, which was accompanied by impaired adaptive
induction of CYP3A, MDR2 and MRP3 [131]. Importantly, the higher susceptibility of var
KO mice to bile acid-induced hepatotoxicity has also been attributed to VDR function in
biliary epithelial cells to maintain bile duct integrity [131,132], similar to its role in
regulating gut mucosal barrier function [123,124]. Based on current evidence, the protective
role of VDR activation seemed to be independent of direct modulation of hepatic bile acid
synthesis in experimental cholestasis.

GWAS studies have identified an association between VDR polymorphisms and the risk of
obesity, insulin resistance and metabolic syndromes [133,134]. It is well known that obesity
is strongly associated with vitamin D deficiency in humans [135]. For this reason, it is still
largely uncertain if vitamin D deficiency actually contributes to the development of obesity
and metabolic syndrome in humans [136]. So far intervention studies did not seem to
suggest that vitamin D supplementation impacted body weight in humans [137].
Nevertheless, several studies in experimental animal models demonstrated that deficient
VDR signaling reduced weight gain and prevented diet-induced obesity and associated
metabolic disorders in mice [138—140]. The mechanisms underlying the anti-obesity
phenotype of VDR deficient mice were not fully understood, but VDR deficient mice
showed highly elevated uncoupling protein-1 (UCP-1) gene expression in adipose tissue and
increased energy expenditure. As mentioned early, var KO mice had significantly enlarged
bile acid pool which was also more hydrophobic [125]. As discussed in section 3.1 of this
review, bile acids are known to reduce body weight gain via activation of TGRS signaling in
adipose and muscle [141]. Studies in several animal models showed that enlarged bile acid
pool size prevented diet-induced obesity in mice [141—143]. These findings indicate a
possible role of bile acid signaling in linking VDR signaling and the development of diet-
induced obesity in mice.

3. Activation of Signal Transduction Pathways by Bile Acids

3.1 TGR5

As discussed in sections above, bile acids produce many of their effects through modulation
of gene expression by activating nuclear receptors. Early studies in the colon, however,
demonstrated that bile acids stimulate a rapid increase in CAMP, suggesting activation of
signal transduction pathways independent of modulation of gene expression [144,145]. This
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suggested the existence of a membrane receptor for bile acids. It was not until 2002,
however, that Maruyama and colleagues identified a G protein-coupled receptor activated by
bile acids they named M-BAR [146]. At the same time, Kawamata and colleagues were
investigating the mechanism by which high concentrations of bile acids suppress
macrophage activation [147,148]. In these studies, they identified the same G protein-
coupled receptor as Maruyama and colleagues, which they named TGR5 [149]. Although
bile acids are most often associated with the gastrointestinal tract, TGRS is widely
distributed throughout the body and is expressed at high levels in the placenta and spleen
and at lower levels in the heart, lung, liver, kidney, stomach, gallbladder, small intestine,
colon, adipose tissue, and various endocrine glands [149]. In addition to these tissues, others
have detected Tgr5 in the mouse spinal cord and astrocytes [150,151]. The ubiquitous nature
of Tgr5 indicates that bile acid function may not be limited to digestion and the absorption
of fat soluble vitamins in the gastrointestinal tract and that bile acids may have unrecognized
functions throughout the body. Subsequent studies aimed at understanding the function of
TGRS have confirmed this.

In Chinese hamster ovary (CHO) cells transfected with human TGR5, the rank order of
potency for activation by bile acids is LCA = DCA > CDCA > CA, with taurine conjugates
being more potent than glycine conjugates [149]. Bile acids stimulate production of cCAMP
in CHO transfected cells with ECsgq values ranging from 0.33 uM for TLCA to 7.72 uM for
CA [149]. In most cell types examined, TGR5 activates adenylate cyclase through coupling
to Gs leading to the production of cAMP. In transfected CHO cells, however, activation of
TGRS not only stimulated production of cAMP, but also stimulated phosphorylation of
Erk1/2 indicating that many signaling pathways may be activated by this receptor [149].

Because of the wide tissue distribution of TGRS, this receptor regulates a variety of
processes in the body ranging from glucose homeostasis to immune cell regulation. As
discussed above, TGR5 was identified as the receptor responsible for bile acid-mediated
suppression of macrophage activation [149]. In these studies, bile acids inhibited
macrophage phagocytosis; inhibited LPS-induced upregulation of tumor necrosis factor- a
(TNF- a); and decreased basal mRNA levels of TNF- q, interleukin-1 a (IL-1 a), IL-1 f,
IL-6, and IL-8. Subsequent studies in RAW?264.7 macrophages demonstrated that these
effects were mediated by Tgr5-dependent inhibition of NF-xB activation through an increase
in CAMP [152]. In addition, this same group showed further that pharmacological activation
of Tgr5 in bone marrow-derived macrophages, reduced LPS-induced chemokine production
by a mechanism that required AKT-dependent activation of mMTOR complex 1 (nTORC1),
which stimulated production of the dominant-negative C/EBP isoform, liver inhibitory
protein (LIP) [153]. They proposed that expression of LIP then prevented upregulation of
chemokines by LPS. In addition to these mechanisms, Wang and colleagues demonstrated
that Tgr5 activation stimulated B-arrestin2 to interact with 1xBa, thereby inhibiting NF-xB
activation [152]. Lastly, Yoneno and colleagues demonstrated that Tgr5 activation prevented
phosphorylation of c-Fos in a cAMP-dependent manner, which they proposed contributed to
inhibition of macrophage activation [154]. Collectively, these studies demonstrate that bile
acid activation of Tgr5 inhibits macrophage activation by several mechanisms. Although it is
unclear why this mechanism of macrophage inhibition evolved, it is possible that activation
of this receptor on macrophages in the gut may limit their activation by bacterial products. In
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addition, it is possible that post-prandial concentrations of bile acids, which are increased in
the liver, limit Kupffer cell activation as products of digestion from the intestine enter the
liver through the portal circulation. This may prevent Kupffer cells from reacting to
innocuous contents in the food, which may otherwise stimulate an inflammatory response.

In addition to macrophages, TGR5 has many functions in the gastrointestinal system. As
discussed above, TGR5 is present in the stomach, liver, gallbladder, small intestine and
colon [149]. In the mouse liver, Tgr5 is expressed by several cell types, including Kupffer
cells, sinusoidal endothelial cells, and cholangiocytes, and in the gallbladder it is expressed
in epithelial cells and smooth muscle cells [155—158]. In biliary epithelial cells, activation of
Tgr5 leads to an increase in cAMP, which stimulates chloride secretion through cystic
fibrosis transmembrane conductance regulator (CFTR) [155]. In addition, elevated
concentrations of cCAMP stimulate insertion of ABST into the apical membrane leading to
bile acid uptake which stimulates mucin and fluid secretion [155]. In addition to biliary
epithelial cells, Tgr5 is expressed in the smooth muscle cells of the gallbladder [159]. In
these cells, activation of Tgr5 leads to opening of an ATP-dependent potassium channel,
which leads to smooth muscle relaxation and gallbladder filling. In cholangiocytes it was
recently shown that activation of Tgr5 stimulates cholangiocyte proliferation through a
mechanism that depends upon src-dependent activation of the epidermal growth factor
receptor (EGFR). In addition, it was shown that activation of Tgr5 prevents death receptor-
mediated apoptosis. These same studies demonstrated that Tgr5 was overexpressed in
human cholangiocarcinoma cells, indicating a potential role for this receptor in the
development of this cancer [160]. Lastly, in the gut, Tgr5 is expressed in the enteric nervous
system, where its activation stimulates the release of 5-hydroxytryptamine and calcitonin
gene-related peptide (CGRP) which stimulate colonic motility [161,162].

In addition to the enteric nervous system, Tgr5 has been detected in the dorsal root ganglia
and spinal cord of mice [150]. In particular Tgr5 is expressed in peptidergic neurons within
these regions [150]. Activation of Tgr5 on these neurons stimulates release of gastrin-
releasing peptide, which is responsible for mediating itch in the dorsal spinal cord. It has
been suggested that pruritus, which occurs in patients with cholestasis, where bile acid
concentrations are greatly increased, may result from activation of this pathway [150]. In
addition to this study, it was recently shown that Tgr5 activates transient receptor potential
cation channel, member Al (TRPAL) in cutaneous afferent neurons, which may also mediate
itch during cholestasis [163]. Interestingly, activation of TRPAL by Tgr5 required Gpy,
protein kinase C, and calcium.

One of the more surprising functions of Tgr5 was the discovery of its role in increasing
energy expenditure and decreasing insulin resistance. Watanabe and colleagues
demonstrated that bile acids increased levels of the thyroid hormone activating enzyme type
2 iodothyronine deiodinase (D2) in a CAMP-dependent manner through activation of Tgr5 in
skeletal muscle and brown adipose tissue [141]. This led to an increase in the active form of
thyroid hormone (T3) which increased energy expenditure in brown adipose tissue. In
addition, they showed that feeding mice a high fat diet containing cholic acid prevented
weight gain compared to mice fed a high fat diet alone [141]. This effect was associated with
a decrease in adiposity in these mice. More recently, Broeders and colleagues demonstrated
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that oral supplementation with CDCA increased activity in brown adipose tissue in humans
[164]. In addition they showed that bile acids produced mitochondrial uncoupling in primary
human brown adipocytes but not white adipocytes [164]. Lastly, consistent with studies in
rodents, bile acids increased D2 mRNA levels in human brown adipose tissue. Collectively,
these studies indicate an important role for Tgr5 and bile acids in regulation of energy
expenditure, an effect that is currently being explored as a possible target of therapy in
obesity.

