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Abstract

The intestinal reclamation of bile acids is crucial for the maintenance of their enterohepatic
circulation. The majority of bile acids are actively absorbed via specific transport proteins that are
highly expressed in the distal ileum. The uptake of bile acids by intestinal epithelial cells
modulates the activation of cytosolic and membrane receptors such as the farnesoid X receptor
(FXR) and G protein-coupled bile acid receptor 1 (GPBARL), which has a profound effect on
hepatic synthesis of bile acids as well as glucose and lipid metabolism. Extensive research has
focused on delineating the processes of bile acid absorption and determining the contribution of
dysregulated ileal signaling in the development of intestinal and hepatic disorders. For example, a
decrease in the levels of the bile acid-induced ileal hormone FGF15/19 is implicated in bile acid-
induced diarrhea (BAD). Conversely, the increase in bile acid absorption with subsequent overload
of bile acids could be involved in the pathophysiology of liver and metabolic disorders such as
fatty liver diseases and type 2 diabetes mellitus. This review article will attempt to provide a
comprehensive overview of the mechanisms involved in the intestinal handling of bile acids, the
pathological implications of disrupted intestinal bile acid homeostasis, and the potential
therapeutic targets for the treatment of bile acid-related disorders.

Introduction

Bile acids, the major organic solutes in bile, are avidly absorbed in the distal small intestine
and returned to the liver for resecretion, resulting in continuous circulation between the liver
and the intestine. The intestinal absorption processes are robust and efficient, resulting in
only 5% of the total secreted bile acids being lost in the feces. Bile acids are synthesized
from cholesterol in the liver and modified by the intestinal bacteria producing a group of
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molecules that have common structure but differ in the number and spatial location of the
hydroxy groups on the steroid rings. These differences in the structural features among bile
acids have a significant impact on their functions. In the intestinal lumen, bile acids function
as lipid solubilizers that are crucial for lipid absorption. Beyond solubilizing lipids, bile
acids play other important physiological roles, modulating a number of hepatic and intestinal
functions and exerting systemic effects such as increasing energy expenditure and improving
insulin sensitivity. The decrease in intestinal absorption reduces the circulating pool of bile
acids, disrupting bile acid homeostasis and altering bile acid signaling processes. For
example, certain types of bile acid malabsorption (BAM) are associated with an increase in
hepatic bile acid synthesis and an elevation in their intestinal luminal concentrations. These
alterations may explain the mechanisms underlying some cases of bile acid diarrhea (BAD).
On the other hand, the increase in bile acid absorption may contribute to the development of
severe liver damage, and inhibition of bile acid absorption should be considered in the
treatment of hepatic disorders such as nonalcoholic liver disease (NAFLD) and its severe
form, nonalcoholic steatohepatitis (NASH). In light of the critical roles of intestinal
absorption of bile acids in the maintenance of their homeostasis, extensive research during
the past two decades has focused on understanding the molecular mechanisms underlying
these processes. The following sections will highlight the current knowledge about the
intestinal responses to bile acids with an emphasis on the processes involved in their
absorption and their regulation under physiological and pathophysiological conditions.

Bile Acid Structure

Bile acids are one of the most structurally diverse classes of small biomolecules.
Remarkably, at least 84 distinct unconjugated bile acids and 25 bile alcohols have been
identified in vertebrates (162). It is important to note that subtle structural differences
between bile acids dramatically affect their biological roles. During the past 100 years, much
effort has been dedicated to identifying bile acid structures and their composition in humans.
Because of this important basic research, we now know the structures, the relative
abundance, and the basis of the structure-function relationship of these molecules in humans
and other animals.

Structural features of bile acids—Despite their wide structural diversity, bile acids do
have several defining structural features. All bile acids possess a lipophilic steroid body that
is hydroxylated at one or more positions and a side chain that terminates as a carboxylic acid
(162). The bile acid pool of mammals and most vertebrates is composed entirely of
compounds with 24 carbon atoms, while more primitive animals may produce bile alcohols
with up to 27 carbons. The presence of both a lipophilic ring and hydroxyl and carboxyl
moieties makes bile acids amphipathic molecules, which is necessary for their function as
physiological detergents. Bile acids are hydroxylated at the 3a. position (3a-OH) on steroid
ring A, but many are hydroxylated at other sites as well. Indeed, the majority of bile acid
diversity is the result of differential hydroxylation of the steroid ring. In addition to their
hydroxylation, bile acids have a side chain extending from C-17 on steroid ring D. The
carboxylic acid moiety at the end of the side chain is conjugated to either taurine or glycine
in the liver, which lowers the pK, and enhances water solubility at physiological pH.
Conjugation of bile acids to either taurine or glycine also increases their resistance to
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precipitation by high concentration of Ca2* in the gallbladder where they are being
concentrated (160).

Mammalian bile acid species—Of all the bile acid species that have been identified,
only a few are of physiologic relevance in mammals. The chemical structures of
physiologically important bile acids are shown in Figure 1. Humans synthesize just two bile
acids: cholic acid (CA) and chenodeoxycholic acid (CDCA). Both are produced from
cholesterol in the liver and are found in all mammals, as well as many lower species. The
structural difference between CA and CDCA is slight. CA is 3a-, 7a -, and 12a-
hydroxylated, while CDCA is only 3a- and 7a-hydroxylated. CA and CDCA, along with
the bacterial metabolite deoxycholic acid (DCA,; 3a - and 12a-OH), are the major bile acid
species in humans. Combined, these three bile acids and their conjugated forms account for
greater than 90% of biliary bile acids in humans (160). Additionally, several minor bile acids
in humans have been identified, including lithocholic acid (LCA; 3a-OH) and
ursodeoxycholic acid (UDCA; 3a - and 7p-OH). DCA and LCA are generated in the
intestine by bacteria via 7p-dehydroxylation of CA and CDCA, respectively. Like CA and
CDCA, DCA and LCA are found in all mammals and numerous other species. Similarly,
UDCA is produced from CDCA by intestinal bacteria via 7-OH epimerization, although it
can be formed in the hepatocytes of several species of bears (107, 145). Low levels of
tauroursodeoxycholic acid (TUDCA) were detected in germ-free mice, indicating that it is
also a primary bile acid in mice (331).

Because much research in the field is conducted in mice, it is critical to understand the
differences between human and mouse bile acid pools. In addition to the bile acids noted
above, mice produce a group of bile acids termed muricholic acids (MCAs), which are
hydroxylated at the 6-C position. The two major MCAs in mice are a-muricholic acid (a-
MCA,; 3a-, 6p-, and 7a-OH) and p-muricholic acid (B-MCA,; 3a -, 63-, and 7p-OH).
Interestingly, the MCAs constitute a majority of the mouse bile acid pool. The consequences
of these different bile acid profiles are just beginning to be uncovered and will be discussed
in detail later. However, it is clear that bile acid signaling differs greatly between human and
mice because of these chemical differences in the bile acid pool.

Bile Acid Synthesis

The primary bile acids CA and CDCA are synthesized in the liver from cholesterol at a rate
of approximately 500 mg daily in humans (79, 321). The secondary bile acids, which
include DCA, LCA, and UDCA, are produced by bacteria from bile acids in the intestinal
lumen (160, 402). The process of primary bile acid synthesis requires at least 17 enzymes,
which are located in the endoplasmic reticulum, mitochondria, peroxisomes, and cytosol.
The liver is the sole organ that contains all of the enzymes required for BA biosynthesis.
However, many other tissues possess enzymes that synthesize intermediate compounds,
which can then be circulated to the liver for completion of the synthesis. There are two
parallel pathways by which BA synthesis occurs: the classical (neutral) pathway, which
accounts for up to 70% of human BA synthesis, and the alternative (acidic) pathway, which
is a relatively minor route for bile acid synthesis under physiological conditions (46).
Hepatic bile acids (either de novo synthesized or recycled from the intestine) are conjugated
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to the amino acids taurine or glycine in a two-step process mediated by the bile acid-
coenzyme A ligase (BAL) and the bile acid-coenzyme A:amino acid N-acyltransferase
(BAT) (362).

The classical pathway occurs exclusively in hepatocytes and leads to production of both CA
and CDCA in most mammals. The first reaction in the classical pathway is catalyzed by
cytochrome P450 7A1 (cholesterol 7a-hydroxylase; CYP7A1), localized to the endoplasmic
reticulum. CYP7A1 hydroxylates the 7a position of cholesterol to produce 7-hydroxy
cholesterol. This enzyme is rate limiting and is critical for efficient synthesis of bile acids.
Indeed, disruption of CYP7A1 by homozygous knockout of the Cyp7al gene in mice
reduces bile acid synthesis by approximately 60% and bile acid pool size by approximately
75%, which results in increased fecal lipids, hypercholesterolemia, and poor survival (109,
181,337,338).

The other enzyme of the classical pathway is cytochrome P450 8B1 (sterol 12a.-
hydroxylase; CYP8B1), which is also located in the ER. CYP8BL1 is responsible for
hydroxylating the 12a carbon of the steroid ring. Thus, CYP8BL1 is the enzymatic branch
point for the synthetic routes of CA, which is 12a-hydroxylated, and CDCA, which is not.
As expected, Cyp8b1 knockout mice have a markedly different bile acid profile compared to
wild-type animals. While wild-type mice have bile acid profiles rich with CA, Cyp8b1l
knockout mice are deficient in CA and DCA and have increased levels of CDCA and its
derivatives, including UDCA and MCAs (240). Interestingly, a recent study showed that
CYP8BL1 is inactivated in certain species such as naked-mole rats and elephants in which CA
is missing (341).

The alternative pathway for bile acid synthesis is a minor contributor to the total bile acid
pool. In adult humans, it accounts for no more than approximately 30% of total bile acid
synthesis (46). The main product of the alternative pathway is CDCA. Recent studies
showed that the expression of enzymes involved in the alternative pathway was upregulated
in CYP7A1 knockout mice on a near-pure C57BL/6J background, leading to a decrease in
CA/CDCA due to an increase in CDCA synthesis (118). It is noted in these studies that CA
is detected in the pool of bile acids in CYP7ALl-deficient mice, indicating that CA could also
be synthesized from the products of the alternative pathways. The first and the rate-limiting
step of the alternative pathway is the entry of cholesterol into the mitochondria, which is
mediated by the steroidogenic acute regulatory protein (StAR) (292). Then, the
mitochondrial sterol 27-hydroxylase (CYP27A1) oxidizes the side chain of cholesterol.
CYP27AL is expressed in hepatocytes, as well as a variety of extrahepatic sites, including
macrophages and endothelial cells (13, 308, 312). Thus, the alternative pathway can be
initiated outside of the liver. Interestingly, hepatic CYP27A1 is also critical in the classical
pathway, where it oxidizes intermediates of BA synthesis. Expectedly, mice deficient in
Cyp27al display bile acid pools approximately 1/3 the size of the wild-type mice (315). The
second step in the alternative pathway involves the hydroxylation of 27-hydroxycholesterol
to 3p,7a-dihydroxy-5-cholestenoic acid mediated by the CYB7B1 enzyme. The product of
this reaction is then converted to CDCA (236).
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In addition to CYP7AL, CYP8B1, and CYP27A1, which are key enzymes in bile acid
synthesis, Cyp2c70 is essential for bile acid synthesis in mice. Takahashi et al. recently
identified this enzyme as the bile acid 6B-hydroxylase and demonstrated that Cyp2c70 is
required for the synthesis of MCAs (373). Mice with the Cyp2c cluster knocked out (Cyp2c
ko) and Cyp2c ko mice with a human CYP2C9 transgene (hCYP2C9) were unable to
synthesize MCA species and displayed a corresponding increase in CDCA. The bile acid
profile in these mice more closely resembles that of humans, who do not produce MCAs.
Although the implications of the different bile acid pools in mice and humans have not been
fully investigated, it is clear that bile acid structure underlies the molecular basis of bile acid
functions, as will be discussed in the following sections.

Enterohepatic Circulation of Bile Acids

Following the synthesis in hepatocytes, bile acids are excreted across the canalicular
membrane by the bile salt export pump (BSEP). Biliary BAs are stored in the gallbladder
and secreted into the small intestine following the intake of food, where they act as
detergents and signaling molecules. Luminal BAs travel through the small intestine and are
actively reabsorbed in the distal ileum by the apical sodium-dependent bile acid transporter
(ASBT). Reabsorbed BAs are shuttled from the apical to the basolateral membrane of the
enterocyte and are transported into the portal circulation by the organic solute transporter a./
B heterodimer (OSTa/B). These BAs are returned to the liver via the portal vein and enter
hepatocytes by the sinusoidal sodium-taurocholate cotransporting polypeptide (NTCP),
establishing the enterohepatic circulation of bile acids (Figure 2). We discuss in detail the
intestinal BA transporters in the following sections.

Functions of Bile Acids

In addition to their vast structural diversity, bile acids perform a wide variety of
physiological roles in the body. Some of their functions, particularly their role as detergents,
have been known for more than 100 years. However, more recent research has demonstrated
that bile acids also have critical signaling roles affecting different functions such as immune
response and maintenance of glucose and lipid homeostasis.

Dietary lipid absorption—The physiological role of bile acid as detergents is historically
the best recognized of BA functions. Indeed, bile acids are of critical importance for proper
lipid absorption. Bile acids are amphipathic and are present at high concentration in the
intestinal lumen, allowing them to form micelles and emulsify dietary fats and cholesterol.
In the gut lumen, these micelles increase lipid surface area, promoting digestion by lipases
and enhancing absorption at the brush border membrane (164). In some pathological states,
such as BAM, an insufficient bile acid pool size limits the ability to aid lipid absorption and
leads to lipid malabsorption (55).

Importantly, bile acid structure greatly influences the extent to which they aid lipid
absorption. Amino acid conjugation maintains high BA concentration in the lumen by
preventing passive diffusion. Furthermore, bile acids in which all hydroxyl moieties are
facing one side of the molecule are more hydrophobic and are thus better lipid emulsifiers.
Studies performed by Wang et al. (406) demonstrated that when mice were supplemented
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with CA and CDCA, cholesterol absorption was enhanced relative to nonsupplemented
diets. However, when supplemented with more hydrophilic bile acids such as MCAs,
cholesterol absorption was reduced. These studies clearly illustrate the relationship between
bile acid structure and function as digestive emulsifiers.

