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ABSTRACT
Courtney B. Ferrebee
THE ROLE OF OSTα-OSTβ AND BILE ACID TRANSPORT IN INTESTINAL
DISORDERS AND METABOLIC DISEASE
Dissertation under the direction of
Paul A. Dawson, Ph. D., Professor of Gastroenterology, Hepatology, and Nutrition
Over the past 60 years, the study of bile acids has evolved from an esoteric
source of fascination for chemists to becoming a field of enormous potential and
discovery. Among their important physiological properties, bile acids function as critical
detergents to solubilize biliary and dietary lipids. However, these same detergent
properties of bile acids also contribute to the pathophysiology and progression of
disease. Although bile acids are synthesized in the liver, bile acid transporters located
throughout the enterohepatic system (kidneys, liver, gallbladder, intestine) are critical for
maintenance of the bile acid pool and for bile acid homeostasis. An essential lynchpin of
the EHC of bile acids is the active reabsorption from the distal small intestine, whereby
almost 95% of the bile acids are reclaimed and sent back to the liver for secretion into
bile. This vital process is facilitated by special transporters, the ASBT and OSTa-OSTb.
Inherited or acquired defects in hepatic bile acid export, termed cholestasis, results in
bile acid accumulation in hepatocytes and is a well-described form of liver injury and
disease. In contrast to liver, it was unknown whether bile acid accumulation in intestinal
enterocytes can also lead to disease. Blocking ileal export of bile acids by inactivating
the basolateral intestinal transporter, OSTa-OSTb, results in villus blunting and changes
in crypt-villus architecture suggestive of mucosal injury and restitution. To address the
underlying molecular mechanisms of this phenotype, the ontogeny of the intestinal
phenotype and intestinal bile acid absorption was investigated in OSTa null mice. As
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early as postnatal day 5, the ileum of OSTa null mice exhibits villus blunting, increased
crypt depth, with significant increases in cell proliferation, as well as apoptosis. OSTa
null mice also show increase ileal mRNA and protein levels for the ASBT and bile acidactivated FXR target genes such as IBABP, suggesting an increase in ileal enterocyte
bile acid accumulation. These changes correlated with increased mRNA levels of NOX1
and Nrf2 target genes, suggesting increased oxidative stress. Inactivation of the ASBT in
OSTa null mice leads to a restoration of a normal ileal crypt-villus architecture, and
attenuation of the changes in cell proliferation, apoptosis, and expression of oxidative
stress-associated genes. Altogether, the results suggest that loss of OSTa-OSTb leads
to an early induction of ASBT-mediated bile acid uptake and accumulation of cytotoxic
bile acids, which is countered by induction of Nrf2/anti-oxidant response genes and
increases in cell proliferation and apoptosis. Overall, this study shows the potential for
bile acid cytotoxicity in the intestine and provides insights the mechanisms for
cytoprotection and mucosal healing.
The final part of this dissertation examines the roles of bile acid signaling and
ileal bile acid absorption in metabolic disease. This project selectively altered bile acid
homeostasis and signaling by inactivating either ASBT or OSTa. Adult ASBT and OSTa
null mice were fed a diet containing 42% calories from fat and 0.2% cholesterol to
examine the effects of bile acid and FGF15 signaling on metabolic syndrome (obesity,
diabetes, fatty liver disease, energy homeostasis). Inactivation of either the ASBT and
OSTa had no significant effects on body weight in this study. However, both ASBT and
OSTa null mice exhibited improved glucose disposition and resistance to glucose
intolerance. Deletion of either transporter also lowered hepatic lipids, triglyceride and
cholesterol, and prevented development of hepatic steatosis. ASBT deficiency was
associated with a classic bile acid phenotype of increased fecal bile acids and
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decreased fecal cholesterol. These ASBT null mice have increased hepatic CYP7a1
mRNA levels and increased cholesterol catabolism due to a block in apical bile acid
reabsorption an increase in fecal bile acid excretion. By contrast, fecal cholesterol but
not bile acid excretion was increased in OSTa null mice. Overall, the results of this study
support a complex paradigm where multiple mechanisms operating through bile acid
signaling pathways mediate the metabolic effects associated with interruption of the
EHC.
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CHAPTER I

INTRODUCTION

Courtney Ferrebee prepared this chapter. Dr. Paul Dawson acted in an editorial and
advisory capacity.
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I.

Bile Acid Physiology and Function
a. Bile Acid Structure and Biosynthesis
Bile acids are complex amphipathic molecules. They have diverse chemical and

molecular structures that allow them to serve a variety of functions including formation of
micelles for lipid absorption1. Overall, all bile acids share a common base skeleton
structure which consists of a steroid nucleus with opposing hydrophobic (β) and
hydrophilic (α) faces1, 2. Bile acids (also known as cholanoids or cholestanoids) are
divided into three major classes or groups: C27 bile acids, C24 bile acids, and C27 bile
alcohols1. These classifications are based on differences in the bile acid structural
features, including: 1) hydroxylation of steroid ring, 2) sidechain length, 3) orientation (α/β)
of the steroid A/B rings, and 4) presence of an alcohol or carboxyl group at end of
sidechain). The C24 bile acids have a shortened C5 side chain while the C27 bile acids
and bile alcohols maintain the C8 side chain derived from their cholesterol precursor2. All
three classes possess hydroxyl groups at C3 and C7 as a result of the biosynthetic
reaction involving rate-limiting enzyme CYP7α11, 3. In addition to hydroxyl groups, the
compounds have a side chain with either a carboxyl group (C24 and C27 bile acids) or
alcohol (C27 bile alcohols). These are the characteristic features of the parent molecular
structures prior to additional steroid nucleus or side chain modifications: 1) C24 bile acid
with C-24 carboxyl (known as chenodeoxycholic acid or CDCA), 2) C27 bile acid with C27 carboxyl (known as cholestanoic acid), and 3) C27 alcohol with C-27 hydroxyl.