In addition to energy expenditure, Thomas and colleagues showed that Tgr5 regulates
plasma glucose levels. In this study, they demonstrated that activation of Tgr5 stimulates
glucagon-like peptide-1 (GLP-1) release from intestinal enteroendocrine L cells in a
calcium-dependent manner [165]. GLP-1 would decrease glucagon and increase insulin
secretion in a glucose-dependent manner resulting in reduced plasma glucose levels. In
addition to this mechanism, studies have shown that activation of Tgr5 on pancreatic beta
cells stimulates insulin release through a cAMP- and calcium-dependent mechanism [166].
All of these actions of Tgr5, including the effects on energy expenditure, are of importance
to pharmacology since Tgr5 agonists could decrease obesity and increase glucose tolerance,
both effects that would greatly benefit individuals with metabolic syndrome. The pleiotropic
actions of Tgr5 activation, however, could lead to several side-effects from agonist drugs
targeting Tgr5, including pruritus and inappropriate gallbladder filling, which was shown
recently [167] [150]. Furthermore, the ability of Tgr5 activation to stimulate cholangiocyte
proliferation and enhance survival of cholangiocytes could increase the risk for the
development of cholangiocarcinoma [160]. The major functions of TGR5 are illustrated in
Figure 2.

3.2 a5B1 integrin

UDCA is the only FDA approved treatment for cholestatic liver disease. UDCA lessens
disease severity in some patients by stimulating bile flow from the liver through increased
insertion of transporters in the canalicular membrane of hepatocytes [168]. The mechanism
by which UDCA produces this effect, however, was not known until recently. In humans,
UDCA is rapidly conjugated to taurine [169]. Accordingly, in 1997, the laboratory of Dieter
Haussinger began investigating the mechanism by which TUDCA stimulates choleresis by
identifying signaling pathways that are activated in hepatocytes by TUDCA. In these studies,
they demonstrated that TUDCA activated Erk1/2 in primary rat hepatocytes [170].
Activation of Erk1/2 by TUCDA occurred independently of the G proteins, Gi and Gs, and
independently of PKC. Activation of Erk1/2, however, was inhibited by PKA activation.
They showed further that Erk1/2 activation required Ras, which was activated in a P13-
kinase-dependent manner [170]. In a subsequent series of studies, they showed that TUDCA
rapidly activated focal adhesion kinase (FAK), src, and p38 [171]. Inhibition of src
prevented activation of p38, but did not affect activation of FAK or activation of Erk1/2
[171]. Because FAK is a down-stream target of integrins, they next determined the effect of
integrin inhibition on activation of these pathways. Interestingly, inhibition of integrins with
a broad-spectrum integrin antagonist prevented activation of FAK, src, Erk1/2, and p38
[171]. Most recently, this group demonstrated that TUDCA activated a5 B1 integrin in
hepatocytes by a mechanism that required NTCP, which transports TUDCA into the cell
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[172]. This suggested that TUDCA may activate a5 B1 by interacting with an intracellular
domain of this integrin [172]. In support of this, they provided computational modeling
suggesting that TUDCA may directly bind to this integrin causing changes in its structure
that triggers integrin-dependent signaling [172]. Interestingly, this effect of TUDCA was
selective as other conjugated bile acids did not activate a5 B1 integrin in hepatocytes. From
these results, they proposed the pathway illustrated in Figure 3.

3.3 Sphingosine-1-phosphate Receptor 2

Similar studies by the laboratory of Dr. Phillip Hylemon and other investigators have
investigated the mechanism by which bile acids activate various signal transduction
pathways in hepatocytes. These studies showed that the MAP kinase, Jnk1/2, was activated
by DCA, TCA, TDCA, and TCDCA, but not by TUDCA in hepatocytes [173]. Interestingly,
activation of Jnk1/2 by DCA required ligand-independent activation of the FAS receptor
[174]. Activation of the FAS receptor required sphingomyelinase and the generation of
ceramide [174]. This pathway appears to be important for the regulation of bile acid
synthesis, as activation of Jnk1/2 by bile acids led to upregulation of SHP which suppresses
CYP7A1 gene transcription [173]. While these studies demonstrated an important role for
the FAS receptor and ceramide in DCA-mediated activation of Jnk1/2, whether conjugated
bile acids activate Jnk1/2 through this pathway remains to be determined.

Studies showed further that DCA and other bile acids activated the epidermal growth factor
receptor (EGFR) and the insulin receptor (IR) in primary rat hepatocytes in a ligand-
independent manner[175,176]. Activation of Erk1/2 by DCA was prevented by inhibition of
either EGFR or IR and by inhibition of Ras, MEK, and PI3-kinase [176]. In addition to DCA
and TUDCA, Raf-1 and Erk1/2 were activated by GUDCA, TCA, GCA, TDCA, GDCA,
TCDCA, UDCA, and GCDCA, but interestingly not by the primary bile acid CA, indicating
that conjugation of CA was necessary for activation of this pathway [177]. Furthermore,
activation of Erk1/2 by bile acids was not the result of the detergent properties of these
chemicals, as the detergent CHAPS did not affect Erk1/2 activation. In addition to Erk1/2
and Jnk1/2, DCA also activated p38 independent of Erk1/2 activation. Further studies by this
group demonstrated that activation of MAP kinases by DCA occurred through a mechanism
distinct from that of conjugated bile acids. These studies showed that DCA stimulated
production of reactive oxygen species by mitochondria, which inactivated phosphatases in
hepatocytes [178]. This allowed for a shift towards a phosphorylated, activated form of
EGFR, which then activated MAPKSs. Interestingly, activation of EGFR by conjugated bile
acids, but not DCA, was prevented by pretreatment with pertussis toxin, indicating that
conjugated bile acids signal through a G protein-coupled receptor coupled to Gi [179].
Further examination indicated that conjugated bile acids activated sphingosine 1 phosphate
receptor-2, which presumably transactivates the EGFR and the IR leading to activation of
P13-kinase and MAP kinases [180]. They propose that this pathway may be important for
regulation of glucose metabolism, through activation of the IR, and bile acid metabolism,
through upregulation of SHP, in hepatocytes [181,182]. Although studies in mice indicate
that this might be important for glucose and bile acid homeostasis, it remains to be
determined whether this pathway is important in humans. In cultured hepatocytes, activation
of this signaling pathway began at 5 uM TCA [180]. In humans, concentrations of total
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conjugated bile acids in blood are typically below 1 uM in fasted individuals with
postprandial bile acid concentrations reaching as high as 5 uM [183]. Accordingly, in
healthy individuals it is possible that this pathway is important for regulating glucose and
bile acid metabolism in particular after a meal. Certainly in patients with obstructive
cholestasis, where serum concentrations of conjugated bile acids reach as high as 156 yuM,
S1PR2 could be activated by bile acids leading to activation of Jnk1/2, upregulation of SHP,
and suppression of CYP7A1 [91]. The contribution of this pathway relative to the FXR-
FGF-15/19 (FGF15/19) pathway, however, remains to be determined. It is possible that these
pathways may act in synergy resulting in tight regulation of bile acid synthesis. Interestingly,
similar to FXR, activation of SIPR2 by bile acids increases glycogen synthesis, again adding
another layer of complexity and redundancy in the regulation of glucose metabolism by bile
acids [180,184].

In addition to regulation of bile acid synthesis, activation of this pathway may be important
for producing hepatic inflammation during cholestasis. Our studies have shown that
hepatocytes exposed to pathological concentrations of conjugated bile acids produce
proinflammatory cytokines in an Erk1/2-, Jnk1/2-, and P13-kinase-dependent manner [185—
188]. We have shown further that this pathway is critical for hepatic inflammation during
cholestasis and is dependent upon upregulation of the transcription factor early growth
response factor-1 (Egr-1) [186,188]. In contrast to the concentrations of conjugated bile
acids needed to decrease bile acid synthesis and stimulate glycogen synthesis through
activation of S1IPR2, however, upregulation of inflammatory cytokines in hepatocytes
requires 40-fold higher concentrations of bile acids [188]. One possible explanation for the
difference in bile acid concentrations needed for these different effects is that studies have
shown that SHP, which is upregulated at low bile acid concentrations, suppresses Egr-1
[189]. This mechanism may limit Egr-1 upregulation at physiological concentrations of bile
acids. At higher concentrations of bile acids, however, this inhibitory mechanism may be
overcome resulting in Egr-1 transcription and upregulation of inflammatory cytokines.
Accordingly, physiological concentrations of bile acids would be anti-inflammatory through
this mechanism, whereas pathological concentrations of bile acids, which occur during
cholestasis, would elicit an “emergency” signal resulting in the release of pro-inflammatory
cytokines by hepatocytes. If this mechanism depends upon S1PR2 then inhibition of SIPR2
might be a novel therapy for the treatment of cholestatic liver disease. An alternative
explanation, however, may be that, in addition to SIPR2, pathological concentrations of bile
acids may activate an additional receptor that remains to be identified, which would
stimulate production of pro-inflammatory cytokines by hepatocytes. This remains to be
determined, however. The major proposed roles of S1IPR2 after activation by bile acids
hepatocytes are illustrated in Figure 4.