Bile acids as signaling molecules—While the role of bile acids in facilitating the
absorption of lipids has been known for over 100 years, the effects of bile acids on other
aspects of metabolism have only recently been recognized. By the early 1990s, a link
between bile acid and cholesterol homeostasis was clear, but the molecular mechanisms of
this interaction were not well known (108). The molecular basis underlying bile acids’
importance in metabolism has started to clarify over the past 20 years. A number of
researchers reported bile acid interactions with cellular receptors, including the nuclear
receptors farnesoid X receptor (FXR), pregnane X receptor (PXR), and vitamin D receptor
(VDR), as well as the membrane G protein-coupled bile acid receptor (G protein-coupled
bile acid receptor 1, GPBAR1; GPCR19; and TGR5) and sphingosine-1-phosphate receptor
(S1PR) (378). These seminal findings identified new molecular targets for bile acid-based
therapies and helped renew interest in the field of bile acid physiology. Indeed, bile acids are
now understood as complex signaling molecules that exert a wide array of effects on bile
acid, cholesterol, glucose, and lipid homeostasis.

Farnesoid X Receptor—The FXR (NR1H4) is a nuclear receptor that was originally
identified in 1995 (125). In 1999, several groups simultaneously reported that FXR is a
receptor for bile acids (255, 293, 407). When activated by BAs, FXR binds the response
elements on DNA to activate transcription of target genes primarily in the liver and intestine.
Since its identification as a bile acid receptor, FXR has received great attention as a
metabolic regulator and therapeutic target.

Bile acids as FXR ligands: It is important to note that slight differences in bile acid
structure result in large functional differences, and this is particularly apparent when
interactions with FXR are studied. Early reports suggested that CDCA was the most potent
FXR activator among endogenous bile acids, followed by DCA and LCA (130, 255, 293).
Some of these studies suggested that CA and conjugated BAs were not FXR agonists. (255)
However, when the bile acid transporters NTCP or ASBT were coexpressed, these bile acids
were shown to activate FXR (293, 407). Furthermore, tauro- and glyco-conjugated bile acids
activated FXR as strongly as the respective unconjugated BAs in cells that expressed NTCP.
These studies indicated that FXR is activated by both conjugated and unconjugated bile
acids, provided that these compounds are able to reach the cytoplasm of the cell.

Interestingly, not all bile acids are able to activate FXR. LCA, for example, does not appear
to strongly activate this receptor. Furthermore, some bile acids have actually been shown to
antagonize FXR. These FXR antagonists appear to have one defining structural feature: a p-
OH moiety located on the B ring of the steroid nucleus. UDCA (3a- and 7p-OH), which is
present at low concentrations in humans, acts as an FXR antagonist under some conditions
(272). Similarly, aMCA (3a-, 6, and 7a-OH) and p-MCA (3a-, 6B, and 7p-OH), two of
the major rodent bile acid species, were recently identified as FXR antagonists (170, 331).
The finding that mice have higher concentrations of FXR antagonist bile acids has
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complicated the interpretation of bile acid studies conducted in these animals, as the basal
FXR signaling is likely to be considerably lower in mice. The Gonzalez Laboratory recently
generated a mouse model that lacks the enzyme Cyp2c70 and does not synthesize MCAs,
leading to a bile acid profile that more closely resembles humans (373). Although the
consequences of this humanized bile acid pool have yet to be investigated, it is expected that
basal FXR activation is increased in humanized Cyp2c mice, as FXR antagonist MCAs are
replaced with FXR agonist BA species. Studies conducted in mice with humanized bile acid
profiles could allow for the reconciliation of conflicting studies with respect to the
physiological and therapeutic effects of bile acid signaling.

EXR regulation of bile acid synthesis and transport: Because bile acids are relatively
strong detergents, they are potentially toxic to cells. Therefore, cellular levels of bile acids
must be tightly controlled. Shortly after it was identified as a bile acid receptor, it was
discovered that FXR is a major regulator of bile acid homeostasis and may function to
protect cells against bile acid toxicity.

Initially, studies focused on the role of hepatic FXR in mediating a negative feedback
mechanism that inhibits bile acid synthesis. Several groups identified a negative feedback
mechanism by which hepatic FXR inhibits bile acid synthesis (74, 140, 247). These groups
showed that FXR transactivates small heterodimer partner (SHP; NROB2) expression. SHP
is a member of the nuclear receptor gene family that lacks a DNA-binding domain. Instead,
SHP interacts with other transcription factors to repress their activity. In the liver, hepatic
SHP was shown to impair CYP7A1 expression, and therefore bile acid synthesis, by
inhibiting liver receptor homolog 1 (LRH-1) and hepatic nuclear factor 4a. (HNF4a)) activity
(1, 140, 206). Similarly, hepatic SHP represses CYB8B1 through inhibition of LRH-1 and
HNF4a (195, 206). The inhibition of bile acid synthesis by FXR may also occur via SHP-
independent pathways via stimulating the expression of the RNA-binding protein ZEP36L1
with a subsequent increase in CYP7A1 mRNA degradation (374, 408).

Hepatic FXR regulates the expression of bile acid transporters to reduce cellular bile acids.
Hepatic FXR inhibits the expression of the NTCP through an SHP-dependent process,
decreasing the uptake of bile acids from the portal circulation (100). Conversely, hepatic
FXR transactivates the expression of the BSEP, enhancing the excretion of intracellular BAs
into the bile canaliculi (11). Thus, one of the major functions of hepatic FXR is to reduce the
bile acid synthesis and modulate the transporter expression to decrease the bile acid
concentration within the hepatocyte.

It was later discovered that intestinal farnesoid X receptor (iFXR) was also an important
mediator of feedback inhibition of bile acid synthesis (179). Activation of FXR in the
intestinal epithelium promotes transcription of fibroblast growth factor 19 (FGF19; FGF15
in rodents). FGF15/19 is secreted into the portal blood and circulates to the liver, where it
binds to the FGF receptor 4 (FGFR4)/p-klotho complex on hepatocytes. The downstream c-
Jun-N-terminal kinase (JNK) pathways repress CYP7A1 transcription in an SHP-dependent
manner, reducing BA synthesis (200). The iFXR-FGF15/19-CYP7AL axis was shown to be
essential for feedback inhibition of BA synthesis. When FXR is knocked out specifically in
the intestine, the total bile acid pool increased in size (360). Unlike hepatic FXR, iFXR
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activation only appears to regulate CYP7A1 expression and not CYP8BL1 (198). This
suggests that iFXR inhibits bile acid synthesis, while hepatic FXR is able to modulate
primarily the composition of the BA pool.

iFXR has also been shown to regulate the expression of epithelial bile acid transporters.
Landrier et al. (223) demonstrated that iFXR binds to the response elements in the OSTa/p
promoter, enhancing the OSTa/p expression. This results in increased export of BAs into
the portal circulation. Additionally, iFXR promotes the expression of the ileal bile acid-
binding protein (IBABP) (142, 178), which binds and sequesters BAs within the cytosol of
enterocytes.

Like in the liver, iFXR activation promotes SHP expression. Intestinal SHP inhibits retinoic
acid receptor (RAR)-dependent transcription of the apical sodium-dependent bile acid
transporter (ASBT). This leads to lower ASBT expression in enterocytes and decreased bile
acid uptake from the intestinal lumen. Thus, through both direct and indirect mechanisms,
FXR acts as a bile acid sensor to protect hepatocytes and enterocytes from excessive bile
acid accumulation and associated toxicity.

Regulation of lipid metabolism: In addition to regulating bile acid homeostasis, FXR has
been shown to regulate several other metabolic pathways, including hepatic lipid
metabolism. In the liver, FXR activation lowers the triglyceride levels through SHP
repression of the lipogenic transcription factor sterol regulatory element-binding protein 1c
(SREBP1c) (412). Additionally, FXR activation by bile acids induces expression of
peroxisome proliferator-activated receptor a (PPARa; NR1C1), a nuclear receptor that is a
key regulator of lipolysis (301). Furthermore, the FXR/SHP pathway was shown to inhibit
the transcription factor SREBP2, which has the effect of reducing de novo cholesterol
synthesis (199). Thus, it seems likely that FXR activation impairs lipogenesis through
SREBP1c inhibition, enhances fatty acid p-oxidation through a PPARa.-dependent
mechanism, and may reduce cholesterol synthesis through SREBP2 inhibition.

Interestingly, recent evidence has suggested that activation of iFXR is able to promote
browning of adipocytes throughout the body. Work by Fang et al. demonstrated that
fexaramine, a gut-restricted FXR agonist, enhances lipolysis in adipocytes and protects
against diet-induced obesity (DIO) in mice (113). Though the precise mechanism is unclear,
it may be related to alterations in the systemic bile acid profile in fexaramine-treated mice
that promote signaling via other receptors, such as GPBARL1 (discussed later).

Regulation of glucose metabolism: It has also been demonstrated that bile acid signaling is
an important regulator of glucose metabolism, although the exact role of FXR is still to be
precisely defined. Several studies have shown that FXR activity promotes glucose tolerance
and insulin sensitivity. FXR—-/- mice display high fasting glucose and poor insulin
sensitivity (62,251). Additionally, FXR agonists restore both hepatic and peripheral insulin
sensitivity in diabetic (db/db) and obese (ob/ob and DIO) mice (62, 253, 439). However, the
interpretation of these results is controversial, as other studies generated opposite results
showing that FXR deficiency is protective against insulin resistance in ob/ob and high fat
diet (HFD)-fed mice (47, 306, 438). Interestingly, recent evidence suggests that different
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FXR splice variants may be induced by various bioenergetic states, with each splice variant
producing somewhat different effects on glucose and lipid metabolism (91). However, the
differential roles of FXR splice variants remain largely unknown. Furthermore, there is
evidence of large sex differences in the effects of FXR metabolic signaling, but this is an
area that requires further study (438).

Because of the central role of the liver in maintaining glucose homeostasis, much research in
this field has focused on hepatic FXR signaling. Nevertheless, FXR in other organs also
regulates glucose homeostasis. For example, FXR in pancreatic p cells is important for
efficient insulin production and glucose-stimulated insulin transcription and secretion (106,
303, 313).

Interestingly, the role of iFXR in maintaining glucose homeostasis is more controversial.
iFXR activation using the gut-restricted FXR agonist fexaramine improves insulin sensitivity
and reduces hepatic gluconeogenesis in HFD-fed mice (113). However, recent evidence has
suggested that iFXR inhibition also promotes glucose homeostasis. Jiang et al. recently
showed that inhibition of iFXR via glycine-conjugated p-muricholic acid (Gly-MCA) or
intestine-specific knockout of FXR reduces hepatic gluconeogenesis, improves glucose
tolerance, and enhances insulin sensitivity (183). In addition, these studies demonstrated that
iFXR inhibition reduces hepatic triglycerides and protects against DIO. It was further shown
that iFXR antagonism reduces intestinal ceramide production, which may be responsible for
the observed effects on metabolic homeostasis (429).

Clearly, FXR is a crucial regulator of several metabolic pathways. However, elucidating the
differences in FXR signaling between organ systems and FXR isoforms will be critical for
delineating the complicated effects on metabolism and designing therapies against this target
(Table 1).

Regulation of immune response: The roles of bile acids as signaling molecules have
recently extended to the modulation of immune response. Indeed, the effects of bile acids on
the immune response were observed in earlier studies showing that incubation with CDCA
suppressed the LPS-induced secretion of TNFa in monocytes (54). More recent
investigations provided evidence for FXR expression in human CD4+ T cells, CD8+ T cells,
and CD14 monocyte subpopulations of immune cells (336), suggesting a role for this
nuclear receptor in bile acid-mediated immune modulation. This notion was further
supported by studies showing that the activation of FXR by the synthetic agonist INT-747
(obeticholic acid, OCA) also decreased the secretion of TNFa from activated human
PBMCs and CD14+ monocytes (132). The findings of those studies implied potential
therapeutic effects of FXR agonists in the treatment of inflammatory disorders such as
inflammatory bowel disease (IBD). In fact, the experiments of Gadaleta et al. (132)
demonstrated that administration of OCA protected against dextran sulfate sodium (DSS)
and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis in mice. It is also evident that
the lack of FXR in knockout mice increased the severity of experimentally induced intestinal
inflammation (394). These data along with findings showing a decrease in FXR expression
in IBD patients (394) indicate that changes in bile acids and/or the expression of FXR may
be involved in the dysregulation of the immune response and the development of
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inflammatory disorders including IBD. More research is warranted to determine the roles of
bile acids in the development of inflammatory disorders.

Antimicrobial effects: Multiple lines of evidence indicated the antimicrobial effects of bile
acids. First, the small intestine where conjugated bile acids are usually present at high
concentration (~10mM) has less bacterial flora as compared to the colon (161). Second,
intestinal bacterial overgrowth occurs in cirrhotic patients in whom bile acid synthesis and
secretion are decreased (36). Also, the administration of conjugated bile acids to rats with
CCl4-induced cirrhosis resulted in a decrease in the associated bacterial overgrowth (245).
Few reports have shown a direct inhibition of bacterial growth /in vitro by unconjugated bile
acids (44). However, compelling evidence was provided by Inagaki et al. (180),
demonstrating the involvement of FXR in mediating the antimicrobial effects of bile acids.
Those investigators showed that the bile duct ligation (BDL) and blocking bile flow to the
intestine in mice caused bacterial overgrowth and mucosal damage that was augmented in
the absence of FXR. Conversely, the same authors showed that the administration of the
FXR agonist GW4064 reduced the mucosal damage and the bacterial overgrowth and
translocation in the BDL mouse model. The activation of FXR was shown to induce the
expression of genes with antibacterial activities such as the inducible nitric oxide synthase in
the intestine (180). It is becoming more evident that the relationship between gut bacteria
and bile acids is complex. It is clear that bile acids profoundly affect the bacterial
composition of gut microflora, and that gut microbiome is one of the major determinants of
the bile acid profile. The reciprocal relationship between bile acids and gut bacteria is
discussed in detail in other reviews (317, 355).

Pregnane X Receptor—The PXR (NR1I2) is a nuclear receptor that is highly expressed
in the liver and the intestine (202). PXR activation promotes the transcription of detoxifying
enzymes, such as CYP3A4 and other cytochrome P450 enzymes, which is a critical function
of the intestine and the liver (231). In 2001, it was shown that bile acids, particularly the
highly hepatotoxic LCA, activate PXR to promote CYP3A4 expression, which then
metabolizes and detoxifies bile acids (356, 430). Additionally, PXR activation inhibits bile
acid synthesis by repressing transcription of CYP7A1 (238, 297). In this manner, hepatic
PXR appears to aid FXR in protecting against bile acid-induced toxicity. However, it has
been shown that PXR knockout mice are actually resistant to LCA hepatotoxicity (237).
Thus, additional research is required to better understand the effects of bile acid-dependent
PXR activation.