4. Conclusions

Research over the last several decades has identified several previously unrecognized
functions of bile acids which are mediated by activation of a group of bile acid receptors.
Many of the pathways regulated by these receptors, including regulation of bile acid
synthesis, regulation of glucose homeostasis, regulation of lipid homeostasis, pruritus, and
regulation of energy expenditure and body weight may be exploited therapeutically for the
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treatment of several diseases, including cholestatic liver disease, metabolic syndrome, and
NASH. As discussed in section 2.1.3, drugs that activate FXR are in clinical trials and
already show promise for the treatment of some forms of cholestatic liver disease. Further
research in this field should continue to move bile acids beyond “simple detergents” and
towards complex regulatory molecules that regulate clinically relevant physiological process
that may be targeted by bile acid receptor agonists or antagonists.
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ABCB ATP-binding cassette sub-family B

Apo apolipoprotein

ASBT apical sodium dependent bile acid transporter
BDL bile duct ligation

BSEP bile salt export pump

CA cholic acid

CDCA chenodeoxycholic acid

C/EBP CCAAT-enhancer-binding protein

CES-1 carboxyl esterase-1

CFTR cystic fibrosis transmembrane conductance regulator
CGRP calcitonin gene-related peptide

CHO Chinese hamster ovary

ChREBP carbohydrate response element binding protein
CREB CAMP response element-binding protein
CYP cytochrome P450

D2 deiodinase

DCA deoxycholic acid

EGFR epidermal growth factor receptor

Egr-1 early growth response factor-1

ER6 everted repeat separated by 6 nt

FAK focal adhesion kinase
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FAS
FGF
FGFR
FXR
FSR-2
FOXO01
G6Pase
GCA
GCDCA
GDCA
GLP-1
GUDCA
GWAS
HDCA
HDL
HNF
I-BABP
IxBa
IL

IR

Jnk
LBD
LCA
LDL
LIP
L-PK
LPL
LPS

LRH-1

TNF superfamily receptor 6
fibroblast growth factor
fibroblast growth factor receptor
farnesoid X receptor
fosmidomycin resistance protein
forkhead box 01 gene

glucose 6 phosphatase
glycocholic acid
glycochenodeoxycholic acid
glycodeoxycholic acid
glucagon-like peptide-1
glycoursodeoxycholic acid
genome-wide association study
hyodeoxycholic acid
high-density lipoprotein
hepatocyte nuclear factor
intestine bile acid binding protein
interleukin kappa beta alpha
interleukin

insulin receptor

jun N-terminal kinase
ligand-binding protein
lithocholic acid

low-density lipoprotein

liver inhibitory protein

liver pyruvate kinase

lipoprotein lipase
lipopolysaccharide

liver receptor homologue-1
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LXXLL

MAFG

MAPK
M-BAR
MCA
MRP
mTORC1
NASH

NR

NTCP
OATP
OCA

OST

PBC
PEPCK
P13-kinase
PXR

RXR

SHP
S1PR2
SREBP-1c

SULT2A1

UCP-1
UDCA
UGTs
T3
TCA

TCDCA
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leucine-X-X-leucine-leucine

v-maf musculoaponeurotic fibrosarcoma oncogene
homolog G

mitogen-activated protein kinase

membrane bile acid receptor

muricholic acid

multidrug resistance protein

mammalian target of rapamycin complex-1
non-alcoholic steatohepatitis

nuclear receptor

sodium-taurocholate co-transporting polypeptide
organic anion-transporting polypeptide
obeticholic acid

organic solute transporter

primary biliary cirrhosis

phospheonol pyruvate carboxykinase
phosphatidylinositide 3-kinase

pregnane X receptor

retinoid X receptor

small heterodimer partner
sphingosine-1-phosphate receptor 2

sterol regulatory element binding protein-1c

sulfotransferase family, cytosolic, 2A,
dehydroepiandrosterone (DHEA)-preferring member 1

uncoupling protein-1
ursodeoxycholic acid

UDP glucuronosyltransferases
triiodothyronine

taurocholic acid

taurochenodeoxycholic acid

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

References

1.

Page 19
TDCA taurodeoxycholic acid
TGR5 G protein-coupled bile acid receptor 1 (also known as
GPBARL1)
TLCA taurolithocholic acid
TNF tumor necrosis factor
TRPA1 transient receptor potential cation member 1
TUDCA tauroursodeoxycholic acid
VDR vitamin D receptor
VLDL very low-density lipoprotein

Hofmann AF, Hagey LR. Bile acids: Chemistry, pathochemistry, biology, pathobiology, and
therapeutics. Cell Mol Life Sci. 2008; 65:2461-2483. [PubMed: 18488143]

. Chiang JY. Bile acid metabolism and signaling. Compr Physiol. 2013; 3:1191-1212. [PubMed:

23897684]

. 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. [PubMed: 8521507]

. Chiang JY. Bile acid regulation of gene expression: Roles of nuclear hormone receptors. Endocr

Rev. 2002; 23:443-463. [PubMed: 12202460]

. Mangelsdorf DJ, Evans RM. The rxr heterodimers and orphan receptors. Cell. 1995; 83:841-850.

[PubMed: 8521508]

. 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. [PubMed: 10334992]

. 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. [PubMed: 10334993]

. Wang H, Chen J, Hollister K, Sowers LC, Forman BM. Endogenous bile acids are ligands for the

nuclear receptor fxr/bar. Mol Cell. 1999; 3:543-553. [PubMed: 10360171]

. Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, MacKenzie KI, LaTour A, Liu'Y,

Klaassen CD, Brown KK, Reinhard J, Willson TM, Koller BH, Kliewer SA. The nuclear receptor
pxr is a lithocholic acid sensor that protects against liver toxicity. Proc Natl Acad Sci U S A. 2001,
98:3369-3374. [PubMed: 11248085]

10. Makishima M, Lu TT, Xie W, Whitfield GK, Domoto H, Evans RM, Haussler MR, Mangelsdorf

DJ. Vitamin d receptor as an intestinal bile acid sensor. Science. 2002; 296:1313-1316. [PubMed:
12016314]

11. Kliewer SA, Moore JT, Wade L, Staudinger JL, Watson MA, Jones SA, McKee DD, Oliver BB,

Willson TM, Zetterstrom RH, Perlmann T, Lehmann JM. An orphan nuclear receptor activated by
pregnanes defines a novel steroid signaling pathway. Cell. 1998; 92:73-82. [PubMed: 9489701]

12. 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. [PubMed: 7774010]

13. 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

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 20

determining hepatic abc transporter expression and liver injury in bile duct-ligated mice.
Gastroenterology. 2003; 125:825-838. [PubMed: 12949728]

Wagner M, Zollner G, Trauner M. Nuclear receptors in liver disease. Hepatology. 2011; 53:1023—
1034. [PubMed: 21319202]

Cui YJ, Aleksunes LM, Tanaka Y, Goedken MJ, Klaassen CD. Compensatory induction of liver
efflux transporters in response to anit-induced liver injury is impaired in fxr-null mice. Toxicol Sci.
2009; 110:47-60. [PubMed: 19407337]

Baghdasaryan A, Claudel T, Gumhold J, Silbert D, Adorini L, Roda A, Vecchiotti S, Gonzalez FJ,
Schoonjans K, Strazzabosco M, Fickert P, Trauner M. Dual farnesoid x receptor/tgr5 agonist
int-767 reduces liver injury in the mdr2—/- (abcb4-/-) mouse cholangiopathy model by promoting
biliary hco(-)(3) output. Hepatology. 2011; 54:1303-1312. [PubMed: 22006858]

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. [PubMed:
14623915]

Fiorucci S, Clerici C, Antonelli E, Orlandi S, Goodwin B, Sadeghpour BM, Sabatino G, Russo G,
Castellani D, Willson TM, Pruzanski M, Pellicciari R, Morelli A. Protective effects of 6-ethyl
chenodeoxycholic acid, a farnesoid x receptor ligand, in estrogen-induced cholestasis. J Pharmacol
Exp Ther. 2005; 313:604-612. [PubMed: 15644430]

Chiang JY. Bile acids: Regulation of synthesis. J Lipid Res. 2009; 50:1955-1966. [PubMed:
19346330]

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.
[PubMed: 11030617]

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 Irh-1 represses bile acid biosynthesis. Mol Cell. 2000; 6:517-526.
[PubMed: 11030332]

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. [PubMed: 11030331]

Inagaki T, Choi M, Moschetta A, Peng L, Cummins CL, McDonald JG, Luo G, Jones SA,
Goodwin B, Richardson JA, Gerard RD, Repa JJ, Mangelsdorf DJ, Kliewer SA. Fibroblast growth
factor 15 functions as an enterohepatic signal to regulate bile acid homeostasis. Cell Metab. 2005;
2:217-225. [PubMed: 16213224]

Katafuchi T, Esterhazy D, Lemoff A, Ding X, Sondhi V, Kliewer SA, Mirzaei H, Mangelsdorf DJ.
Detection of fgf15 in plasma by stable isotope standards and capture by anti-peptide antibodies
and targeted mass spectrometry. Cell Metab. 2015; 21:898-904. [PubMed: 26039452]

Yu C, Wang F, Kan M, Jin C, Jones RB, Weinstein M, Deng CX, McKeehan WL. Elevated
cholesterol metabolism and bile acid synthesis in mice lacking membrane tyrosine kinase receptor
fgfr4. J Biol Chem. 2000; 275:15482-15489. [PubMed: 10809780]

Yu C, Wang F, Jin C, Huang X, McKeehan WL. Independent repression of bile acid synthesis and
activation of c-jun n-terminal kinase (jnk) by activated hepatocyte fibroblast growth factor receptor
4 (fgfr4) and bile acids. J Biol Chem. 2005; 280:17707-17714. [PubMed: 15750181]

Song KH, Li T, Owsley E, Strom S, Chiang JY. Bile acids activate fibroblast growth factor 19
signaling in human hepatocytes to inhibit cholesterol 7alpha-hydroxylase gene expression.
Hepatology. 2009; 49:297-305. [PubMed: 19085950]