Vitamin D Receptor—The VDR (NR1I1) is expressed in many tissues, including
osteoblasts, renal cells, and enterocytes. In 2002, intestinal VDR was identified as a nuclear
receptor that is activated by the secondary bile acid LCA (254). Much like PXR, binding of
LCA to VDR promotes transcription of CYP3A enzymes, which metabolizes bile acids and
other toxins. Additionally, recent evidence suggests that VDR activation promotes FGF15
synthesis, which represses CYP7A1 transcription in the liver (334). Thus, VDR acts to
reduce bile acid synthesis and promote bile acid degradation. Although intestinal VDR
activation by BAs certainly may suppress bile acid synthesis genes through the FGF15
pathway, the functional importance is likely minor, given that disruption of the FXR-
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FGF15/19-CYP7AL axis is sufficient to relieve feedback inhibition of BA synthesis. It
seems more likely that the primary role of intestinal VDR in bile acid homeostasis is through
promotion of bile acid detoxification.

G protein-coupled bile acid receptor 1—Even before bile acids had been shown to
activate nuclear receptors, there was a large body of evidence that they were involved in
mediating some signaling pathways. In 1976, Conley et al. showed that DCA induced
adenylyl cyclase activity and impaired phosphodiesterase E activity in rabbit colon, leading
to an increase in cAMP (89). They speculated that this pathway was responsible for the
secretory effects of colonic bile acids. Indeed, later studies confirmed that bile acid-induced
CI~ secretion in the colon was a result of increased cCAMP (304). In 2002, the Tanaka
Laboratory identified and cloned a Gs-coupled membrane receptor for bile acids that they
named the membrane receptor for bile acids (M-BAR) (258). They demonstrated by
Northern blot that M-BAR was expressed in many tissue types, including the kidney, spleen,
placenta, heart, leukocytes, and the Gl tract. The following year, researchers at Takeda
Chemical Industries identified a GPCR they named the Takeda G protein-coupled receptor 5
(TGR5), which bound bile acids and induced cAMP in monocytes (192). Indeed, these
groups had identified the same protein, which is now also known as the GPBARL.

Bile acids are the only known endogenous ligands for this receptor, and secondary bile acids
have a higher affinity than do primary bile acids. LCA is the strongest endogenous activator
of GPBAR1 (EC50 < 1 uM), followed by DCA, CDCA, and CA (192). In addition,
numerous synthetic GPBAR1 agonists have been developed, with some displaying high
potency in the nanomolar range (144). Importantly, GPBARL1 is able to bind conjugated bile
acids, meaning that these BA species can exert signaling effects without needing to enter the
cell. This allows conjugated BAs to signal in a vast array of cell types that do not express
BA transporters.

Since its discovery, GPBARL1 has been recognized as having important functions throughout
the body. As it relates to this article, it is important to note that GPBARL is an important
regulator of bile acid homeostasis, immune response, energy expenditure, and glucose
homeostasis. Global GPBAR1 knockout results in a smaller bile acid pool size (~20%
decrease) and a shift from hydrophilic MCAs to CA (102,259). In addition, female mice but
not males display increased weight gain relative to wild-type littermates (259). GPBAR1
knockout mice were also shown to be more susceptible to TNBS-induced colitis, suggesting
anti-inflammatory roles for the receptor (88). This conclusion was later supported by studies
from Biagioli et al. showing that activating GPBARL by the synthetic agonist BAR501
caused a shift in the M1/M2 phenotype of intestinal macrophages along with a decrease in
the levels of pro-inflammatory cytokines (43). Evidence also suggests that GPBAR1
activation by bile acids induces thyroid hormone release, promoting adipocyte browning and
enhancing global energy expenditure in mice, suggesting a possible mechanism for weight
gain in GPBARL1 knockouts (411). Interestingly, in humans, supplementation with CDCA
stimulated GPBAR1 and induced adipose browning and increased energy expenditure,
suggesting that this phenomenon may translate to the clinic (50).
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In addition, many studies have pointed to the central role of gastrointestinal GPBAR1
activation in mediating glucose homeostasis. Activation of GPBARL in the L cells of the
duodenum induces release of the insulinotropic hormone glucagon-like peptide-1 (GLP-1)
(191, 375). Indeed, when TCA is administered rectally in humans, GLP-1 secretion is
induced (425). Additionally, GPBARL activation has been shown to have a direct positive
effect on insulin release at the level of pancreatic p cells (217). Clearly, GPBARL is critical
for a variety of cellular processes both within and outside of the intestine. It is not surprising,
therefore, that this receptor is an attractive therapeutic target with several agonists currently
in clinical trials. It will be interesting to determine the clinical efficacy of these GPBAR1
agonists.

Sphingosine-1-phosphate receptor 2—The S1PR is a GPCR that binds the lipid
sphingosine-1-phosphate (319). Studies in the Hylemon Laboratory demonstrated that
conjugated bile acids activate sphingosine-1-phosphate receptor type 2 (SIPR2) to trigger
ERK1/2 and AKT intracellular pathways via the coupling of the receptor to Gi protein (361).
These pathways have a direct effect on hepatic bile acid, glucose, and lipid metabolism,
making S1PR2 an interesting drug target for the treatment of several liver diseases (218).

Although the majority of these studies were performed in primary hepatocytes, SIPR2 is
also highly expressed in the intestine and cholangiocytes (72, 73, 409). The activation of
S1PR2 receptor was shown to mediate bile acid-induced cholangiocytes proliferation.
Furthermore, the lack of S1IPR2 resulted in less cholangiocyte proliferation and liver injury
in a BDL model of cholestasis in mice (410). The precise role of SIPR2 in the intestine is an
area of active research. Recent evidence suggests that SIPR2 signaling enhances
proliferation of intestinal epithelia and is important for maintaining the epithelial barrier (72,
73). However, the physiological and/or pathophysiological roles of BAs in these intestinal
processes are still unclear.

Molecular Mechanisms of Bile acid Absorption

The enterohepatic circulation of the bile was first postulated by Moritz Schiff in 1870 (316).
In 1936, it was reported that when concentrated bile acid solutions were injected into the
small intestine of animals, bile acids were absorbed by the intestine and recovered in portal
and systemic blood (185). Over the next decades, the concept of enterohepatic circulation of
bile acids became well accepted, as evidence for both passive and active intestinal
absorption continued to emerge (101, 209). However, the molecular mechanisms of this
absorptive process remained elusive until relatively recently, when bile acid transporters
were discovered.

It had long been known that at physiological pH, conjugated BAs are ionized and membrane
impermeable. Therefore, their transport across epithelial cells requires membrane-transport
proteins. The hepatic NTCP (SLC10A1) facilitates bile acid uptake at the sinusoidal
membrane of the hepatocyte, and the BSEP secretes bile acids into the bile canaliculi. In the
ileum, this transepithelial transport is mediated by the apical sodium-dependent bile acid
transporter (ASBT; SLC10AZ2) at the apical membrane and the OSTa/p heterodimer at the
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basolateral membrane (Figure 3). This process of intestinal bile acid absorption is crucial for
maintaining bile acid homeostasis and enterohepatic circulation.

In addition to their active uptake by ASBT, BAs with a high enough pK are able to
passively diffuse through membranes. Unlike active absorption, passive absorption can occur
in all regions of the small and large intestines. This primarily relates to unconjugated BAs,
which have a high enough pK;(~6) that they are able to undergo nonionic passive diffusion
through membranes (101, 209). Hepatic conjugation to taurine and glycine decreases the
pKj of BAs, rendering them charged and approximately 10-fold less permeable to
membranes (209, 333). On the other hand, colonic bacteria deconjugate and dehydroxylate
BAs, increasing the pKj and allowing bile acids to passively diffuse into the portal
circulation (257). Several lines of evidence, however, clearly demonstrate that ASBT and
OSTa/p are critical for the intestinal absorption and enterohepatic circulation of bile acids.

Apical sodium-dependent bile acid transporter (ASBT)—The apical sodium-
dependent bile acid transporter (ASBT) is responsible for the uptake of BAs from the
intestinal lumen into enterocytes and is the rate-limiting enzyme for intestinal BA
absorption. Like NTCP, ASBT is a sodium-dependent bile acid cotransporter in the SLC10A
gene family.

The presence of an Na*-dependent bile acid transporter in the ileum was confirmed in 1992
in brush border membrane vesicles from pig (273) and rabbit (215) ileum. Much of the early
work uncovering the role of ASBT was performed in the laboratory of Paul Dawson, who
first cloned ASBT in 1994 from a hamster ileum cDNA library (422). ASBT was later
identified in the rat (87, 343, 344), human (92, 285, 423, 424), mouse (219, 325), and
chicken (277) ileum. These early studies also showed ASBT expression in the cells of the
proximal renal tubule (87, 92, 344) as well as cholangiocytes (9, 81, 226). Recently, ASBT
expression in the brain has been shown, although the functional relevance is as yet unknown
(281). Within the adult intestine of humans and rodents, ASBT is most highly expressed in
villus cells of the distal ileum, with negligible expression in the colon (12, 168, 357, 415).
The distribution of ASBT expression along the intestine mirrors the conjugated bile acid
uptake capacity, highlighting the essential role of this transporter in bile acid absorption
(357).

A great deal of evidence has supported the importance of ASBT in intestinal bile acid
absorption. For instance, inactivating mutations in ASBT have been linked to some cases of
primary bile acid malabsorption (PBAM), a serious condition that presents with steatorrhea
and loss of bile acids in the stool (285). Additionally, mice with targeted deletion of the
Slc10a2 gene display similar symptoms, with steatorrhea, loss of bile acids in the stool,
decreased bile acid pool size, and enhanced bile acid synthesis (95).

ASBT and cholesterol metabolism: Because bile acid synthesis from cholesterol is
responsible for approximately 50% of cholesterol elimination, ASBT-dependent recycling of
bile acids is intimately related to cholesterol homeostasis. It has been known for decades that
disrupting the intestinal absorption of bile acids leads to loss of bile acids in the stool and a
concomitant increase in hepatic uptake of cholesterol to increase the synthesis of bile acids
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(108, 134). In this regard, it is interesting to note that patients with PBAM have low plasma
low-density lipoprotein (LDL) cholesterol levels, suggesting that loss of bile acids in the
stool is protective against hypercholesterolemia (285). Indeed, ASBT knockout mice also
show resistance to diet-induced and genetic models of hypercholesterolemia (94, 220).

Given that genetic ablation of ASBT reduces serum cholesterol, it is not surprising that
small molecule inhibitors of ASBT have been shown to have similar antihyperlipidemic
effects. Indeed, several ASBT inhibitors have been developed by pharmaceutical companies
(42, 78, 201, 318). Although most are in trials for other indications (see below), they have
been shown to enhance bile acid synthesis and reduce plasma cholesterol levels in several
rodents (201, 235, 318, 418), ApoE knockout mice (42), pigs (171), monkeys (201), and
humans (78, 348).

Gene structure and variants: The SLC10A2 gene is located on chromosome 13 in humans
(NCBI Gene ID #6555) and chromosome 8 in mice (NCBI Gene ID #20494) (219, 424). In
humans, mature ASBT mRNA consists of 6 exons comprising a 1044-nucleotide (nt) coding
region, a 597-nt 5”-untranslated region, and a 2135-nt 3"-untranslated region. One splice
variant has been reported, coding for a 154-aa bile acid efflux protein of unknown
physiological significance that has been called t-ASBT (227).

Several genetic variants of ASBT have been reported, including some that result in altered
protein function (216). The first reported variant was a single-nucleotide polymorphism
(SNP) resulting in a P290S mutant that abolished BA transport activity (423). Later, L243P
and T262M variants that abolished transport activity were reported in a family with PBAM,
along with a A171S variant that did not affect transport (285). Screening approaches have
since been used to identify and characterize other variants in Korean (291), German (314),
and American (158) populations.

Protein structure and function: ASBT is a 348-aa transmembrane (TM) protein with an
extracellular glycosylated N-terminus and a cytoplasmic C-terminus. The presence of a bile
acid-binding protein with an apparent molecular weight of 43 kDa, which would later be
identified as ASBT, was first discovered in 1983 by photoaffinity labeling of ileal BBMVs
(210). Studies in the early 1990s similarly found a bile acid-binding protein of similar
molecular weight (or a ~90 kDa dimer) and noted that it was responsible for the Na*-
dependent bile acids (213-215, 242, 243, 343, 347). Once ASBT was cloned, it was
determined that the protein has a molecular weight of approximately 38 kDa, but a higher
apparent molecular weight as a result of its glycosylation (423). Electrophysiological studies
showed that ASBT is electrogenic with a 2:1 Na*: BA stoichiometry (416,417).

With respect to the structure of ASBT, the precise topology has been a matter of debate, in
large part because the crystal structure of vertebrate ASBT has yet to be determined.
Although initial predictions suggested that ASBT comprised seven TM domains (422),
several lines of evidence supported a 9-TM model. For instance, membrane insertion
scanning provided support for a 9-TM model (147), and a recent crystal structure of
bacterial ASBT homologues revealed a structure consistent with 9-TM ASBT model
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(169,441). However, strong evidence from dual label epitope insertion scanning mutagenesis
and other methods refutes the 9-TM model in favor of a 7-TM model (33, 436).

Several laboratories, particularly that of Peter Swaan, have devoted a great deal of effort into
elucidating not only the membrane topology of ASBT, but also the functional importance of
the individual domains of this protein. The functions of individual domains discussed below
assume a 7-TM model of ASBT (Figure 4). Several of the TM domains are crucial for
ASBT transporter function. TM domain 1 is important for bile acid and Na* binding and
translocation and also confers stability to the protein (93). TM domain 2 appears to be most
important for Na* translocation via coordination with the Na* ion (322). The portion of TM
domain 3 closest to the cytosol forms the route for bile acids as they exit ASBT and enter the
cytosol (174). Additionally, the cytosolic half of TM domain 4 is another important part of
the translocation pathway (197). TM domains 5 and 6 possess GxxxG motifs that are
important for ASBT helix-helix interaction, conferring stability to the proteins without being
directly involved with substrate translocation (270). TM domain 6 also appears important for
Na*-binding and translocation, while TM domain 7 is crucial for bile acid binding and
translocation, as both of these domains line the translocation pathway (139, 173, 176, 212).

The soluble loops of ASBT have also been shown to be critical for protein function. A pair
of aspartic acid residues (Asp120 and Asp122) on extracellular loop (EL) 1 are critical for
Na* -binding, and Asp124 appears to be important for binding to the 7a-OH of many bile
acids (175). In addition, several other residues in this highly conserved loop are crucial for
protein expression, localization, and substrate affinity (326, 328). EL 3 is also important for
transporter activity via its electrostatic interactions with bile acids, which may represent the
initial bile acid-binding interaction site (31). Furthermore, a truncated mutant of ASBT
revealed the importance of 14 amino acids in the C-terminal cytoplasmic tail in apical
localization of the protein (367, 370).

Of particular interest is the important role of ASBT cysteine residues. Several studies have
probed the 13 cysteine residues of ASBT and noted a number of these residues that are both
highly conserved between ASBT and NTCP, and are crucial for transport function,
trafficking, and stability (32, 82, 324, 327, 368). Notably, mutation of the highly conserved
Cys51, Cys105, Cys132, and Cys255 to Ala or Thr nearly abolishes [3H]-TC uptake (32).
Mutations at other sites, such as Cys69 or Cys314, somewhat reduce [3H]-TC uptake. In an
effort to understand the mechanisms underlying the role of cysteine residues, a recent study
concluded that cysteine residues in ASBT are likely not important for its oligomerization
(82). However, the precise role of many of these important residues requires further study.

Substrate specificity of ASBT: Bile acids are the only known endogenous substrates for
ASBT. While ASBT is known to have a narrower substrate specificity than NTCP, it is clear
that ASBT is able to efficiently transport a wide variety of bile acids, both conjugated and
unconjugated (92, 205, 244). ASBT does not appear to have a strong preference for
conjugated compared to unconjugated bile acids (92). However, CA and its conjugated
derivatives appear to have a lower affinity (~ 15-35 pM) than CDCA and its derivatives (~3—
10 uM) (92, 244, 325, 327, 377, 422). TLCA appears to be a high-affinity substrate of ASBT
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(244), while DCA species have an intermediate affinity between CA and CDCA (175, 422).
Thus, the structural differences in bile acids determine their affinity for ASBT.

Because ASBT is an intestinal transporter that absorbs relatively large molecules, a great
deal of work has been devoted to using this transport system to aid in the absorption of drugs
via bile acid-conjugated prodrugs (151, 346). Several groups have demonstrated that bile
acids conjugated to synthetic molecules are substrates for ASBT and other bile acid
transporters, such as NTCP (25, 246, 346, 377). For example, studies have shown that the
antiviral acyclovir conjugate to CDCA (acyclovir valylchenodeoxycholate) has a favorable
affinity to ASBT and enhanced the oral availability of acyclovir by twofold in rats (385).
Indeed, the precise structural requirements of ASBT have been meticulously elucidated. 3D-
quantitative structure-activity relationship studies demonstrated that anionic side chains at
the 24-C position are preferred to neutral side chains (34, 440). Additionally, 7-C conjugates
are not efficiently transported by ASBT, although the presence of a 7a-OH moiety is not
necessary for transport (205). Conversely, conjugates at the 3-C position (such as to
naproxen and chlorambucil) are actively transported by ASBT (34, 205). These studies
provided important details with respect to the ASBT substrate-binding pocket and the
substrate specificity of the transporter.

Interestingly, recent evidence has indicated an alternative transport process that ASBT may
use to transport large molecules into the cell (6,7). When bile acids were conjugated to a
macromolecule and applied to cells expressing ASBT, vesicular endocytosis was induced
and both ASBT and the macromolecule were internalized. This alternative, receptor-
mediated ASBT uptake could be useful for designing drug delivery systems that target bile
acid absorption pathways.

ASBT inhibitors as therapeutics: Because bile acid signaling is closely tied to lipid and
glucose homeostasis, inflammatory pathways, and colonic electrolyte secretion, it is not
surprising that inhibitors of ASBT are of interest in a wide variety of intestinal and liver
diseases (4). Currently, there are several ASBT inhibitors in development, though none have
been approved by the FDA as of this writing. In addition to their potential for lowering
plasma LDL cholesterol (see above), these small molecule inhibitors have shown promise in
preclinical and clinical studies for the treatment of chronic constipation (65, 78, 276, 348),
NASH (289, 310), type 2 diabetes mellitus (71, 249, 379, 426), and cholestatic pruritus
(24,153, 264). It will be interesting to see how these promising drug candidates fare in future
clinical trials.

Given that modulating ASBT may be useful for the treatment of several disorders, it is
important to understand the cellular mechanisms underlying its regulation. In the following
sections, the regulation of ASBT at transcriptional, post-transcriptional, and
posttranslational levels will be discussed.

Transcriptional regulation of ASBT: Transcription of ASBT mRNA is tightly regulated to
maintain proper expression of this important transporter (97). The basal mMRNA expression
of ASBT is controlled by several important transcription factors, most notably the
hepatocyte nuclear factor 1a (HNF1a). Mice with deletion of the Tcfl gene, which codes
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for HNF1a, completely lack ASBT expression in the ileum and kidney (342). The minimal
ASBT promoter contains three HNF1a-binding sites, which have been shown to bind the
ASBT promoter and stimulate its activity as judged by electrophoretic mobility shift assays
(EMSA) and luciferase reporter assays, respectively (187). Furthermore, intestinal deletion
of the sirtuin 1 (SIRT1) metabolic sensor decreases HNF1a dimerization and function, with
a concomitant reduction in ASBT mRNA expression (193).

The ASBT promoter also possesses two activated protein-1 (AP-1) response elements that
are responsive to the c-Jun and c-Fos transcription factors (67). The upstream AP-1 site was
shown to bind a c-Jun homodimer, and the downstream site was shown to bind a c-Jun/c-Fos
heterodimer (69). Promoter studies revealed that c-Jun activates the ASBT promoter, while
c-Fos leads to repression of the promoter (278). In agreement with this model, c-Fos
knockout mice display enhanced ileal ASBT expression (278). An unidentified component
of human serum was also shown to stimulate ASBT mRNA expression in a manner
dependent on the AP-1 response elements (104).

The expression of ASBT is thought to be regulated through a negative feedback mechanism
whereby the presence of bile acids leads to a reduction in ASBT expression. This process
occurs by several distinct mechanisms. The first mechanism appears to be an autocrine/
paracrine mechanism that is initiated by FGF15/19, which is a major gene target of FXR
(105, 135, 350). Much like the signaling pathway in hepatocytes, FGF15/19 binds to the
FGFRA4/B-klotho receptor complex. This leads to MEK1/2 activation, c-Jun and c-Fos
phosphorylation, and translocation to the nucleus, which represses ASBT transcription.
FXR-dependent feedback inhibition also involves three other transcription factors: the
LRH-1, the fetoprotein transcription factor (FTF), and the retinoic acid receptor/retinoid X
receptor heterodimer (RAR/RXR). LRH-1 is an important positive regulator of ASBT basal
expression, as evidenced by the finding that LRH-1 knockout mice show reduced ASBT
expression (230). Similarly, the LRH-1 orthologue FTF induces ASBT expression via direct
binding to the ASBT promoter in rabbits and human Caco?2 cells (233, 290). It appears that
LRH-1 may be more important for ASBT expression in mice, while FTF may serve the same
role in humans (290). Additionally, RAR/RXR contributes to ASBT basal expression
through binding to retinoic acid response elements (279). These transcription factors appear
to be responsible for a negative feedback regulation of ASBT, whereby intracellular bile
acids in the epithelium reduce ASBT expression. This important regulatory mechanism
involves activation of FXR by cytosolic bile acids, which induces expression of the SHP, an
inhibitory factor. SHP impairs the activity of LRH-1 and FTF, reducing ASBT transcription
(68, 233, 290). Similarly, SHP impairs RAR/RXR activity, also leading to a decrease in
ASBT mRNA expression (279).

It is important to note that this negative feedback regulatory mechanism is a species-
dependent phenomenon. As described above, it appears that in mice, rabbits, and humans,
iFXR activation reduces ASBT expression. In rats, however, it appears that CA induces
ASBT mRNA and protein expression (359). It is possible that this relates to the lack of a gall
bladder in rats. Still, it will be important to further illuminate the mechanisms by which bile
acids regulate ASBT transcription.
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In addition to bile acids, ASBT transcription is affected by other steroid-like molecules,
including cholesterol, glucocorticoids, and vitamin D. It has been shown that cholesterol
downregulates ASBT expression and function in several model systems. In Caco?2 cells and
mouse models, cholesterol or 25-hydroxycholesterol administration led to a reduction in
ASBT mRNA via a mechanism dependent on HNF1a and the sterol regulatory binding
element protein 2 (SREBP2) and independent of FXR (10, 265, 376). SREBP2, which
translocates to the nucleus in low cholesterol conditions, was shown to transactivate ASBT
(376). In agreement with these data, administration of the cholesterol synthesis inhibitor
atorvastatin in mice led to a reduction in ileal ASBT mRNA expression (401). The
glucocorticoid receptor (GR) has also been shown to bind and activate the ASBT promoter.
In vitro promoter studies, /n vivo studies in mice and rats, and clinical work showed that
glucocorticoids induce ASBT transcription through GR binding to glucocorticoid response
elements in the ASBT promoter, and increase intestinal bile acid absorption (90, 186, 283,
287, 428). Similarly, the activation of the VDR was shown to transactivate ASBT (75, 84,
85).

In addition to regulation by endogenous and exogenous steroids and sterols, ASBT
transcription is affected by pathological processes such as inflammation. Inflammatory
processes have been shown to cause a significant reduction in ASBT expression, in part
through a transcriptional mechanism. In rats with indomethacin-induced ileitis and in human
Crohn’s disease (CD) patients, ASBT mRNA expression has been shown to be reduced.
Further studies showed that the pro-inflammatory cytokines interleukin-1p (IL-1p) and
tumor necrosis factor (TNF) increase phosphorylation and nuclear translocation of c-Fos,
leading to repression of the ASBT promoter (69, 278).

There are several other transcription factors that have been shown to regulate ASBT, though
these are less well studied than those discussed above. Positive regulators include the
PPARa (187), the nuclear factor-E2-related factor 2 (NRF2) (414), caudal-type homeobox
proteins CDX1 and CDX2 (252), and the constitutive androstane receptor (CAR) (77).
Additionally, the GATAA4 transcription factor was found to be a negative regulator of ASBT
expression, as GATA4 knockout resulted in increased ASBT mRNA expression (41).
Interestingly, it has been shown that intestinal bacteria reduce ASBT expression partially via
a mechanism dependent on GATA4 (288). It has also been shown that insulin is a negative
regulator of the ASBT promoter, although the molecular mechanisms are not fully
understood (15). These transcriptional regulators of ASBT are crucial for maintaining proper
ASBT expression and bile acid homeostasis (Table 2).

Posttranscriptional regulation of ASBT: Although much is known about the
transcriptional regulation of ASBT, relatively little research has investigated its post-
transcriptional regulation. Of the few studies that have been performed in this area, most
have related to the role of the 3 -untranslated region of ASBT mRNA. The Shneider
Laboratory showed that a metastasis-associated gene 1 (MTA1) element within the 3-UTR
interacts with the RNA-binding proteins Hu antigen R (HUR) and tristetraprolin (70, 352).
They showed that HuR stabilized reporter mRNA, while tristetraprolin decreased reporter
mRNA half-life. Interestingly, the overall effect of the 3-UTR appeared to destabilize
mMRNA in two intestinal epithelial cell lines, which may be important for the rapid regulation
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of ASBT. This important posttranscriptional regulation appears to be critical in the
ontogenesis of ASBT expression, as discussed in the section titled “ASBT ontogeny and

aging.”

Posttranslational regulation of ASBT: ASBT has been shown to be subject to rapid,
posttranslational modifications (PTMSs). It is possible that these acute regulatory
mechanisms represent adaptive responses to a rapidly changing intestinal milieu. ASBT
protein stability, subcellular localization, and activity have all been shown to be modulated
by PTMs such as ubiquitination, glycosylation, and phosphorylation, as well as by
interactions with lipids and plasma membrane microdomains.

One of the key posttranslational mechanisms by which ASBT is regulated is through
modulation of protein stability and degradation. It has been shown that ASBT is degraded by
the ubiquitin-proteasome pathway in both cholangiocytes and ileocytes (267, 427).
Interestingly, ASBT turnover is fairly rapid, as the protein has a relatively short half-life of
approximately 6 h (274, 427). Several mechanisms have been shown to modulate the rate of
ASBT proteasomal degradation. For instance, the pro-inflammatory cytokine IL-1p
enhances ASBT ubiquitination and degradation via a mechanism that involves JNK-
dependent phosphorylation of ASBT at Ser335 and Thr339 (427). Furthermore, feeding with
CA, but not conjugated TC or TDC, decreased ASBT protein expression via a ubiquitin-
dependent mechanism (267). Similarly, the SIRT1 activator resveratrol was shown to
promote ASBT ubiquitination and proteasomal degradation, independent of Ser335/Thr339
phosphorylation (83).

ASBT is also subject to N-glycosylation at its extracellular N-terminal domain (274, 370).
This glycosylation was shown to enhance ASBT protein stability, as inhibition of N-
glycosylation by tunicamycin or mutation of the Asn10 glycosylation site resulted in shorter
protein half-life (274). It has been found that ASBT protein expression is higher in rats with
streptozotocin-induced diabetes (15). This may be partially the result of enhanced
glycosylation, as /n vitro glucose treatment promoted mature glycosylation and increased
protein stability.