Kong B, Wang L, Chiang JY, Zhang Y, Klaassen CD, Guo GL. Mechanism of tissue-specific
farnesoid x receptor in suppressing the expression of genes in bile-acid synthesis in mice.
Hepatology. 2012; 56:1034-1043. [PubMed: 22467244]

Ito S, Fujimori T, Furuya A, Satoh J, Nabeshima Y, Nabeshima Y. Impaired negative feedback
suppression of bile acid synthesis in mice lacking betaklotho. J Clin Invest. 2005; 115:2202-2208.
[PubMed: 16075061]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47

Page 21

Li S, Hsu DD, Li B, Luo X, Alderson N, Qiao L, Ma L, Zhu HH, He Z, Suino-Powell K, Ji K, Li J,
Shao J, Xu HE, Li T, Feng GS. Cytoplasmic tyrosine phosphatase shp2 coordinates hepatic
regulation of bile acid and fgf15/19 signaling to repress bile acid synthesis. Cell Metab. 2014;
20:320-332. [PubMed: 24981838]

Wang C, Yang C, Chang JY, You P, Li Y, Jin C, Luo Y, Li X, McKeehan WL, Wang F. Hepatocyte
frs2alpha is essential for the endocrine fibroblast growth factor to limit the amplitude of bile acid
production induced by prandial activity. Curr Mol Med. 2014; 14:703-711. [PubMed: 25056539]

Holt JA, Luo G, Billin AN, Bisi J, McNeill YY, Kozarsky KF, Donahee M, Wang da Y, 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. [PubMed:
12815072]

Schaap FG, van der Gaag NA, Gouma DJ, Jansen PL. High expression of the bile salt-homeostatic
hormone fibroblast growth factor 19 in the liver of patients with extrahepatic cholestasis.
Hepatology. 2009; 49:1228-1235. [PubMed: 19185005]

Lundasen T, Galman C, Angelin B, Rudling M. Circulating intestinal fibroblast growth factor 19
has a pronounced diurnal variation and modulates hepatic bile acid synthesis in man. J Intern Med.
2006; 260:530-536. [PubMed: 17116003]

de Aguiar Vallim TQ, Tarling EJ, Ahn H, Hagey LR, Romanoski CE, Lee RG, Graham MJ,
Motohashi H, Yamamoto M, Edwards PA. Mafg is a transcriptional repressor of bile acid synthesis
and metabolism. Cell Metab. 2015; 21:298-310. [PubMed: 25651182]

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. [PubMed: 11387316]

Li T, Matozel M, Boehme S, Kong B, Nilsson LM, Guo G, Ellis E, Chiang JY. Overexpression of
cholesterol 7alpha-hydroxylase promotes hepatic bile acid synthesis and secretion and maintains
cholesterol homeostasis. Hepatology. 2011; 53:996-1006. [PubMed: 21319191]

Moschetta A, Bookout AL, Mangelsdorf DJ. Prevention of cholesterol gallstone disease by fxr
agonists in a mouse model. Nat Med. 2004; 10:1352-1358. [PubMed: 15558057]

Wittenburg H, Lyons MA, Li R, Churchill GA, Carey MC, Paigen B. Fxr and abcg5/abcg8 as
determinants of cholesterol gallstone formation from quantitative trait locus mapping in mice.
Gastroenterology. 2003; 125:868-881. [PubMed: 12949731]

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. [PubMed: 11438503]

Lee H, Zhang Y, Lee FY, Nelson SF, Gonzalez FJ, Edwards PA. Fxr regulates organic solute
transporters alpha and beta in the adrenal gland, kidney, and intestine. J Lipid Res. 2006; 47:201-
214. [PubMed: 16251721]

Trauner M, Boyer JL. Bile salt transporters: Molecular characterization, function, and regulation.
Physiol Rev. 2003; 83:633-671. [PubMed: 12663868]

Hirohashi T, Suzuki H, Takikawa H, Sugiyama Y. Atp-dependent transport of bile salts by rat
multidrug resistance-associated protein 3 (mrp3). J Biol Chem. 2000; 275:2905-2910. [PubMed:
10644759]

Zelcer N, Reid G, Wielinga P, Kuil A, van der Heijden I, Schuetz JD, Borst P. Steroid and bile acid
conjugates are substrates of human multidrug-resistance protein (mrp) 4 (atp-binding cassette c4).
Biochem J. 2003; 371:361-367. [PubMed: 12523936]

Kullak-Ublick GA, Stieger B, Hagenbuch B, Meier PJ. Hepatic transport of bile salts. Semin Liver
Dis. 2000; 20:273-292. [PubMed: 11076396]

Zollner G, Wagner M, Fickert P, Silbert D, Gumhold J, Zatloukal K, Denk H, Trauner M.
Expression of bile acid synthesis and detoxification enzymes and the alternative bile acid efflux
pump mrp4 in patients with primary biliary cirrhosis. Liver Int. 2007; 27:920-929. [PubMed:
17696930]

. Chai J, Luo D, Wu X, Wang H, He Y, Li Q, Zhang Y, Chen L, Peng ZH, Xiao T, Wang R, Chen W.

Changes of organic anion transporter mrp4 and related nuclear receptors in human obstructive
cholestasis. J Gastrointest Surg. 2011; 15:996-1004. [PubMed: 21359593]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 22

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. [PubMed: 15239098]

Chen F, Ma L, Dawson PA, Sinal CJ, Sehayek E, Gonzalez FJ, Breslow J, Ananthanarayanan M,
Shneider BL. Liver receptor homologue-1 mediates species- and cell line-specific bile acid-
dependent negative feedback regulation of the apical sodium-dependent bile acid transporter. J
Biol Chem. 2003; 278:19909-19916. [PubMed: 12456679]

Arrese M, Trauner M, Sacchiero RJ, Crossman MW, Shneider BL. Neither intestinal sequestration
of bile acids nor common bile duct ligation modulate the expression and function of the rat ileal
bile acid transporter. Hepatology. 1998; 28:1081-1087. [PubMed: 9755246]

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. [PubMed: 10514450]

Rao A, Haywood J, Craddock AL, Belinsky MG, Kruh GD, Dawson PA. The organic solute
transporter alpha-beta, ostalpha-ostbeta, is essential for intestinal bile acid transport and
homeostasis. Proc Natl Acad Sci U S A. 2008; 105:3891-3896. [PubMed: 18292224]

Lan T, Rao A, Haywood J, Kock ND, Dawson PA. Mouse organic solute transporter alpha
deficiency alters fgfl15 expression and bile acid metabolism. J Hepatol. 2012; 57:359-365.
[PubMed: 22542490]

Lan T, Haywood J, Dawson PA. Inhibition of ileal apical but not basolateral bile acid transport
reduces atherosclerosis in apoe(-)/(=) mice. Atherosclerosis. 2013; 229:374-380. [PubMed:
23880190]

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.
[PubMed: 8053615]

Angelin B, Einarsson K, Hellstrom K, Leijd B. Effects of cholestyramine and chenodeoxycholic
acid on the metabolism of endogenous triglyceride in hyperlipoproteinemia. J Lipid Res. 1978;
19:1017-1024. [PubMed: 731123]

Insull W Jr. Clinical utility of bile acid sequestrants in the treatment of dyslipidemia: A scientific
review. South Med J. 2006; 99:257-273. [PubMed: 16553100]

Zhang Y, Lee FY, Barrera G, Lee H, Vales C, Gonzalez FJ, Willson TM, Edwards PA. Activation
of the nuclear receptor fxr improves hyperglycemia and hyperlipidemia in diabetic mice. Proc Natl
Acad Sci U S A. 2006; 103:1006-1011. [PubMed: 16410358]

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, shp, and srebp-1c. J
Clin Invest. 2004; 113:1408-1418. [PubMed: 15146238]

Caron S, Huaman Samanez C, Dehondt H, Ploton M, Briand O, Lien F, Dorchies E, Dumont J,
Postic C, Cariou B, Lefebvre P, Staels B. Farnesoid x receptor inhibits the transcriptional activity
of carbohydrate response element binding protein in human hepatocytes. Mol Cell Biol. 2013;
33:2202-2211. [PubMed: 23530060]

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. [PubMed: 11994399]
Brown MS, Goldstein JL. The srebp pathway: Regulation of cholesterol metabolism by proteolysis
of a membrane-bound transcription factor. Cell. 1997; 89:331-340. [PubMed: 9150132]
Shimano H, Horton JD, Hammer RE, Shimomura I, Brown MS, Goldstein JL. Overproduction of
cholesterol and fatty acids causes massive liver enlargement in transgenic mice expressing
truncated srebp-1a. J Clin Invest. 1996; 98:1575-1584. [PubMed: 8833906]

XuJ, LiY, Chen WD, Xu Y, Yin L, Ge X, Jadhav K, Adorini L, Zhang Y. Hepatic carboxylesterase
1 is essential for both normal and farnesoid x receptor-controlled lipid homeostasis. Hepatology.
2013

Cyphert HA, Ge X, Kohan AB, Salati LM, Zhang Y, Hillgartner FB. Activation of the farnesoid x
receptor induces hepatic expression and secretion of fibroblast growth factor 21. J Biol Chem.
2012; 287:25123-25138. [PubMed: 22661717]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 23

Li Y, Wong K, Walsh K, Gao B, Zang M. Retinoic acid receptor beta stimulates hepatic induction
of fibroblast growth factor 21 to promote fatty acid oxidation and control whole-body energy
homeostasis in mice. J Biol Chem. 2013; 288:10490-10504. [PubMed: 23430257]

Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-Flier E. Hepatic fibroblast
growth factor 21 is regulated by pparalpha and is a key mediator of hepatic lipid metabolism in
ketotic states. Cell Metab. 2007; 5:426-437. [PubMed: 17550778]

Inagaki T, Dutchak P, Zhao G, Ding X, Gautron L, Parameswara V, Li Y, Goetz R, Mohammadi M,
Esser V, ElImquist JK, Gerard RD, Burgess SC, Hammer RE, Mangelsdorf DJ, Kliewer SA.
Endocrine regulation of the fasting response by pparalpha-mediated induction of fibroblast growth
factor 21. Cell Metab. 2007; 5:415-425. [PubMed: 17550777]

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. [PubMed: 12891557]

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.
[PubMed: 11579204]

Prieur X, Coste H, Rodriguez JC. The human apolipoprotein av gene is regulated by peroxisome
proliferator-activated receptor-alpha and contains a novel farnesoid x-activated receptor response
element. J Biol Chem. 2003; 278:25468-25480. [PubMed: 12709436]

Ma K, Saha PK, Chan L, Moore DD. Farnesoid x receptor is essential for normal glucose
homeostasis. J Clin Invest. 2006; 116:1102-1109. [PubMed: 16557297]

Lee JM, Seo WY, Song KH, Chanda D, Kim YD, Kim DK, Lee MW, Ryu D, Kim YH, Noh JR,
Lee CH, Chiang JY, Koo SH, Choi HS. Ampk-dependent repression of hepatic gluconeogenesis
via disruption of creb.Crtc2 complex by orphan nuclear receptor small heterodimer partner. J Biol
Chem. 2010; 285:32182-32191. [PubMed: 20688914]

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 foxol. J Biol Chem. 2004; 279:23158-23165. [PubMed:
15047713]

Park MJ, Kong HJ, Kim HY, Kim HH, Kim JH, Cheong JH. Transcriptional repression of the
gluconeogenic gene pepck by the orphan nuclear receptor shp through inhibitory interaction with
c/ebpalpha. Biochem J. 2007; 402:567-574. [PubMed: 17094771]

Borgius LJ, Steffensen KR, Gustafsson JA, Treuter E. Glucocorticoid signaling is perturbed by the
atypical orphan receptor and corepressor shp. J Biol Chem. 2002; 277:49761-49766. [PubMed:
12324453]

Kim JY, Kim HJ, Kim KT, Park YY, Seong HA, Park KC, Lee IK, Ha H, Shong M, Park SC, Choi
HS. Orphan nuclear receptor small heterodimer partner represses hepatocyte nuclear factor 3/foxa
transactivation via inhibition of its DNA binding. Mol Endocrinol. 2004; 18:2880-2894. [PubMed:
15358835]

Potthoff MJ, Boney-Montoya J, Choi M, He T, Sunny NE, Satapati S, Suino-Powell K, Xu HE,
Gerard RD, Finck BN, Burgess SC, Mangelsdorf DJ, Kliewer SA. Fgf15/19 regulates hepatic
glucose metabolism by inhibiting the creb-pgc-lalpha pathway. Cell Metab. 2011; 13:729-738.
[PubMed: 21641554]

Kir S, Beddow SA, Samuel VT, Miller P, Previs SF, Suino-Powell K, Xu HE, Shulman GlI, Kliewer
SA, Mangelsdorf DJ. Fgf19 as a postprandial, insulin-independent activator of hepatic protein and
glycogen synthesis. Science. 2011; 331:1621-1624. [PubMed: 21436455]

Berrabah W, Aumercier P, Gheeraert C, Dehondt H, Bouchaert E, Alexandre J, Ploton M, Mazuy
C, Caron S, Tailleux A, Eeckhoute J, Lefebvre T, Staels B, Lefebvre P. The glucose sensing o-
glcnacylation pathway regulates the nuclear bile acid receptor fxr. Hepatology. 2013

Pellicciari R, Costantino G, Camaioni E, Sadeghpour BM, Entrena A, Willson TM, Fiorucci S,
Clerici C, Gioiello A. Bile acid derivatives as ligands of the farnesoid x receptor Synthesis,
evaluation, and structure-activity relationship of a series of body and side chain modified
analogues of chenodeoxycholic acid. J Med Chem. 2004; 47:4559-4569. [PubMed: 15317466]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

Page 24

Pellicciari R, Fiorucci S, Camaioni E, Clerici C, Costantino G, Maloney PR, Morelli A, Parks DJ,
Willson TM. 6alpha-ethyl-chenodeoxycholic acid (6-ecdca), a potent and selective fxr agonist
endowed with anticholestatic activity. J Med Chem. 2002; 45:3569-3572. [PubMed: 12166927]

Ali AH, Carey EJ, Lindor KD. Recent advances in the development of farnesoid x receptor
agonists. Ann Transl Med. 2015; 3:5. [PubMed: 25705637]

Silveira MG, Lindor KD. Obeticholic acid and budesonide for the treatment of primary biliary
cirrhosis. Expert Opin Pharmacother. 2014; 15:365-372. [PubMed: 24382005]

Hirschfield GM, Mason A, Luketic V, Lindor K, Gordon SC, Mayo M, Kowdley KV, Vincent C,
Bodhenheimer HC Jr, Pares A, Trauner M, Marschall HU, Adorini L, Sciacca C, Beecher-Jones T,
Castelloe E, Bohm O, Shapiro D. Efficacy of obeticholic acid in patients with primary biliary
cirrhosis and inadequate response to ursodeoxycholic acid. Gastroenterology. 2015; 148:751-761.
e758. [PubMed: 25500425]

Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek MF,
Chalasani N, Dasarathy S, Diehl AM, Hameed B, Kowdley KV, McCullough A, Terrault N, Clark
JM, Tonascia J, Brunt EM, Kleiner DE, Doo E. Network NCR. Farnesoid x nuclear receptor ligand
obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (flint): A multicentre, randomised,
placebo-controlled trial. Lancet. 2015; 385:956-965. [PubMed: 25468160]

Mudaliar S, Henry RR, Sanyal AJ, Morrow L, Marschall HU, Kipnes M, Adorini L, Sciacca Cl,
Clopton P, Castelloe E, Dillon P, Pruzanski M, Shapiro D. Efficacy and safety of the farnesoid x
receptor agonist obeticholic acid in patients with type 2 diabetes and nonalcoholic fatty liver
disease. Gastroenterology. 2013; 145:574-582. e571. [PubMed: 23727264]

Kliewer SA. Nuclear receptor pxr: Discovery of a pharmaceutical anti-target. J Clin Invest. 2015;
125:1388-1389. [PubMed: 25831443]

Lehmann JM, McKee DD, Watson MA, Willson TM, Moore JT, Kliewer SA. The human orphan
nuclear receptor pxr is activated by compounds that regulate cyp3a4 gene expression and cause
drug interactions. J Clin Invest. 1998; 102:1016-1023. [PubMed: 9727070]

Maglich JM, Stoltz CM, Goodwin B, Hawkins-Brown D, Moore JT, Kliewer SA. Nuclear pregnane
X receptor and constitutive androstane receptor regulate overlapping but distinct sets of genes
involved in xenobiotic detoxification. Mol Pharmacol. 2002; 62:638-646. [PubMed: 12181440]
Woolbright BL, Dorko K, Antoine DJ, Clarke JI, Gholami P, Li F, Kumer SC, Schmitt TM, Forster
J, Fan F, Jenkins RE, Park BK, Hagenbuch B, Olyaee M, Jaeschke H. Bile acid-induced necrosis in
primary human hepatocytes and in patients with obstructive cholestasis. Toxicol Appl Pharmacol.
2015; 283:168-177. [PubMed: 25636263]

Fickert P, Zollner G, Fuchsbichler A, Stumptner C, Weiglein AH, Lammert F, Marschall HU,
Tsybrovskyy O, Zatloukal K, Denk H, Trauner M. Ursodeoxycholic acid aggravates bile infarcts in
bile duct-ligated and mdr2 knockout mice via disruption of cholangioles. Gastroenterology. 2002;
123:1238-1251. [PubMed: 12360485]

Echchgadda I, Song CS, Oh T, Ahmed M, De La Cruz IJ, Chatterjee B. The xenobiotic-sensing
nuclear receptors pregnane x receptor, constitutive androstane receptor, and orphan nuclear
receptor hepatocyte nuclear factor 4alpha in the regulation of human steroid-/bile acid-
sulfotransferase. Mol Endocrinol. 2007; 21:2099-2111. [PubMed: 17595319]

Xie W, Yeuh MF, Radominska-Pandya A, Saini SP, Negishi Y, Bottroff BS, Cabrera GY, Tukey
RH, Evans RM. Control of steroid, heme, and carcinogen metabolism by nuclear pregnane x
receptor and constitutive androstane receptor. Proc Natl Acad Sci U S A. 2003; 100:4150-4155.
[PubMed: 12644700]

Stedman CA, Liddle C, Coulter SA, Sonoda J, Alvarez JG, Moore DD, Evans RM, Downes M.
Nuclear receptors constitutive androstane receptor and pregnane x receptor ameliorate cholestatic
liver injury. Proc Natl Acad Sci U S A. 2005; 102:2063-2068. [PubMed: 15684063]

Hoensch HP, Balzer K, Dylewizc P, Kirch W, Goebell H, Ohnhaus EE. Effect of rifampicin
treatment on hepatic drug metabolism and serum bile acids in patients with primary biliary
cirrhosis. Eur J Clin Pharmacol. 1985; 28:475-477. [PubMed: 4029252]