Phosphorylation of ASBT has also been shown to rapidly modulate ASBT function. As
discussed above, Ser335/Thr339 phosphorylation was shown to promote ASBT degradation
(427). In addition, activation of the protein kinase C ¢ (PKC() pathway significantly inhibits
[3H]-TC uptake within 60 min of treatment with the PKC activator phorbol 12-myristate 13-
acetate (PMA) (329). These studies demonstrated that treatment with PMA led to
internalization of ASBT and decreased surface expression. Conversely, tyrosine
phosphorylation of ASBT was shown to enhance transporter activity, although the kinase
and phosphorylation site have yet to be determined (16, 377). Interestingly, enteropathogenic
Escherichia coli (EPEC) was shown to rapidly reduce ASBT function via an effector
molecule that led to tyrosine dephosphorylation and internalization of ASBT (16). Future
studies should focus on further clarifying the role of phosphorylation in the regulation of
ASBT function. With respect to the modulation of ASBT by enteric bacteria, an additional
report showed that reducing Enterobacteria in the gut by treatment with ampicillin resulted
in a significant increase in ASBT protein levels concomitant with an increase in the levels of
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bile acids in the portal blood (266). The increase in ASBT was not associated with changes
in the mRNA. Since the increase occurred in response to eliminating the bacteria by
antibiotics, the authors concluded that Enterobacteria suppress ASBT expression via
posttranscriptional mechanisms. The studies with EPEC and Enterobacteria provide strong
evidence showing that ASBT protein expression and its level on the plasma membrane is
sensitive to the enteric bacteria. Further investigations are warranted to determine the
significance of these findings in the relation to the development of infections and to
understand the interactions between gut microbiota and intestinal absorption of bile acids.

Another critical posttranslational regulatory mechanism involves the association of ASBT
with plasma membrane lipid raft microdomains. Studies have demonstrated that ASBT is
associated with lipid rafts, and disruption of this association reduces ASBT function (14,
17). For instance, depletion of plasma membrane cholesterol by methyl-B-cyclodextrin led to
a shift of ASBT to nonraft domains of plasma membrane and was associated with reduced
ASBT function without a change in its surface expression (17). Similarly, the green tea
catechin (-)-epigallocatechin-3-gallate (EGCG) rapidly reduces ASBT function and is
associated with a shift in ASBT into the nonraft domain of plasma membrane (14). It is clear
that these rapid posttranslational regulatory mechanisms are crucial to allow ASBT to
respond to environmental changes, and additional studies in this area are warranted.

Given that the apical sodium-dependent bile acid transporter is rapidly regulated by a variety
of posttranslational mechanisms, it is important to recognize the techniques used to study
these acute functional changes. Conventional methods to assess the function of ASBT, which
rely on measuring the uptake of radiolabeled bile acids, provide a measurement of
transporter function only at a single time point. These methods are likely insufficient to
study dynamic, posttranslational changes in ASBT activity, necessitating the development of
real-time methods. Several recent approaches have been developed to quantify the aspects of
bile acid physiology in -real time (76, 115, 263, 311, 389, 392, 397-399). Additionally, a
recent bioluminescence-based approach relying on a CA-luciferin-conjugated probe has
shown promising results for measuring real-time ASBT activity /n7 vitroand in isolated
intestinal epithelial cells (377). Further development of these crucial methods will allow for
a more comprehensive understanding of the acute regulation of ASBT and other bile acid
transporters. Such in vivo real-time measurement of ASBT function could also be useful to
examine the potential recruitment of ASBT to the proximal part of the ileum as a mechanism
to increase bile acid absorption suggested by previous studies (159) rather than an increase
in the amount of ASBT protein in the distal ileum.

ASBT ontogeny and aging: The expression of ASBT shows distinct changes throughout an
individual’s lifespan. The newborn ileum shows minimal expression of ASBT, followed by a
dramatic increase in expression after weaning. It appears that hormonal changes are
responsible for ASBT ontogenic development. It has been demonstrated that the thyroxine
hormone is critical for the induction of ASBT mRNA expression after weaning (177, 269).
Additionally, the ontogeny of ASBT may be at least partially explained by its
posttranscriptional regulation by RNA-binding proteins. HUR, which has been shown to
stabilize ASBT, shows a pattern of ontogenic expression similar to that of ASBT.
Conversely, the destabilizing RNA-binding protein tristetraprolin shows the inverse
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ontogenic pattern (70, 352). Thus, the enhanced expression of ASBT after weaning could be
in part the result of altered RNA-binding protein expression. Additionally, the intestinal
development of ASBT expression in early life mirrors the expression of the transcription
factors c-Jun and c-Fos, which are poorly expressed in mice during the neonatal period and
sharply increased after weaning (67). The fact that ASBT expression is low prior to weaning
is crucial for intestinal health, as the neonatal intestine is not equipped to respond to
intracellular bile acids. Indeed, aberrantly high ASBT expression has been linked to neonatal
necrotizing enterocolitis (NEC) (150).

While it is clear that ASBT expression is enhanced after weaning, there is also evidence that
aging decreases intestinal bile acid absorption. Studies by Gao et al. demonstrated that 3H-
TC uptake across ileum in Ussing chambers was reduced approximately 50% in a cohort of
aged ~2-year-old) C57BL/6 mice relative to a younger (<1-year-old) cohort (133). There
was a corresponding approximately 50% decrease in ASBT mRNA expression in the older
cohort, suggesting that decreased ASBT expression in old age may be responsible for the
reduced bile acid absorption in these mice. On this note, a 300-participant clinical study
found that serum levels of bile acids decrease with age in men, but not women (129).
Although the physiological implications of these findings were not directly investigated in
either of these studies, it is reasonable to speculate that reduced intestinal bile acid
absorption in older individuals may result in blunted bile acid signaling through FXR and
other receptors. Future studies should focus on uncovering these functional consequences as
well as the mechanisms underlying this age- and sex-related reduction in ASBT expression.

Besides age, ASBT expression also seems to be enhanced in postpartum individuals. ASBT
protein expression and transport function were increased in postpartum rats corresponding to
an increase in food intake (271). Interestingly, ASBT mRNA expression was not affected,
suggesting a possible posttranscriptional mechanism. Although the mechanism underlying
this phenomenon has not been elucidated, it is likely related to the increased energy demand
during lactation. It is clear that the changes in ASBT expression that occur throughout the
lifespan are physiologically important and warrant further study.

lleal bile acid-binding protein (IBABP)—The ileal bile acid-binding protein (IBABP;
FABPS) is a 14 kDa member of the fatty acid binding protein family of intracellular lipid
binding proteins (188). Initially, this protein was identified as gastrotropin, given its ability
to promote gastric acid and pepsinogen secretion (98, 388,405). In 1990, a soluble bile acid-
binding protein with a molecular weight of 14 kDa was identified in rat ileum by
photoaffinity labeling (242). This protein was shown to be the major intracellular carrier for
ileal bile acids and was soon shown to be identical to gastrotropin (241, 400). IBABP was
cloned from rat ileum in 1994 (136) and was later cloned in human (131, 284) and rabbit
(358). The longitudinal expression and ontogenic pattern of IBABP in the intestine mirrors
that of ASBT, with high expression in the ileum after weaning and low expression in other
regions (137, 146, 177).

While it is clear that IBABP binds the intracellular bile acids in the ileum, the importance of
this protein in the absorption of bile acids is a matter of current study. There is evidence that
IBABP binds to ASBT, which enhances bile acid transport activity. FABP6 (IBABP)
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knockout mice do show mild abnormalities in bile acid absorption (305). Intestinal tissues
from these mice display approximately 60% reduced transport of [3H]-TC across ileal gut
sacs, suggesting a role for IBABP in bile acid absorption. In addition, female mice had a
significant increase and males had a trend toward an increase in fecal bile acid excretion,
with both sexes showing a trend toward decreased bile acid pool size. Hepatic bile acid
synthesis genes Cyp7al and Cyp8b1l were significantly lower than wild-type littermates,
indicating alterations in bile acid signaling. Furthermore, Li et al. recently demonstrated that
feeding with medium-chain fatty acids (MCFAS) reduced IBABP protein expression but not
intestinal bile acid transporter expression (234). These mice showed decreased plasma LDL
cholesterol levels and a decrease in bile acid absorption, suggesting that the loss of IBABP
may contribute to impaired bile acid absorption. However, ASBT function was not measured
in these mice, leaving open the possibility that posttranslational mechanisms are responsible
for decreased bile acid absorption. In contrast, both whole-body and intestine-specific FXR
knockout mice, which also lack appreciable expression of IBABP, do not show defects in
bile acid absorption (204, 360). The fact that these mice have a normal bile acid pool size
and intestinal reabsorption suggests that while IBABP may enhance intestinal bile acid
absorption, it is not essential for the process and even minimal expression may recover the
absorptive phenotype.

Other studies have identified a role for IBABP in bile acid sensing and signaling. It could be
expected that IBABP might sequester cytosolic bile acids, preventing them from binding
receptors such as FXR. However, it appears that IBABP is actually important for enhancing
FXR signaling. Two reports have demonstrated that IBABP was necessary for full activation
of FXR (112, 275). Additionally, this work provided evidence that IBABP forms a complex
with FXR that translocates to the nucleus upon addition of bile acids (275). Thus, while the
role of IBABP in intestinal absorption of bile acids is still unclear, it might play a crucial
role in bile acid signaling.

Gene structure and variants: The IBABP gene is coded by seven exons on chromosome 5
in humans (Gene ID 2172) (284) and four exons on chromosome 11 in mice (Gene 1D
16204) (45). The major IBABP mRNA transcript is approximately 600 bp in length and is
spliced from four exons (131, 136, 284). There are two additional transcripts that code for a
longer IBABP protein. However, this variant is primarily associated with colorectal cancer
and is regulated differently from the major IBABP isoform (103, 111). In this article, only
the major isoform of IBABP will be further discussed.

There is only one IBABP mutant that has received clinical attention. A Thr79Met mutation
is associated with protection against type 2 diabetes mellitus among obese individual in a
case-control study and two cohort studies, although the molecular mechanisms underlying
this protection have yet to be investigated (121, 122). While no other clinically significant
mutations of IBABP have been reported, it has been demonstrated that gallstone carriers
have approximately 65% lower IBABP mRNA and protein expression compared to healthy
control patients (40).

Protein structure and function: IBABP is a 128-aa protein with a predicted molecular
weight of approximately 14 kDa. Several solution and crystal structures of IBABP have been
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determined, showing a protein with a p-barrel and two a-helices (114). One of the key
structural features of IBABP is that it possesses two internal bile acid-binding sites that act
in a positively cooperative manner (114). This phenomenon was first recognized in 1998
when it was found that bile acid photoaffinity labeling was enhanced, rather than reduced,
by the presence of natural bile acids (211). Further study in the Cistola Laboratory
confirmed that IBABP binds two bile acid molecules with “low intrinsic affinity but an
extraordinarily high degree of cooperativity” and proposed mechanistic models of ligand
binding (380-384). Similarly, studies in the Molinari Laboratory have helped to define the
structural determinants of bile acid binding to IBABP, as well as the liver bile acid-binding
protein FABP1 (114, 143, 434). These studies exquisitely describe IBABP cooperativity and
ligand selectivity using several complimentary approaches and account for structural
features of both the protein and bile acid ligands, proposing a 2:1 bile acid/protein ratio with
a multistep binding mechanism. Additional work has identified a putative third bile acid-
binding site on the exterior of the protein (387).

Substrate specificity of IBABP: In addition to bile acids, IBABP has been shown to bind
some other steroids including progesterone, but has low affinity for fatty acids, suggesting
that bile acids are the primary substrates for this protein (136, 442). Structural studies using
solution NMR suggest that IBABP is more flexible than the other members of the FABP
family, allowing for relatively large bile acid molecules to enter the binding pockets (248).
Among bile acids, human IBABP has lower affinity for unconjugated bile acids compared to
conjugated and prefers taurine-conjugated BAs to glycine-conjugated, with apparent K,
values in the range of 50 to 400 uM (442). Furthermore, the presence of a 7a-OH moiety
decreases affinity, while a 12a.-OH increases affinity (442). Recent work has demonstrated
that human and mouse IBABP bind B-MCAs with low affinity, indicating that the 6p-
hydroxylation is not preferred by IBABP. Interestingly, two-dimensional NMR methods
helped to identify a preference of certain bile acids for each of the two IBABP binding sites
(381). When either GC or GCDC is present individually, both sites are fully occupied.
However, in equimolar concentrations, one site is preferentially occupied by GC, while the
other is occupied by GCDC (167, 381). This was confirmed with the taurine conjugates TC
and TCDC (23). These findings suggest that in addition to allowing for cooperative binding,
the two binding pockets of IBABP may have evolved to efficiently bind the wide variety of
bile acids that exist in nature. Future studies could further elucidate the importance of these
distinct binding sites as it relates to substrate specificity.

Regulation of IBABP: Not surprisingly, the expression of IBABP is regulated by bile acids.
This phenomenon has been known since the late 1990s, when it was shown that IBABP
expression was induced by human bile and bile acids (61, 189, 190). An FXR response
element in the FABP6 promoter was soon identified, supporting the role of FXR signaling in
the induction of IBABP (142, 178). Indeed, FXR was shown to be critical for the expression
of IBABP, as FXR knockout mice do not express IBABP (204, 349, 360). In humans as well,
administration of bile acids induced IBABP mRNA expression (437).

In addition to bile acids, cholesterol can also affect the transcription of IBABP. In Caco?2
cells, it was shown that cholesterol depletion resulted in binding of SREBP-1c to a sterol
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response element located in the FABP6 promoter, enhancing its transcription (433).
Similarly, it was shown that the liver X receptor (LXR), which can be activated by
oxysterols, binds to the FABP6 FXR response element to activate transcription (224).

Other transcription factors have also been shown to regulate IBABP transcription. A
peroxisome proliferator-activated receptor (PPAR) response element was identified within
the FABP6 promoter, and treatment with the PPARa-PPARB/6 agonist bezafibrate induced
promoter activity, suggesting a role for these receptors in mediating IBABP expression
(225). Additionally, the CDX2 transcription factor, which is highly expressed in the ileum,
was shown to bind and activate the FABP6 promoter (35).

Organic solute transporter a/f heterodimer (OSTa/B)—The OSTa/p heterodimer
(SLC51A/B) is a plasma membrane glycoprotein that is the basolateral exporter of bile acids
out of enterocytes and toward the portal circulation. Prior to the discovery of OSTa/B,
several other candidate basolateral bile acid transporters were explored, including t-ASBT (a
splice variant of ASBT) (227) and the multidrug-resistance protein 3 (MRP3) (435). OSTa/
B was first cloned in 2001 from little skate Raja erinacea liver (409). This work identified an
organic anion transporter comprising a predicted 7-TM protein as well as a 1-TM ancillary
protein, which would later be identified as OSTa and OST, respectively. After its
identification in the skate, OSTa/p was cloned from human and mouse liver, although the
mRNA expression for these transporters was found in several other tissues including the
small intestine and kidney (339). Further study demonstrated conclusively that OSTa/p
localized to the basolateral membrane of ileocytes, renal proximal tubular cells, and
cholangiocytes, where it functions as a bile acid export protein (27, 96). In general, it has
been shown that OSTa/p expression mirrors that of ASBT, highlighting the intertwined
function of these two transporters (27, 96).

The first /n vivo studies characterizing OSTa/p were published in 2008 from Paul Dawson’s
laboratory (309). These studies reported that OSTa knockout mice had a decreased bile acid
pool size secondary to impaired intestinal bile acid absorption, similar to ASBT knockout
mice. OSTa knockout mice also display reduced renal and biliary bile acid absorption,
further supporting the crucial role of OSTa/p in bile acid absorption (29). However, unlike
ASBT knockout mice, OSTa knockout mice displayed a paradoxical decrease in hepatic
bile acid synthesis genes such as Cyp7al. This finding is particularly instructive, as it
highlights the role of FGF15/19 in maintaining bile acid homeostasis. Unlike in the case of
impaired ASBT, apical bile acid uptake is largely functional in OSTa knockout mice. Thus,
luminal bile acids are taken into enterocytes, where they bind to FXR and induce FGF15/19,
decreasing bile acid synthesis (309). However, bile acid absorption is still impaired as
basolateral export is dysfunctional. This results in a phenotype of decreased bile acid
synthesis and approximately 60% decreased pool size, with fecal bile acids in the normal
range. As would be expected with decreased bile acid pool size, OSTa knockout mice
displayed lipid malabsorption. They were also protected against age-related weight gain and
insulin resistance (419). However, some maladaptive changes were seen in the small
intestine of OSTa knockout mice. As a result of bile acid accumulation within enterocytes,
these mice showed bile acid toxicity, oxidative stress, and morphological changes including
decreased villus height and increased proliferation of ileal epithelial cells (117). Further
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studies showed that OSTa knockout did not protect against atherosclerosis, primarily
because of suppressed bile acid synthesis and reduced hepatic cholesterol uptake (94, 220).
Expectedly, when OSTa knockout was superimposed on an FXR knockout background,
FGF15 feedback was not present and bile acid synthesis, pool size, and fecal excretion
increased dramatically (221, 222). These data demonstrate conclusively that OSTa/p is
indispensable for intestinal bile acid absorption and maintenance of bile acid homeostasis.

Gene structure and variants: In humans, the OSTa gene (SLC51A) is located on
chromosome 3, while the OSTP gene (SLC51B) is present on chromosome 15. In mice,
these genes are located on chromosome 16 and 9 for OSTa and OST, respectively. In both
species, OSTa is coded by nine exons and OSTp is coded by four exons (339).

Until very recently, no deleterious OSTa/p variants had been identified. However, a novel
OSTp frameshift mutation was reported in two related patients with congenital diarrhea and
cholestasis (366). This mutation renders the OSTP nonfunctional and was associated with a
dramatic decrease in OSTa protein expression and [3H]-TC uptake activity.

Protein structure and function: OSTa is a 340-aa polypeptide with seven predicted TM
domains, an extracellular N-terminus, and a cytosolic C-terminus. In contrast, OSTp is a
128-aa protein with an extracellular N-terminus, a single TM domain, and a large cytosolic
C-terminal domain (339). Unlike ASBT, OSTa/p functions independent of ion gradients
(Na*, K*, H* or CI7) or ATP, but rather relies on a facilitated diffusion mechanism for
transporting its substrates (27, 28, 339).

Dimerization is crucial for the proper expression, localization, and function of OSTa/p.
When either OSTa or OSTP is expressed independently, no transport function is observed
for either [3H]-estrone-3-sulfate or [3H]-TC (96, 339, 409). The OSTB TM domain was
shown to be necessary for both dimer formation and transport function (86). Interestingly,
deletion of 27 aa from the OST extracellular N-terminal domain or the majority of the
cytosolic C-terminal domain (save for two Arg residues near the TM domain) did not
dramatically affect [3H]-TC transport (86, 369). However, mutation of the highly conserved
TM residues Trp34 and Asn35 to Ala resulted in nearly complete abolishment of transporter
activity (86). Additionally, further N-terminal deletion of 35 amino acids did abolish
dimerization, which prevented proper membrane trafficking and protein function (371).
There is also recent evidence that Leu20 and Leu21 are important for protein trafficking, as
LL20/21AA mutation resulted in poor plasma membrane expression (431). It is not yet
known why deletion of this region is tolerated while mutation is not, but it may be the result
of altered lipophilicity in the LL20/21AA mutant that prevents proper interaction among the
OSTp subunit, OSTa., and the membrane itself.

Substrate specificity of OST: The substrate specificity of OSTa/p is relatively wide, as it is
able to transport a range of organic anions and steroid molecules. OSTa/p shows robust
transport of bile acids such as TC, as well as conjugated steroids such as estrone-3-sulfate
(339). Additionally, this protein has been shown to transport digoxin and prostaglandin E2,
supporting its wide substrate specificity. However, some other steroids, including estradiol,
are not substrates for OSTa/p (339).
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Regulation of OSTa/B: OSTa and OSTP appear to be regulated in concert, as neither
subunit is functional on its own. A large body of evidence supports that FXR is the primary
regulator of OSTa/p expression. Endogenous and exogenous FXR agonists transactivate
both genes, and FXR response elements are present in the promoters of both subunits (223,
229), Additionally, FXR binding to these promoters has been confirmed by EMSA
(16251721). There is important evidence supporting the role of bile acids in regulating
OSTa/p expression via FXR. First, bile acid feeding suppresses OSTa/p expression in a
manner dependent on FXR, as this effect is not seen in FXR knockout mice (443).
Additional studies in human ileal explants confirmed that bile acid treatment induces OSTa/
B mRNA and protein expression (437). Second, bile acids were also shown to have a
negative regulatory role via FXR-SHP-dependent repression of LRH1, which is another
transactivator of OSTa/p genes (127). Thus, bile acids and other FXR agonists both
positively and negatively regulate OSTa/B, allowing for careful titration of protein
expression. It appears that in most cases, the positive induction predominates, which is
expected as OSTa/P serves to protect epithelial cells against bile acid-induced toxicity.

Other transcription factors have been shown to regulate OSTa/p, though they may be less
critical than FXR and LRH-1. The LXR was shown to transactivate OSTa/p via binding to
response elements shared with FXR (286). Similarly, GR was also shown to transactivate
OSTa/p in human and rat ileal tissue (196). Additionally, retinoic acid was shown to
transactivate OSTP via RAR/CAR binding to its promoter. Interestingly, hypoxic conditions
were also shown to induce OSTa/p expression in hepatocytes via hypoxia-inducible-
factor-1a (HIF-1a) binding to hypoxia response elements within the OSTa and OSTPR
promoters (332). While these regulatory mechanisms may be important for OSTa/p
expression, the /n vivo relevance must be investigated further to better elucidate the roles of
these transcription factors.

Pharmacological inhibition of OSTa/@B: Pharmacological inhibitors of OSTa/p have not
generated as much interest as those for ASBT. A recent report identified clofazimine, a
rarely used antibiotic, as a dose-dependent inhibitor of OSTa/p (390). These studies showed
that OSTa/B inhibition resulted in increased iFXR activity /7 vivo, indicating intestine-
specific activation of FXR.

Disorders of Bile Acid Absorption

Numerous diseases have elements of dysfunctional intestinal bile acid absorption. In some
cases, disruption of intestinal BA absorption is the primary defect, while in other cases BA
absorption is not involved in pathogenesis, but its inhibition may be useful for treatment.
Here, we discuss several of these disorders, including BAM, NEC, cholestasis, type 2
diabetes mellitus (T2DM), and nonalcoholic liver disease/nonalcoholic steatohepatitis
(NAFLD/NASH).

Bile acid diarrhea (BAD)—Interruption of intestinal bile acid absorption results in bile
acid accumulation in the colon, leading to watery diarrhea and bile acid loss in the stool.
BAD is classified into three types depending on the underlying mechanisms of BAM (55):

Type 1: Secondary to ileal resection, inflammation, or radiation
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Type 2: Primary (idiopathic)

Type 3: Secondary to gastrointestinal diseases that affect absorption, such as small intestinal
bacterial overgrowth or celiac disease

Clinically, BAD can be diagnosed by several tests that have been extensively discussed
elsewhere (48, 396). The ">selenium homotaurocholic acid test (>SeHCAT) uses a synthetic
75Se-labeled BA that is actively absorbed by ASBT in the ileum and is not passively
absorbed or metabolized by bacteria. The patient ingests a 7>SeHCA capsule, and "°Se
gamma-decay is measured in either the abdomen or the stool by a gamma camera. Patients
with BAD display decreased 7°SeHCA retention and increased excretion. The 7°SeHCAT is
the definitive test for diagnosing BAD and used in European countries but is not approved in
the United States. This has necessitated the development of other clinical tests for the
diagnosis of BAM.

Measurement of fecal bile acids, both total and individual species, can also provide insight
into bile acid absorption. For instance, many patients with chronic functional diarrhea and
diarrhea-prominent irritable bowel syndrome (IBS-D) have altered fecal bile acid
composition [31, 32, 396]. In this test, 48 h of stool is collected and homogenized, followed
by deconjugation and extraction of bile acids. Total bile acids can be measured by enzymatic
assay, and individual species can be quantified by GC-MS or LC-MS. This procedure is
technically challenging, making fecal bile acid measurement difficult to perform and largely
unavailable in the clinical setting.

Markers of bile acid synthesis can be used as surrogates for bile acid absorption. Serum
concentration of 7a-hydroxy-4-cholesten-3-one (C4), an intermediate in the classical bile
acid synthesis pathway, is indicative of CYP7AL activity and bile acid synthesis (330).
When bile acids are lost in the stool, serum C4 rapidly increases as cholesterol is converted
to intermediates of BA synthesis. Indeed, serum C4 measured by LC-MS is positively
correlated with total fecal bile acids, indicating that C4 may be used as a marker for BA loss
(58, 395).

Serum FGF19 may be another useful marker for BAM, with the advantage that it can be
measured using ELISA-based tests. Impaired BA absorption is expected to decrease FXR
activation and FGF19 synthesis. Indeed, serum FGF19 is inversely correlated with serum C4
(232) and positively correlated with SeHCAT retention (295). It is important to note that
fasted serum FGF19 appears to be a less reliable metric than the other clinical tests
discussed. It has been reported that fasting FGF19 has positive and negative predictive
values of just 61% and 82%. However, FGF19 levels following the intake of food
supplemented with CDCA may have better predictive power (48). These studies suggest that
reduced serum FGF19 is a clinical feature of BAM and may be another appropriate clinical
test for diagnosis of BAM. However, more studies will be required to determine the proper
testing conditions. Indeed, it may be necessary to measure both C4 and FGF19 to accurately
determine the degree of BAM. While FGF19 could be easily measured in humans, the
measurement of FGF15 in rodents was found to be challenging for unclear reason (268).
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This limits the use of preclinical models to evaluate the levels of FGF15 in different
physiological and pathological conditions.

Depending on the severity of malabsorption, a large quantity of BAs can pass through the
ileum to enter the colon. Supraphysiological concentrations of colonic BAs have several
pathogenic effects. Bile acids, particularly hydrophobic BAs, are cytotoxic as a result of
their detergent nature (21, 335). Physiologic concentrations of colonic BAs have been shown
to stimulate propagating motor waves, accelerating colonic transit and enhancing the urge to
defecate (30). Many bile acid species also induce CI~ secretion from colonocytes, resulting
in secretory diarrhea, the predominant feature of BAD (55, 262). In cultured T84 colonic
cells, unconjugated CDCA and DCA were shown to be to the most potent bile acids in
stimulating CI™ secretion (18, 194). The stimulation was much stronger when cells were
exposed to bile acids from the basolateral membrane. This observation suggests that luminal
bile acids reach the basolateral membrane of colonocytes after a disruption in the epithelial
barrier to induce chloride secretion. The sequence of events involved in bile acid-mediated
chloride secretion require further investigations.

Type 1 BAD—Type 1 BAD is BAM secondary to gross ileal dysfunction, such as in ileal
resection, radiation enteritis, or IBD (particularly CD, as this frequently affects the distal
ileum). BA malabsorption in these disorders may be caused by one or a combination of
several factors. First, removal or destruction of absorptive cells in the distal ileum results in
the loss of ASBT and prevents BA reabsorption. Furthermore, ileal dysfunction may cause
impaired FGF19 production and disinhibition of BA synthesis, exacerbating the condition by
enhancing bile acid load in the intestine (163). In addition, intestinal transit time decreases
in patients with ileal resection (110), potentially leading to insufficient time to adequately
absorb BAs. Interestingly, Sl transit time is lengthened in many IBD patients who have not
had resection (120), suggesting that transit time is unlikely to underlie BAM in these
patients.

Type 1 BAD was first recognized in the 1960s when it was discovered that the terminal
ileum was responsible for BA reabsorption. It became clear that following ileal resection or
ileitis, patients with diarrhea excreted bile acids at a faster rate than individuals with intact
ileum (165, 261).

This increased excretion of bile acids can be measured using markers of BAM. Recently,
Camilleri et al. (58) demonstrated that 50% of patients with ileal resection or CD in the
distal ileum have elevated serum C4, indicating BAM. Similarly, approximately 25% of
children in a German cohort of pediatric CD patients had elevated serum C4 (141). In this
cohort, 70% with chronic diarrhea had elevated C4, compared to only 15% of those without
diarrhea, indicating that diarrhea in these patients may be related to disruptions in BA
homeostasis. Interestingly, nearly all CD patients with diarrhea but low disease activity
scores displayed elevated serum C4, suggesting that BAM unrelated to inflammation may be
the underlying cause of diarrhea in these patients.

In the case of ileal resection, it is easy to understand the mechanism of BAM. Resection
reduces or eliminates the absorptive area for bile acids, leading to BAM. However, in the
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case of inflammatory disease, the molecular mechanisms are considerably more complex.
Over the past 15 years, it has become apparent that in the case of CD-associated BAD,
reduced ASBT expression is a likely culprit in the pathogenesis.

Numerous studies have demonstrated that ASBT mRNA and protein expression is reduced
in the ileum of patients with CD relative to healthy subjects (166, 182, 186, 420).
Furthermore, these studies showed that glucocorticoids, which are often used in the
treatment of CD, induced ASBT protein expression and promoter activity. Additional work
showed that inflammatory cytokines, including IL-1p, decreased ASBT expression
dramatically (69, 278). This reduction in ASBT protein expression by inflammatory
cytokines was shown to be the result of both reduced ASBT mRNA transcription and
enhanced ASBT protein degradation by the ubiquitin-proteasome pathway (427).