Bachs L, Pares A, Elena M, Piera C, Rodes J. Comparison of rifampicin with phenobarbitone for
treatment of pruritus in biliary cirrhosis. Lancet. 1989; 1:574-576. [PubMed: 2564110]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

Page 25

98. Bachs L, Pares A, Elena M, Piera C, Rodes J. Effects of long-term rifampicin administration in

primary biliary cirrhosis. Gastroenterology. 1992; 102:2077-2080. [PubMed: 1587427]

99. Yerushalmi B, Sokol RJ, Narkewicz MR, Smith D, Karrer FM. Use of rifampin for severe pruritus

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

in children with chronic cholestasis. J Pediatr Gastroenterol Nutr. 1999; 29:442—-447. [PubMed:
10512405]

Marschall HU, Wagner M, Zollner G, Fickert P, Diczfalusy U, Gumhold J, Silbert D,
Fuchsbichler A, Benthin L, Grundstrom R, Gustafsson U, Sahlin S, Einarsson C, Trauner M.
Complementary stimulation of hepatobiliary transport and detoxification systems by rifampicin
and ursodeoxycholic acid in humans. Gastroenterology. 2005; 129:476-485. [PubMed:
16083704]

Nagpal S, Na S, Rathnachalam R. Noncalcemic actions of vitamin d receptor ligands. Endocr
Rev. 2005; 26:662-687. [PubMed: 15798098]

Tiosano D, Gepstein V. Vitamin d action: Lessons learned from hereditary 1,25-
dihydroxyvitamin-d-resistant rickets patients. Curr Opin Endocrinol Diabetes Obes. 2012;
19:452-459. [PubMed: 23128575]

Hargrove L, Francis T, Francis H. Vitamin d and gi cancers: Shedding some light on dark
diseases. Ann Transl Med. 2014; 2:9. [PubMed: 25332985]

Shui I, Giovannucci E. Vitamin d status and cancer incidence and mortality. Adv Exp Med Biol.
2014; 810:33-51. [PubMed: 25207359]

Adachi R, Honma Y, Masuno H, Kawana K, Shimomura I, Yamada S, Makishima M. Selective
activation of vitamin d receptor by lithocholic acid acetate, a bile acid derivative. Journal of lipid
research. 2005; 46:46-57. [PubMed: 15489543]

Ishizawa M, Matsunawa M, Adachi R, Uno S, lkeda K, Masuno H, Shimizu M, Iwasaki K,
Yamada S, Makishima M. Lithocholic acid derivatives act as selective vitamin d receptor
modulators without inducing hypercalcemia. J Lipid Res. 2008; 49:763-772. [PubMed:
18180267]

Li T, Chiang JY. Bile acid signaling in metabolic disease and drug therapy. Pharmacol Rev. 2014;
66:948-983. [PubMed: 25073467]

Degirolamo C, Modica S, Palasciano G, Moschetta A. Bile acids and colon cancer: Solving the
puzzle with nuclear receptors. Trends Mol Med. 2011; 17:564-572. [PubMed: 21724466]

Schmiedlin-Ren P, Thummel KE, Fisher JM, Paine MF, Watkins PB. Induction of cyp3a4 by 1
alpha,25-dihydroxyvitamin d3 is human cell line-specific and is unlikely to involve pregnane x
receptor. Drug Metab Dispos. 2001; 29:1446-1453. [PubMed: 11602520]

Thummel KE, Brimer C, Yasuda K, Thottassery J, Senn T, Lin Y, Ishizuka H, Kharasch E,
Schuetz J, Schuetz E. Transcriptional control of intestinal cytochrome p-4503a by lalpha,25-
dihydroxy vitamin d3. Mol Pharmacol. 2001; 60:1399-1406. [PubMed: 11723248]

Chatterjee B, Echchgadda I, Song CS. Vitamin d receptor regulation of the steroid/bile acid
sulfotransferase sult2al. Methods Enzymol. 2005; 400:165-191. [PubMed: 16399349]
McCarthy TC, Li X, Sinal CJ. Vitamin d receptor-dependent regulation of colon multidrug
resistance-associated protein 3 gene expression by bile acids. J Biol Chem. 2005; 280:23232—
23242. [PubMed: 15824121]

Chen X, Chen F, Liu S, Glaeser H, Dawson PA, Hofmann AF, Kim RB, Shneider BL, Pang KS.
Transactivation of rat apical sodium-dependent bile acid transporter and increased bile acid
transport by lalpha,25-dihydroxyvitamin d3 via the vitamin d receptor. Mol Pharmacol. 2006;
69:1913-1923. [PubMed: 16481392]

Nishida S, Ozeki J, Makishima M. Modulation of bile acid metabolism by lalpha-hydroxyvitamin
d3 administration in mice. Drug Metab Dispos. 2009; 37:2037-2044. [PubMed: 19581390]
Cheng J, Fang ZZ, Kim JH, Krausz KW, Tanaka N, Chiang JY, Gonzalez FJ. Intestinal cyp3a4
protects against lithocholic acid-induced hepatotoxicity in intestine-specific vdr-deficient mice. J
Lipid Res. 2014; 55:455-465. [PubMed: 24343899]

Reich KM, Fedorak RN, Madsen K, Kroeker KI. Vitamin d improves inflammatory bowel disease
outcomes: Basic science and clinical review. World J Gastroenterol. 2014; 20:4934-4947.
[PubMed: 24803805]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Page 26

Bellini M, Gambaccini D, Stasi C, Urbano MT, Marchi S, Usai-Satta P. Irritable bowel syndrome:
A disease still searching for pathogenesis, diagnosis and therapy. World J Gastroenterol. 2014;
20:8807-8820. [PubMed: 25083055]

Atreya R, Neurath MF. Ibd pathogenesis in 2014: Molecular pathways controlling barrier function
in ibd. Nat Rev Gastroenterol Hepatol. 2015; 12:67-68. [PubMed: 25446731]

Chadwick VS, Gaginella TS, Carlson GL, Debongnie JC, Phillips SF, Hofmann AF. Effect of
molecular structure on bile acid-induced alterations in absorptive function, permeability, and
morphology in the perfused rabbit colon. J Lab Clin Med. 1979; 94:661-674. [PubMed: 501195]

Stenman LK, Holma R, Eggert A, Korpela R. A novel mechanism for gut barrier dysfunction by
dietary fat: Epithelial disruption by hydrophobic bile acids. Am J Physiol Gastrointest Liver
Physiol. 2013; 304:G227-G234. [PubMed: 23203158]

Vitek L. Bile acid malabsorption in inflammatory bowel disease. Inflamm Bowel Dis. 2015;
21:476-483. [PubMed: 25248001]

Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism.
Nature. 2012; 489:242-249. [PubMed: 22972297]

Liu W, Chen Y, Golan MA, Annunziata ML, Du J, Dougherty U, Kong J, Musch M, Huang Y,
Pekow J, Zheng C, Bissonnette M, Hanauer SB, Li YC. Intestinal epithelial vitamin d receptor
signaling inhibits experimental colitis. J Clin Invest. 2013; 123:3983-3996. [PubMed: 23945234]
DuJ, Chen, Shi Y, Liu T, Cao Y, Tang Y, Ge X, Nie H, Zheng C, Li YC. 1,25-dihydroxyvitamin
d protects intestinal epithelial barrier by regulating the myosin light chain kinase signaling
pathway. Inflamm Bowel Dis. 2015

Schmidt DR, Holmstrom SR, Fon Tacer K, Bookout AL, Kliewer SA, Mangelsdorf DJ.
Regulation of bile acid synthesis by fat-soluble vitamins a and d. J Biol Chem. 2010; 285:14486—
14494. [PubMed: 20233723]

Drocourt L, Ourlin JC, Pascussi JM, Maurel P, Vilarem MJ. Expression of cyp3a4, cyp2b6, and
cyp2c9 is regulated by the vitamin d receptor pathway in primary human hepatocytes. J Biol
Chem. 2002; 277:25125-25132. [PubMed: 11991950]

Han S, Chiang JY. Mechanism of vitamin d receptor inhibition of cholesterol 7alpha-hydroxylase
gene transcription in human hepatocytes. Drug Metab Dispos. 2009; 37:469-478. [PubMed:
19106115]

Han S, Li T, Ellis E, Strom S, Chiang JY. A novel bile acid-activated vitamin d receptor signaling
in human hepatocytes. Mol Endocrinol. 2010; 24:1151-1164. [PubMed: 20371703]

Chow EC, Magomedova L, Quach HP, Patel RH, Durk MR, Fan J, Maeng HJ, Irondi K, Anakk S,
Moore DD, Cummins CL, Pang KS. Vitamin d receptor activation down-regulates small
heterodimer partner and increases cyp7al to lower cholesterol. Gastroenterology. 2013

Ogura M, Nishida S, Ishizawa M, Sakurai K, Shimizu M, Matsuo S, Amano S, Uno S, Makishima
M. Vitamin d3 modulates the expression of bile acid regulatory genes and represses inflammation
in bile duct-ligated mice. J Pharmacol Exp Ther. 2009; 328:564-570. [PubMed: 18988769]
Firrincieli D, Zuniga S, Rey C, Wendum D, Lasnier E, Rainteau D, Braescu T, Falguieres T,
Boissan M, Cadoret A, Housset C, Chignard N. Vitamin d nuclear receptor deficiency promotes
cholestatic liver injury by disruption of biliary epithelial cell junctions in mice. Hepatology.