Interestingly, ASBT mRNA expression is reduced in both active ileitis and in CD patients in
remission, suggesting a potential mechanism for the BAM and diarrhea seen in patients
without active disease (182). It will be of particular interest to determine the molecular
mechanisms underlying this reduction in ASBT expression among patients in remission, as
this may yield new therapeutic targets for the disease.

Another interesting observation was made by Dekaney and colleagues showing the
appearance of ASBT, IBABP, and OSTa/p in the colon after ileocecal resection in mice
(99). This induction in the expression was absent in germ-free mice indicating dependency
on intestinal bacteria. Also, the increase in the expression of these transporters was
significantly attenuated in FXR knockout, suggesting a role for FXR transcription factor.
The authors suggested that the abnormal expression of bile acid transporters may play an
adaptive function protecting the colonic mucosa from the high levels of luminal bile acids as
a result of removing the distal ileum. Importantly, these adaptations may partially
compensate for the lack of ileal bile acid absorption. These findings underscore the interplay
among the intestinal microflora, FXR, and bile acid transporters and warrant detail
investigations to determine the molecular mechanism underling these interactions.

Type 2 BAD—Type 2 BAD, also referred to as primary bile acid diarrhea (PBAD), includes
a collection of disorders that present as BA malabsorption and diarrhea not attributable to
another disease. Remarkably, 25% to 50% of diarrhea-predominant IBS-D display some
degree of BAM (22, 351,413). Although the molecular mechanisms underlying most cases
of PBAD are still a matter of active investigation, the general causes can be separated into
two groups: disorders of impaired BA absorption and disorders of enhanced BA synthesis
(Figure 3).

Type 2 BAD can be caused by two mechanisms: impaired bile acid absorption or enhanced
bile acid synthesis. As early as the 1970s, it was recognized in case reports that defective
ileal bile acid absorption was a likely cause of some cases of congenital diarrhea (155, 156).
After the discovery of ASBT, several inactivating mutations in this transporter were
reported, including some of clinical relevance (285). Although some patients with
inactivating ASBT mutations present with mild chronic diarrhea and no nutritional
deficiency, many present in infancy with severe chronic diarrhea, steatorrhea, and fat-soluble
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vitamin malabsorption. Because of the large amount of bile acids lost in the stool, these
patients have low FXR signaling in the gut. Thus, FGF19 production is reduced and bile acid
synthesis is greatly increased, as indicated by elevated CYP7A1 expression and serum C4 in
these patients (55, 296). Because of the compensatory overproduction of bile acids, plasma
cholesterol levels remain low throughout their entire life. These patients respond well to bile
acid sequestrants (BASs) such as cholestyramine, which bind bile acids in the colon and
limit the severity of the diarrhea.

It has been postulated that accelerated small intestinal transit may allow bile acids to escape
ileal absorption via ASBT and enhance BA leakage into the colon. It has been shown that
patients with PBAD have accelerated small bowel transit time (323). This seems unlikely to
underlie BAD pathogenesis given that ASBT is a high-affinity transporter with K, values in
the low micromolar range. It seems more likely that accelerated transit time is an effect of
BAD, rather than a cause. It should be stated that several recent studies have identified SNPs
in the bile acid receptor GBPARL1 that reduce responsiveness to BAs and are associated with
altered small and large bowel transit times among IBS-D patients (59, 60). However, these
polymorphisms were found among IBS-D patients both with and without BA malabsorption,
indicating that there may be no direct relationship between GPBAR1 SNPs and type 2 BAD.

It is also important to consider the potential of other ileal BA transporters, particularly
OSTa/B, to contribute to PBAD. Although intestinal OSTa/p is essential for absorption of
bile acids, this transporter did not appear to be of clinical relevance in BAM until quite
recently. Just one instance of a clinically important OSTP mutation has been reported in
humans (366). This mutation resulted in a truncated OSTP mutant associated with low
OSTa protein expression. The patients (two family members) with this mutation presented
with PBAM associated with mild cholestatic liver disease. However, many questions remain
unanswered with respect to the clinical relevance of OSTa/p polymorphisms. Interestingly,
OSTa knockout mice display reduced bile acid absorption that is counterintuitively
accompanied by reduced BA synthesis (309). In these mice, bile acids are transported from
the gut lumen into enterocytes by ASBT, where they can activate FXR-FGF15 signaling.
Thus, bile acid synthesis is reduced in these animals despite BA malabsorption. It is possible
that this reduction in BA synthesis is protective against the severe phenotype associated with
BAM in the ASBT knockout model, a finding that may be of interest in the development of
therapeutics. Nevertheless, alterations in OSTa/p expression and function have also been
implicated in several other diseases of the enterohepatic system. For instance, OSTa./ is
induced in cholestatic disease (49), likely as a result of FXR dysregulation. Additionally,
OSTa/p is suppressed in CD (282), although the cause or importance of this finding has yet
to be uncovered.

Although the most severe cases of type 2 BAD are typically the result of mutations in ASBT,
the vast majority of patients with PBAD do not have defects in ileal BA absorption (393).
Although the precise mechanisms remain unclear, it has recently been recognized that
hepatic overproduction of BAs is likely responsible for many of these cases. Despite having
no appreciable defect in ileal BA absorption, many PBAD patients have reduced serum
FGF19 and enhanced BA synthesis (increased serum C4) (184,404, 421). It is possible that
defective FGF19 synthesis or secretion in these patients leads to disinhibition of hepatic BA
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synthesis in the liver and increased BA secretion into the intestine. The resulting increase in
ileal BA load overcomes the absorptive capacity of ASBT, allowing BAs to leak into the
colon.

It is also possible that defects in FGF19 signaling play a role in this disorder. Recent studies
from the Camilleri laboratory have provided extensive knowledge regarding potential
genetic causes of enhanced BA synthesis in type 2 BAD. This group has identified gene
variants that predispose patients to PBAD in FGFR4 and B-klotho, the FGF19 hepatic
receptor and coreceptor, respectively (57, 59, 184).

Treatment of BAD: The staple of treatment for BAD has been cholestyramine, a bile acid-
binding resin. These resins bind and sequester bile acids in the gut lumen, preventing them
from stimulating secretion in the colon. In 1969, Alan Hofmann first reported that
cholestyramine treatment relieved diarrhea secondary to ileal resection (now known as type
1 BAD) (165). This treatment modality is similarly effective at relieving BAM symptoms in
other types of BAD (124, 320, 413). A systematic meta-analysis of 15 adult-onset type 2
BAD studies demonstrated cholestyramine response rates of 96% in severe disease
("°SeHCAT 7-day retention <5%), 80% in moderate disease ("°SeHCAT <10%), and 70% in
mild disease (">SeHCAT <15%) (413). Nevertheless, cholestyramine is often poorly
tolerated by patients. Indeed, in a small trial, nearly half of patients discontinued
cholestyramine due to side effects or poor compliance, despite the efficacy of the treatment
(320).

Colesevelam is a newer generation bile acid-binding resin that is generally much better
tolerated than cholestyramine and may be useful for treating BAD (307). In a randomized,
placebo-controlled trial of CD patients with BAD, approximately 65% of colesevelam-
treated patients showed a greater than 30% reduction in liquid stools/day (the primary
endpoint of this study) compared to on approximately 20% of patients receiving a placebo (p
=0.036) (37). Of the 15 patients receiving colesevelam, 5 had adverse effects potentially
related to the drug. However, these events resolved without stopping treatment in all but 1
patient, who eventually discontinued the drug. This study indicates that colesevelam may be
an effective treatment option with fewer side effects and improved compliance compared to
cholestyramine.

It is critical to note that while bile acid-binding resins can effectively relieve the symptoms
of BAD, they do not address the underlying causes of malabsorption. In fact, because
sequestered bile acids are inaccessible to ASBT, there is an overall increase in bile acids lost
in the stool (56). This results in decreased iFXR activation, leading to further reduction in
FGF19 expression and a concomitant increase in hepatic bile acid synthesis from cholesterol
(this is the fundamental reason for their usefulness in treating hypercholesterolemia). Indeed,
cholestyramine has been shown in humans to reduce serum FGF19 and increase serum C4
(56, 207, 250). It is somewhat concerning that bile acids are likely unable to participate in
their vast intestinal signaling functions in the presence of binding resins. Thus, it may be
useful to develop new treatments for BAD that do not interfere with BA signaling.
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In this regard, three novel potential BAD therapies have been identified. First, a novel
colonic-release formulation of cholestyramine was recently tested in a small trial (12 healthy
individuals and 19 patients with BAD) (19). In this study, the colonic-release formulation
improved clinical symptoms but did not decrease serum FGF19 or increase serum C4, in
contrast to the traditional formulation. Larger trials are necessary, but this is a promising
improved formulation of a drug that has been used successfully for decades in the treatment
of BAD.

Another recent clinical study used hydroxypropyl cellulose (HPC), a common excipient and
food additive, as a placebo control in a trial for the use of cholestyramine in type 2 BAD
(116). However, it became evident that HPC was also somewhat effective in treating BAD,
although not as effective as cholestyramine. HPC has previously been shown to adsorb bile
acids, suggesting a possible mechanism for this effect (256, 302, 386). Interestingly, HPC
does not appear to increase serum C4, indicating that it may allow for some retention of bile
acid signaling while also limiting their effect on colonic secretion (53).

Another promising potential therapy for BAD is the semisynthetic FXR agonist OCA (6a.-
ethyl CDCA). A recent proof of concept study was conducted with 10 patients with type 1,
10 patients with type 2 BAM, and 7 control patients with idiopathic chronic diarrhea (403).
Patients were treated with OCA for 2 weeks. Following treatment with OCA, fasting serum
FGF19 was significantly increased in patients with type 2 BAD and trended toward an
increase in type 1 and control patients. Similarly, serum C4 was decreased in type 2 patients
and control patients and trended toward an increase in type 1 BAD patients. Clinically, type
2 BAD patients showed improvements in weekly stool number and stool consistency.
Interestingly, while type 1 patients did not display the same magnitude of improvement in
these measures, a subgroup with ileal resection did respond quite well to OCA therapy.
Control idiopathic diarrhea patients did not show improvement in clinical outcomes with
OCA, indicating that this treatment is specific for disorders of BAM. It appears likely that
OCA acts to decrease BA synthesis via the FXR-FGF19-CYP7A1 axis, reducing BA
secretion into the intestine. Because the bile acids that are present in the lumen are
presumably able to engage in their signaling roles, this treatment option may compare
favorably to bile acid-binding resins with respect to side effects and patient compliance.
Notably, there were only a few minor adverse events reported in this study, and none that
resulted in discontinuation of OCA. Future studies will be valuable in establishing the
efficacy and safety of this promising drug for the treatment of BAD.

It is crucial to note that a serious barrier currently exists in the treatment of BAD,
particularly in the United States. Because there are no approved diagnostic tests for BAD
available in the United States, it is difficult to establish a set of concrete diagnostic criteria
for these diseases. It is likely that this has contributed to a great number of missed diagnoses
and has limited the available treatment options. Thus, the development and approval of new
diagnostic tests will ultimately be critical for effective treatment of BAD.

Necrotizing enterocolitis (NEC)—NEC is a common disease among premature infants
that is characterized by severe hemorrhage and inflammatory necrosis in the distal ileum and
proximal colon (149). It was noted that increased levels of hepatic pro-inflammatory
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cytokines were associated with exacerbated intestinal inflammation in a rat model of NEC
(148). Given that the liver is the site for bile acid synthesis and the intestinal segment
expressing ASBT (distal ileum) is the site predominantly affected by NEC, Halpern and
colleagues postulated that disturbances in bile acid homeostasis may play a critical role in
the development of NEC (149). In the initial studies, this group showed that the luminal
level of bile acids and the expression of ASBT were increased in an animal model of NEC
(149). The sequestration of bile acids in this NEC model caused a significant reduction in
the severity of NEC. In subsequent studies, Halpern and colleagues provided convincing
evidence demonstrating that ASBT-deficient mice were protected against the development of
NEC and that ASBT inhibitors significantly reduced the severity of the damage in a rat
model of NEC (150). Since the proteins involved in the key processes involved in bile acid
homeostasis are not mature in newborns (26, 157, 177, 344, 363-365), the increase in ASBT
leads to intracellular accumulation and toxic levels of bile acids in the ileal enterocytes,
causing intestinal damage and contributing to the pathology of NEC. These studies also
provide evidence for the therapeutic effects of ASBT inhibitors as potential intervention to
treat NEC. Beside the treatment of NEC, it is also preferable to identify a marker that
predicts the development of NEC in premature neonates. A recent study has shown that fecal
levels of unconjugated bile acids were significantly higher before the development of NEC
as compared to their levels in neonates that did not develop NEC (172). Collectively, these
studies underscore the central role of bile acids in general and ileal ASBT in particular in the
pathogenesis of NEC. Understanding the mechanisms by which disturbances in bile acid
homeostasis lead to NEC will unravel therapeutic targets and establish biomarkers for
predicting the occurrence of this disease in premature infants.