2013; 58:1401-1412. [PubMed: 23696511]

D'Aldebert E, Biyeyeme Bi Mve MJ, Mergey M, Wendum D, Firrincieli D, Coilly A, Fouassier L,
Corpechot C, Poupon R, Housset C, Chignard N. Bile salts control the antimicrobial peptide
cathelicidin through nuclear receptors in the human biliary epithelium. Gastroenterology. 2009;
136:1435-1443. [PubMed: 19245866]

Ye WZ, Reis AF, Dubois-Laforgue D, Bellanne-Chantelot C, Timsit J, Velho G. Vitamin d
receptor gene polymorphisms are associated with obesity in type 2 diabetic subjects with early
age of onset. Eur J Endocrinol. 2001; 145:181-186. [PubMed: 11454514]

Filus A, Trzmiel A, Kuliczkowska-Plaksej J, Tworowska U, Jedrzejuk D, Milewicz A, Medras M.
Relationship between vitamin d receptor bsmi and foki polymorphisms and anthropometric and
biochemical parameters describing metabolic syndrome. Aging Male. 2008; 11:134-139.
[PubMed: 18821289]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Page 27

Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales VS, Marks JS. Prevalence of
obesity, diabetes, and obesity-related health risk factors, 2001. JAMA. 2003; 289:76-79.
[PubMed: 12503980]

Bouillon R, Carmeliet G, Lieben L, Watanabe M, Perino A, Auwerx J, Schoonjans K, Verstuyf A.
Vitamin d and energy homeostasis: Of mice and men. Nat Rev Endocrinol. 2014; 10:79-87.
[PubMed: 24247221]

Chandler PD, Wang L, Zhang X, Sesso HD, Moorthy MV, Obi O, Lewis J, Prince RL, Danik JS,
Manson JE, LeBoff MS, Song Y. Effect of vitamin d supplementation alone or with calcium on
adiposity measures: A systematic review and meta-analysis of randomized controlled trials. Nutr
Rev. 2015; 73:577-593. [PubMed: 26180255]

Narvaez CJ, Matthews D, Broun E, Chan M, Welsh J. Lean phenotype and resistance to diet-
induced obesity in vitamin d receptor knockout mice correlates with induction of uncoupling
protein-1 in white adipose tissue. Endocrinology. 2009; 150:651-661. [PubMed: 18845643]
Wong KE, Kong J, Zhang W, Szeto FL, Ye H, Deb DK, Brady MJ, Li YC. Targeted expression of
human vitamin d receptor in adipocytes decreases energy expenditure and induces obesity in
mice. J Biol Chem. 2011; 286:33804-33810. [PubMed: 21840998]

Weber K, Erben RG. Differences in triglyceride and cholesterol metabolism and resistance to
obesity in male and female vitamin d receptor knockout mice. J Anim Physiol Anim Nutr (Berl).
2013; 97:675-683. [PubMed: 22548652]

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.
[PubMed: 16400329]

Zhang Y, Ge X, Heemstra LA, Chen WD, Xu J, Smith JL, Ma H, Kasim N, Edwards PA, Novak
CM. Loss of fxr protects against diet-induced obesity and accelerates liver carcinogenesis in
ob/ob mice. Mol Endocrinol. 2012; 26:272-280. [PubMed: 22261820]

Li T, Owsley E, Matozel M, Hsu P, Novak CM, Chiang JY. Transgenic expression of cholesterol
Talpha-hydroxylase in the liver prevents high-fat diet-induced obesity and insulin resistance in
mice. Hepatology. 2010; 52:678-690. [PubMed: 20623580]

Conley DR, Coyne MJ, Bonorris GG, Chung A, Schoenfield LJ. Bile acid stimulation of colonic
adenylate cyclase and secretion in the rabbit. Am J Dig Dis. 1976; 21:453-458. [PubMed:
183496]

Potter GD, Sellin JH, Burlingame SM. Bile acid stimulation of cyclic amp and ion transport in
developing rabbit colon. J Pediatr Gastroenterol Nutr. 1991; 13:335-341. [PubMed: 1663997]

Maruyama T, Miyamoto Y, Nakamura T, Tamai Y, Okada H, Sugiyama E, Itadani H, Tanaka K.
Identification of membrane-type receptor for bile acids (m-bar). Biochem Biophys Res Commun.
2002; 298:714-719. [PubMed: 12419312]

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. [PubMed: 1505915]

Kimmings AN, van Deventer SJ, Obertop H, Rauws EA, Gouma DJ. Inflammatory and
immunologic effects of obstructive jaundice: Pathogenesis and treatment. J Am Coll Surg. 1995;
181:567-581. [PubMed: 7582236]

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. [PubMed: 12524422]

Alemi F, Kwon E, Poole DP, Lieu T, Lyo V, Cattaruzza F, Cevikbas F, Steinhoff M, Nassini R,
Materazzi S, Guerrero-Alba R, Valdez-Morales E, Cottrell GS, Schoonjans K, Geppetti P, Vanner
SJ, Bunnett NW, Corvera CU. The tgr5 receptor mediates bile acid-induced itch and analgesia. J
Clin Invest. 2013; 123:1513-1530. [PubMed: 23524965]

Keitel V, Gorg B, Bidmon HJ, Zemtsova I, Spomer L, Zilles K, Haussinger D. The bile acid

receptor tgr5 (gpbar-1) acts as a neurosteroid receptor in brain. Glia. 2010; 58:1794-1805.
[PubMed: 20665558]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Page 28

Wang YD, Chen WD, Yu D, Forman BM, Huang W. The g-protein-coupled bile acid receptor,
gpbarl (tgr5), negatively regulates hepatic inflammatory response through antagonizing nuclear
factor kappa light-chain enhancer of activated b cells (nf-kappab) in mice. Hepatology. 2011;
54:1421-1432. [PubMed: 21735468]

Perino A, Pols TW, Nomura M, Stein S, Pellicciari R, Schoonjans K. Tgr5 reduces macrophage
migration through mtor-induced c/ebpbeta differential translation. J Clin Invest. 2014; 124:5424—
5436. [PubMed: 25365223]

Yoneno K, Hisamatsu T, Shimamura K, Kamada N, Ichikawa R, Kitazume MT, Mori M, Uo M,
Namikawa Y, Matsuoka K, Sato T, Koganei K, Sugita A, Kanai T, Hibi T. Tgr5 signalling inhibits
the production of pro-inflammatory cytokines by in vitro differentiated inflammatory and
intestinal macrophages in crohn's disease. Immunology. 2013; 139:19-29. [PubMed: 23566200]
Keitel V, Cupisti K, Ullmer C, Knoefel WT, Kubitz R, Haussinger D. The membrane-bound bile
acid receptor tgr5 is localized in the epithelium of human gallbladders. Hepatology. 2009;
50:861-870. [PubMed: 19582812]

Keitel V, Reinehr R, Gatsios P, Rupprecht C, Gorg B, Selbach O, Haussinger D, Kubitz R. The g-
protein coupled bile salt receptor tgr5 is expressed in liver sinusoidal endothelial cells.
Hepatology. 2007; 45:695-704. [PubMed: 17326144]

Keitel V, Donner M, Winandy S, Kubitz R, Haussinger D. Expression and function of the bile
acid receptor tgr5 in kupffer cells. Biochem Biophys Res Commun. 2008; 372:78-84. [PubMed:
18468513]

Keitel V, Ullmer C, Haussinger D. The membrane-bound bile acid receptor tgr5 (gpbar-1) is
localized in the primary cilium of cholangiocytes. Biol Chem. 2010; 391:785-789. [PubMed:
20623999]

Li T, Holmstrom SR, Kir S, Umetani M, Schmidt DR, Kliewer SA, Mangelsdorf DJ. The g
protein-coupled bile acid receptor, tgr5, stimulates gallbladder filling. Mol Endocrinol. 2011;
25:1066-1071. [PubMed: 21454404]

Reich M, Deutschmann K, Sommerfeld A, Klindt C, Kluge S, Kubitz R, Ullmer C, Knoefel WT,
Herebian D, Mayatepek E, Haussinger D, Keitel V. Tgr5 is essential for bile acid-dependent
cholangiocyte proliferation in vivo and in vitro. Gut. 2015

Poole DP, Godfrey C, Cattaruzza F, Cottrell GS, Kirkland JG, Pelayo JC, Bunnett NW, Corvera
CU. Expression and function of the bile acid receptor gpbarl (tgr5) in the murine enteric nervous
system. Neurogastroenterol Motil. 2010; 22:814-825. e227-818. [PubMed: 20236244]

Alemi F, Poole DP, Chiu J, Schoonjans K, Cattaruzza F, Grider JR, Bunnett NW, Corvera CU.
The receptor tgr5 mediates the prokinetic actions of intestinal bile acids and is required for
normal defecation in mice. Gastroenterology. 2013; 144:145-154. [PubMed: 23041323]

Lieu T, Jayaweera G, Zhao P, Poole DP, Jensen D, Grace M, Mclntyre P, Bron R, Wilson YM,
Krappitz M, Haerteis S, Korbmacher C, Steinhoff MS, Nassini R, Materazzi S, Geppetti P,
Corvera CU, Bunnett NW. The bile acid receptor tgr5 activates the trpal channel to induce itch in
mice. Gastroenterology. 2014; 147:1417-1428. [PubMed: 25194674]

Broeders EP, Nascimento EB, Havekes B, Brans B, Roumans KH, Tailleux A, Schaart G, Kouach
M, Charton J, Deprez B, Bouvy ND, Mottaghy F, Staels B, van Marken Lichtenbelt WD,
Schrauwen P. The bile acid chenodeoxycholic acid increases human brown adipose tissue
activity. Cell Metab. 2015; 22:418-426. [PubMed: 26235421]

Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, Macchiarulo A, Yamamoto H,
Mataki C, Pruzanski M, Pellicciari R, Auwerx J, Schoonjans K. Tgr5-mediated bile acid sensing
controls glucose homeostasis. Cell Metab. 2009; 10:167-177. [PubMed: 19723493]

Kumar DP, Rajagopal S, Mahavadi S, Mirshahi F, Grider JR, Murthy KS, Sanyal AJ. Activation
of transmembrane bile acid receptor tgr5 stimulates insulin secretion in pancreatic beta cells.
Biochem Biophys Res Commun. 2012; 427:600-605. [PubMed: 23022524]

Briere DA, Ruan X, Cheng CC, Siesky AM, Fitch TE, Dominguez C, Sanfeliciano SG, Montero
C, Suen CS, Xu Y, Coskun T, Michael MD. Novel small molecule agonist of tgr5 possesses anti-
diabetic effects but causes gallbladder filling in mice. PLoS One. 2015; 10:e0136873. [PubMed:
26312995]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Copple and Li

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Page 29

Beuers U, Bilzer M, Chittattu A, Kullak-Ublick GA, Keppler D, Paumgartner G, Dombrowski F.
Tauroursodeoxycholic acid inserts the apical conjugate export pump, mrp2, into canalicular
membranes and stimulates organic anion secretion by protein kinase c-dependent mechanisms in
cholestatic rat liver. Hepatology. 2001; 33:1206-1216. [PubMed: 11343250]

Dilger K, Hohenester S, Winkler-Budenhofer U, Bastiaansen BA, Schaap FG, Rust C, Beuers U.
Effect of ursodeoxycholic acid on bile acid profiles and intestinal detoxification machinery in
primary biliary cirrhosis and health. J Hepatol. 2012; 57:133-140. [PubMed: 22414767]
Schliess F, Kurz AK, vom Dahl S, Haussinger D. Mitogen-activated protein kinases mediate the
stimulation of bile acid secretion by tauroursodeoxycholate in rat liver. Gastroenterology. 1997;
113:1306-1314. [PubMed: 9322526]

Haussinger 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. [PubMed: 12730886]

Gohlke H, Schmitz B, Sommerfeld A, Reinehr R, Haussinger D. Alpha5 betal-integrins are
sensors for tauroursodeoxycholic acid in hepatocytes. Hepatology. 2013; 57:1117-1129.
[PubMed: 22865233]

Gupta S, Stravitz RT, Dent P, Hylemon PB. Down-regulation of cholesterol 7alpha-hydroxylase
(cyp7al) 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. [PubMed: 11278771]

Gupta S, Natarajan R, Payne SG, Studer EJ, Spiegel S, Dent P, Hylemon PB. Deoxycholic acid
activates the c-jun n-terminal kinase pathway via fas receptor activation in primary hepatocytes
Role of acidic sphingomyelinase-mediated ceramide generation in fas receptor activation. J Biol
Chem. 2004; 279:5821-5828. [PubMed: 14660582]

Qiao L, Studer E, Leach K, McKinstry R, Gupta S, Decker R, Kukreja R, Valerie K, Nagarkatti P,
El Deiry W, Molkentin J, Schmidt-Ullrich R, Fisher PB, Grant S, Hylemon PB, Dent P.
Deoxycholic acid (dca) causes ligand-independent activation of epidermal growth factor receptor
(egfr) and fas receptor in primary hepatocytes: Inhibition of egfr/mitogen-activated protein
kinase-signaling module enhances dca-induced apoptosis. Mol Biol Cell. 2001; 12:2629-2645.
[PubMed: 11553704]

Han Sl, Studer E, Gupta S, Fang Y, Qiao L, Li W, Grant S, Hylemon PB, Dent P. Bile acids
enhance the activity of the insulin receptor and glycogen synthase in primary rodent hepatocytes.
Hepatology. 2004; 39:456-463. [PubMed: 14767998]

Rao YP, Studer EJ, Stravitz RT, Gupta S, Qiao L, Dent P, Hylemon PB. Activation of the
raf-1/mek/erk cascade by bile acids occurs via the epidermal growth factor receptor in primary
rat hepatocytes. Hepatology. 2002; 35:307-314. [PubMed: 11826403]

Fang Y, Han SI, Mitchell C, Gupta S, Studer E, Grant S, Hylemon PB, Dent P. Bile acids induce
mitochondrial ros, which promote activation of receptor tyrosine kinases and signaling pathways
in rat hepatocytes. Hepatology. 2004; 40:961-971. [PubMed: 15382121]

Dent P, Fang Y, Gupta S, Studer E, Mitchell C, Spiegel S, Hylemon PB. Conjugated bile acids
promote erk1/2 and akt activation via a pertussis toxin-sensitive mechanism in murine and human
hepatocytes. Hepatology. 2005; 42:1291-1299. [PubMed: 16317705]

Studer E, Zhou X, Zhao R, Wang Y, Takabe K, Nagahashi M, Pandak WM, Dent P, Spiegel S, Shi
R, Xu W, Liu X, Bohdan P, Zhang L, Zhou H, Hylemon PB. Conjugated bile acids activate the
sphingosine-1-phosphate receptor 2 in primary rodent hepatocytes. Hepatology. 2012; 55:267—
276. [PubMed: 21932398]

Hylemon PB, Zhou H, Pandak WM, Ren S, Gil G, Dent P. Bile acids as regulatory molecules. J
Lipid Res. 2009; 50:1509-1520. [PubMed: 19346331]

Zhou H, Hylemon PB. Bile acids are nutrient signaling hormones. Steroids. 2014; 86:62-68.
[PubMed: 24819989]

Schalm SW, LaRusso NF, Hofmann AF, Hoffman NE, van Berge-Henegouwen GP, Korman MG.
Diurnal serum levels of primary conjugated bile acids Assessment by specific
radioimmunoassays for conjugates of cholic and chenodeoxycholic acid. Gut. 1978; 19:1006—
1014. [PubMed: 569619]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Copple and Li

184.

185.

186.

187.

188.

189.

Page 30

Fang Y, Studer E, Mitchell C, Grant S, Pandak WM, Hylemon PB, Dent P. Conjugated bile acids
regulate hepatocyte glycogen synthase activity in vitro and in vivo via galphai signaling. Mol
Pharmacol. 2007; 71:1122-1128. [PubMed: 17200418]

Allen K, Kim ND, Moon JO, Copple BL. Upregulation of early growth response factor-1 by bile
acids requires mitogen-activated protein kinase signaling. Toxicol Appl Pharmacol. 243:63-67.
[PubMed: 19931294]

Kim ND, Moon JO, Slitt AL, Copple BL. Early growth response factor-1 is critical for cholestatic
liver injury. Toxicol Sci. 2006; 90:586-595. [PubMed: 16423862]

O'Brien KM, Allen KM, Rockwell CE, Towery K, Luyendyk JP, Copple BL. 1I-17a
synergistically enhances bile acid-induced inflammation during obstructive cholestasis. Am J
Pathol. 2013; 183:1498-1507. [PubMed: 24012680]

Allen K, Jaeschke H, Copple BL. Bile acids induce inflammatory genes in hepatocytes: A novel
mechanism of inflammation during obstructive cholestasis. Am J Pathol. 2011; 178:175-186.
[PubMed: 21224055]

Zhang Y, Xu N, Xu J, Kong B, Copple B, Guo GL, Wang L. E2f1 is a novel fibrogenic gene that
regulates cholestatic liver fibrosis through the egr-1/shp/eid1 network. Hepatology. 2014;
60:919-930. [PubMed: 24619556]

Pharmacol Res. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Copple and Li

BA

Page 31

J Gluconeogenesis ¢ Glycogen synthesis

$Lipogenesis 4 Lipid oxudatlon
Hepatocytes ‘\
FXR == ‘\l FXR |
fBSEP NTCP

‘ CYP7AL ) ey
bile
canaliculus
FGFR4
lleal eplthellal ASBT[ ‘ FGF15/19 ‘

cells /“_\.
l FXR BA

| J
Ost U./ﬁ? -~ ASBT r i. 4 0sta/p

Figure 1.
Summary of the physiological functions of FXR. In the intestine, bile acids (BAs) are

transported into ileal epithelial cells by ASBT. Activation of FXR in ileal epithelial cells
suppresses ASBT, upregulates FGF15/19, and upregulates Ost a/B. BAs are transported into
hepatocytes by NTCP. Activation of FXR in hepatocytes upregulates SHP which suppresses
CYP7AL, NTCP, gluconeogenesis, and lipogenesis. FXR upregulates BSEP which
transports BAs into the bile canaliculus. FXR also increases glycogen synthesis and
increases lipid oxidation. FGF15/19 activates FGFR4 on hepatocytes which suppresses
CYP7AL
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Figure 2.
Summary of the physiological functions of TGR5. See text for complete details.
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Figure 3.
Mechanism by which TUDCA stimulates choleresis. See text for details
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Figure 4.
Summary of the effects of SIPR2 activation in hepatocytes by bile acids. Conjugated bile

acids activate sphingosine-1-phosphate receptor 2 (S1PR2), which transactivates the
epidermal growth factor receptor (EGFR) and the insulin receptor (IR). EGFR and/or IR
activate Akt, which increases glycogen synthesis and decreases gluconeogenesis; activate
Erk1/2, which increases expression of proinflammatory genes; and activates Jnk1/2, which
suppresses CYP7A1. DCA stimulates mitochondrial production of ROS (reactive oxygen
species) which inhibit phosphatases (PTPase) leading to the activation of EGFR. DCA also
activates sphingomyelinase which generates ceramide. This activates FAS receptors, which
activates JINK1/2 leading to upregulation of SHP and suppression of CYP7A1.
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