Cholestasis—The obstruction of bile flow from the liver, known as cholestasis, leads to
the accumulation of toxic biliary compounds, causing liver damage. The clinical features of
cholestatic liver diseases are mainly jaundice and pruritus (353). Cholestasis can be
categorized as either intrahepatic or posthepatic, depending on the location of the
obstruction. Cholangiopathies, including primary biliary cholangitis (PBC) and primary
sclerosing cholangitis (PSC), represent examples of posthepatic cholestasis. Since bile acid
accumulation in hepatocytes is associated with bile acid-induced toxicity, FXR agonists that
reduce bile acid synthesis have proven beneficial for the treatment of these diseases. Recent
studies showed that OCA significantly reduced cholestatic liver injury in animal models of
cholestasis and in human patients (119, 208, 280, 299). Indeed, OCA was recently approved
by the FDA for use in PBC (to be used for PBC patients who are not responding to UDCA)
and is currently in phase Il trials for PSC. However, side effects including increased pruritus
and decreased levels of serum HDL cholesterol may pose a limitation for this approach.
Blocking intestinal bile acid absorption to reduce bile acid load into the liver has also shown
promising results in the treatment of cholangiopathies. Studies showed that ASBT inhibitors
reduced liver injury in the multidrug-resistance protein 2 (MDR2)-deficient mouse model of
cholestasis (24, 264). These inhibitors have been shown to significantly reduce pruritus
among PBC patients (5, 154, 345). It is possible that combination therapies that include
ASBT inhibitors will provide additional benefits while minimizing side effects such as
pruritus.
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Progressive familial intrahepatic cholestasis (PFIC) is a group of inherited disorders with
clinical manifestations which often appear in late adolescence but may be recognized as
early as infancy (353). Among these disorders, PFIC type 1 has been shown to occur due to
mutations in the ATP8B1 gene, which encodes for P-type adenosine triphosphatase (FIC1
protein) that functions as aminophospholoipid flippase (126, 203). Mice harboring a
homozygous, PFIC1-causing mutation exhibited an increase in intestinal bile acid
absorption, suggesting that bile acid overload from the intestine may contribute to the
associated cholestasis (298, 340). More extensive investigations showed that FIC1 loss-of-
function leads to a decrease in FXR activity (66). Since FXR is a negative regulator of
ASBT, this reduction in FXR activity causes an increase in ASBT expression. Using an
siRNA-mediated approach, Chen et al. showed that the knockout of ATP8BL in intestinal
epithelial Caco?2 cells caused an increase in ASBT expression and promoter activity (66).
They concluded that in the presence of loss-of-function mutations in ATP8B1, ASBT
expression is increased. Recent studies, however, have challenged this conclusion. In this
regard, van der Mark and colleagues showed that the loss of ATP8B1 in intestinal Caco2
cells did not alter ASBT expression but rather reduced its levels on the apical membrane
(391). In contrast to the studies of Chen et al., these studies were performed using stable
transfection of ShRNA targeting FIC1, providing a more robust and chronic knockout. The
decrease in ASBT surface expression implies a reduction in bile acid absorption that may
explain the diarrhea associated with PFIC1. One important conclusion from these seemingly
contradictory results is that cellular ASBT expression and membrane localization is sensitive
to the loss of ATP8BL1 function and may contribute to pathophysiology of cholestasis or
diarrhea associated with PFIC1. Further careful /n vivo studies are warranted to examine
these regulatory mechanisms and to determine the exact roles of ASBT in PFIC.

Metabolic disorders—Disruptions in intestinal bile acid absorption have also been
implicated in metabolic disorders, such as diabetes mellitus and nonalcoholic liver disease
(NAFLD). As has been described earlier, the postprandial increase in luminal bile acids
results in enhanced iFXR signaling, which controls many aspects of glucose and lipid
homeostasis. As this signaling process requires cytosolic bile acids to bind to FXR, BASs
and small molecule inhibitors of ASBT have emerged for their potential to modulate iFXR
signaling.

Diabetes mellitus: In the United States, diabetes mellitus affects nearly 10% of the
population, costing $245 billion and causing more than 250,000 deaths annually (64). While
there are a large number of therapies available, the health burden of this disease warrants the
investigation of novel therapeutics.

In this regard, BASs were first developed as LDL-cholesterol-lowering agents, but have
recently gained attention for their ability to improve hyperglycemia in T2DM patients. It has
been shown that T2DM patients have slightly altered bile acid homeostasis compared to
healthy individuals (2, 39, 51, 52, 239). While it is not clear whether changes in bile acid
homeostasis are important for the pathogenesis of T2DM, it is clear that targeting BA
pathways are useful for the treatment of this disease (354). The BAS colesevelam was FDA
approved in 2008 for the treatment of diabetes, and in 2011, a meta-analysis confirmed that
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the use of colesevelam improved glycemic control in T2DM patients (152). However, the
mechanisms of colesevelam’s effects of glucose homeostasis are not yet fully understood. It
may be dependent on alterations in iFXR signaling, hepatic FXR signaling, GPBAR1
signaling, or a combination of these. It has been demonstrated that colesevelam and other
BASs increase plasma levels of the incretin hormone GLP-1, whose release is positively
regulated by the GPBARL receptor (354, 372). This could be attributed to colonic GPBAR1
activation by bile acids, despite still being bound to BASs.

Changes in bile acid homeostasis were suggested to contribute to the beneficial effects of
bile acids in improving glucose metabolism in obese patients with T2DM (3). In this regard,
the levels of bile acids were shown to be increased in individuals who had undergone a
Roux-en-Y gastric bypass surgery (294). In light of their roles in stimulating energy
expenditure in the body, this increase indicates a possible role for bile acids in decreasing
body weight by the surgery. Additional interesting findings also supported the roles of bile
acids in mediating the effects of bariatric surgery including the observation that bile
diversion operations in mice were associated with increased insulin sensitivity, weight loss,
and remarkable decrease in hepatic steatosis (123). Future studies are needed to determine
the mechanisms involved in mediating the effects of bile acids on glucose metabolism in the
preclinical models of bariatric surgery before extrapolating the results to humans.

Inhibitors of ASBT have also gained interest for the treatment of T2DM (71, 379,426).
ASBT inhibition by luminally restricted inhibitors has proved effective in lowering plasma
glucose in preclinical models, likely via a mechanism similar to that seen with BASs (71,
426). In rodent models, plasma GLP-1 and insulin were increased, which correlated with
improved glycemic control. A phase I trial showed modest benefits for T2DM even at
relatively low dosage, suggesting that ASBT inhibitors may be of clinical benefit in this
disease. In future studies it will be important not only to show clinical benefit, but also to
delineate the mechanisms underlying the improved glycemic control when ileal bile acid
absorption is inhibited.

Nonalcoholic liver disease (NAFLD): NAFLD is a disorder that is highly prevalent in
individuals with obesity and T2DM and is thus of growing concern worldwide (300). In fact,
more than 25% of the world’s population is affected by this disease. Our knowledge with
respect to pathogenesis of NAFLD is constantly evolving, but it is thought to represent a
progressive spectrum of liver disease beginning with simple steatosis. In a subset of this
population (~10%-15%), steatosis progresses to NASH, which is characterized by
inflammatory infiltration and can progress to liver fibrosis, cirrhosis, and hepatocellular
carcinoma (38, 128, 432). As of this writing, there are no FDA approved agents for the
treatment of NAFLD or NASH, though there are a number of them being tested in Il and 111
clinical trials.

Because bile acids are important modulators of lipid metabolism, glucose homeostasis, and
energy expenditure, it is understandable that targeting bile acid pathways might be attractive
for treating NALFD. Indeed, several experimental drugs for NAFLD and NASH target these
pathways. The majority of BA-targeting drugs being explored for NAFLD/NASH are FXR
agonists, although there is some preclinical evidence that intestine-specific FXR antagonists
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may have some benefit in these disorders (138, 183). Other experimental medications target
the GPBARL or a dual FXR/GPBARL1 agonists. These classes of drugs have been
extensively reviewed elsewhere and are beyond the scope of this article (8, 20, 63, 80).
However, we briefly discuss the potential for inhibitors of bile acid absorption in the
treatment of the NAFLD/NASH. Unlike diabetes, it appears that BASs may be of limited
utility for NASH. Preclinical studies in rodent models have shown that colesevelam
improves steatosis and hepatic inflammation (260). However, a small clinical study in
NASH patients showed that colesevelam had little effect on relevant outcomes compared to
placebo and may even increase hepatic steatosis (228). Finally, it should be noted that ASBT
knockout mice were shown to be protected against development of diet-induced hepatic
steatosis (310). Since the lack of ASBT is expected to reduce the activation of iIFXR, this
observation is consistent with the notion that intestine-specific FXR antagonism is beneficial
in treating NASH. Indeed, ASBT inhibitors may represent a promising therapeutic as they
have been shown to be successful in a preclinical NASH model (310) and a phase | trial
(379).

The field of bile acids has been flourishing as researchers have begun to unravel the roles of
bile acids as signaling molecules. The discovery of the involvement of bile acid receptors
TGR5 and FXR in regulating energy expenditure, lipid metabolism, and glucose
homeostasis ignited an interest in understanding the roles of bile acids in metabolic disease.
It is clear that receptors in the Gl tract are central to the systemic effects of bile acids. There
is also convincing evidence that bile acid absorption is crucial in dictating the intestinal,
hepatic, and extra-enterohepatic effects of bile acid. Interventions targeting intestinal bile
acid absorption and receptors have shown promising therapeutic effects for common
diseases such as fatty liver disorders and diabetes. The complex nature of the processes
involved in bile acid handling and absorption warrants additional detailed investigations to
better understand the roles of the intestine in controlling bile acid homeostasis and signaling.
Further investigation is still required, for example, to delineate the detailed interactions
between gut microbiota and intestinal bile acid absorption. Understanding the exact roles of
intestine-specific agonists and antagonists of bile acid receptors in altering bile acid
homeostasis and other functions remains a fruitful area of investigation. Also, a more
complete understanding of the posttranscriptional modifications of proteins responsible for
bile acid absorption such as ASBT is needed. Utilizing system-based approaches such as
profiling of gut microbial communities, as well as proteomics and metabolomics
approaches, should enrich our understanding of the intestinal handing of bile acids. Such
knowledge will increase our ability to design intestine-specific strategies to alter bile acid
homeostasis and treat diseases such as BAM, diabetes mellitus, fatty liver diseases, and
hypercholesterolemia.
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Didactic Synopsis

Major Teaching Points

The enterohepatic circulation of bile acids entails synthesis and secretion
from the liver, reabsorption from the intestine, recirculation back to liver via
the portal blood, and resecretion from the liver.

Bile acids are efficiently reabsorbed in the intestine with only 5% lost in the
feces.

Bile acid absorption is critical for the negative feedback inhibition of their
synthesis in the liver via the secretion of ileal fibroblast growth factor
FGF19/15 hormone.

Bile acids are crucial for lipid digestion and absorption due to their roles as
fat solubilizers. Bile acids also activate specific receptors and signaling
pathways to modulate a number of hepatic and intestinal functions and exert
systemic effects such as increasing energy expenditure and improving insulin
sensitivity.

Disturbances in the enterohepatic circulation of bile acids contribute to the
pathophysiology of hepatic and intestinal disorders such as cholestatic liver
diseases and inflammatory bowel disorders.
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Figure 1.

Structure of common mammalian bile acids. (A) The structure of bile acids can be
visualized by orienting the plane of the molecule perpendicular to the page, such that a-
hydroxyl moieties are on the right side of the steroid nucleus and B-hydroxyl moieties are on
the left side. This can be represented by a block diagram, where the rectangles represent the

steroid nucleus with selected carbon atoms labeled by number

and the red circles represent

the hydroxyl group. (B) Structures of primary (gray) and secondary (green) bile acids.
Bacterial production of secondary bile acids occurs via the reactions depicted by black
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arrows. Muricholic acids and their derivatives, which are predominantly found in rodents,
are shown in the yellow box.
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Figure 2.
Enterohepatic circulation of bile acids. Bile acids (BAs) are synthesized from cholesterol in

the liver via the rate-limiting enzyme CYP7A1 and secreted into the bile duct by the bile salt
export pump (BSEP). These BAs are then deposited into the small intestine, where they
emulsify lipids and serve as signaling molecules. Luminal BAs are taken up into ileal
enterocytes by the apical sodium-dependent bile acid transporter (ASBT) and exported into
the portal blood by the organic solute transporter a/B heterodimer (OSTa/B). These BAs
return to the liver, where they are taken into hepatocytes (mainly in the periportal region of
the hepatic acinus) by the Na*-taurocholate cotransporting polypeptide (NTCP) and
resecreted by BSEP. Within the enterocyte, BAs activate the farnesoid X receptor (FXR),
which induces fibroblast growth factor 15/19 (FGF15/19) expression and secretion into the
portal blood. FGF15/19 travels to the liver, where it binds to the FGF receptor 4 (FGFR4)/B-
klotho (B-kI) complex. Activation of this complex reduces CYP7AL expression, thus
decreasing bile acid synthesis.
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Figure 3.

Bile acid transport and signaling in the ileum. Luminal BAs are taken up into ileal
enterocytes by the apical sodium-dependent bile acid transporter (ASBT), where they are
bound by the ileal bile acid-binding protein (IBABP) and transported to the basolateral
membrane. BAs are exported basolaterally by the organic solute transporter a/p heterodimer
(OSTa/B) and returned to the liver. Intracellular BAs activate the farnesoid X receptor
(FXR), which heterodimerizes with the retinoid X receptor (RXR) and translocates to the
nucleus. There, FXR transactivates fibroblast growth factor 15/19 (FGF15/19), OSTa/B, and
the small heterodimeric partner (SHP). ASBT expression is negatively regulated by SHP
within the cell and by an autocrine/paracrine function of FGF15/19, which binds to the FGF
receptor 4 (FGFR4)/p-klotho (B-kI) complex and activates signaling processes that repress
ASBT. Bile acid diarrhea can be caused by disruptions in these processes. Notably, reduced
FGF19 disrupts the negative feedback of bile acid synthesis resulting in bile acid
overproduction, while reduced ASBT impairs bile acid absorption.
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Figure 4.
Topology of ASBT. A cartoon of the 7-transmembrane ASBT topology with transmembrane

(TM), extracellular loop (EL), and intracellular loop (IL) domains. Sites of posttranslational
modifications (glycosylation and phosphorylation), clinically relevant missense mutations,
and GxxxG motifs are shown.
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Lipid rafts

Endocytosis

Figure 5.
Acute, posttranslational regulation of ASBT. Functional ASBT, which transports two Na*

ions along with one bile acid, is present in lipid rafts. Movement of ASBT out of rafts, either
by the green tea catechin (-)-epigallocatechin-3-gallate (EGCG) or methyl-B-cyclodextrin
(MBCD), decreases ASBT function. Activation of protein kinase C ¢ (PKCC) by phorbol 12-
myristate 13-acetate (PMA) results in endocytosis and reduced function of ASBT. Similarly,
activation of protein tyrosine phosphatases (PTP) by enteropathogenic Escherichia coli
(EPEC) causes endocytosis of ASBT.
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Transcriptional Regulators of ASBT

Table 2

Transcription factor

ASBT transcription

References

HNF1 a
c-Jun

c-Fos

FXR

LRH-1

FTF
RAR/RXR
SHP

SREBP2

GR

VDR

PPARa

NRF2

CDX1, CDX2
CAR

GATA4

2
1
0
| (Indirect)
1

— o> oS> > > > > > > >

(187,193, 342)
(67, 278)

(67, 278)

(105, 135, 350)
(230)

(233, 290)

(279)

(68, 233, 279, 290)
(10, 265, 376)

(90, 186, 283, 287, 428)
(75, 84, 85)

(187)

(414)

(252)

(77)

(41, 288)
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