Biosynthesis of bile acids from cholesterol is divided into two pathways: classical
(or neutral) and alternative (or acidic). Both pathways yield the primary bile acids, cholic
acid (CA) and chenodeoxycholic acid (CDCA), although there may be some metabolic
channeling with the alternative and classical pathways preferentially giving rise to CDCA
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and CA, respectively. The classical pathway, rate-limiting enzyme cholesterol 7ahydroxylase (CYP7α1), is the predominant pathway and accounts for the majority of bile
acid synthesis and cholesterol degradation3-6 (~75% of the total). Cholesterol undergoes
epimerization at C-5 changing the steric conformation of the α/β junction from trans to
cis. This is very important because it affects the planer structure and physicochemical
properties of the molecule. Cholesterol then undergoes further hydroxylation at C-7 by
CYP7α1, modification of the steroid nucleus (by HSD3B7 and AKR1D1 or CYP8β1), and
oxidation and shortening of the sidechain (by CYP27α1). The alternative pathway begins
with sidechain hydroxylation by CYP27α1 and is important in cholesterol breakdown and
vitamin D metabolism7-9. In the classical pathway, addition hydroxylation at the C-12
position is carried out by the sterol-12a-hydroxylase (CYP8β1), an important
determinant of cholic acid synthesis and bile acid pool composition10. These
hydroxylated precursors then undergo side-chain oxidation and cleavage to yield CA and
CDCA. The final step in their hepatic biosynthesis is conjugation of the side chain to
taurine (e.g. mice) or to taurine or glycine (humans) in a two-step reaction involving the
enzymes SLC27α5 (BACS)11 and BAAT12. In that process, BACS generates a bile acid
attached to coenzyme A, activating the intermediate for conjugation. Subsequently,
taurine or glycine is added via BAAT. Primary bile acids are synthesized in the liver.
However, secondary bile acids (lithocholic acid, LCA and deoxycholic acid, DCA) are
formed through gut microbiota-mediated biotransformation of the primary bile acids. As
they undergo enterohepatic cycling, bile acids are exposed to bacteria in the distal ileum,
cecum (if present) and colon. In those compartments, bile acids undergo bacterial
deconjugation, desaturation, epimerization, oxidoreduction, and dehydroxylation. For
example, LCA and DCA are the products of the 7a-dehydroxylation of CDCA and CA13.
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The relative concentrations of the primary and secondary bile acids are species
dependent. Human bile acid pool compositions are dominated by CA and CDCA14. The
pool also contains DCA and small percentages of LCA and UDCA. Alterations in bile
acid pool composition (specifically increased amounts of hydrophobic bile acids) are
hallmarks for various disease states such as cholestasis15-17 and can affect bile acid
related signaling14. The murine bile acid pool consists mostly of CA and the C6hydroxylated bile acid species β-muricholic acid (βMCA)14. The pool also contains αMCA and ω-MCA as well as small percentages of DCA, CDCA, UDCA, and
hyodeoxycholic acid (HDCA). This is an important species difference that has recently
been attributed to differences in the Cytochrome P450 2C family of enzymes. In mice, 6hydroxylation of bile acids is carried out by CYP2c70 and possibly several other mouse
Cyp2c family memebers18. By contrast, the human CYP2C family includes a smaller
number of genes and the human orthologs are unable to synthesize MCA to any
appreciable extent. Likewise, there are also important differences in the forms of
conjugated bile acids synthesized in different species. In mice, BAAT is specific for
taurine conjugation19, whereas in humans the enzyme is capable of utilizing either
glycine or taurine for bile acid conjugation. Accordingly, in humans we see a more
hydrophobic glycine-rich pool of conjugated bile acids, reflecting the predominance of
the glycine precursor.

b. Structure-Function Relationship: Micelle Formation and Additional
Functions
The function of bile acids is strongly linked to their structure. As mentioned
above, epimerization of cholesterol affects the hydrophobicity of the bile acid product.
This creates a concave molecule with a hydrophobic β side and hydrophilic α side with
one or more protruding hydroxyl groups. For this reason, we refer to bile acids as

4

amphipathic. The number of hydroxyl groups as well as their position on the molecule
dictates the bile acid’s relative hydrophobicity, with increasing numbers of the hydroxyl
groups generally correlated with increased hydrophilicity. More hydrophilic bile acids
have hydroxyl groups positioned on either the β (outer) side or both the sides of the α/β
orientation. ωMCA, βMCA, and αMCA are more hydrophilic due to hydroxyl groups at
α/β positions (ωMCA - 6α, 12β; βMCA - 6β, 7β; αMCA - 6β, 7α) in addition to the 3aposition. CA has two additional hydroxyl groups at the 7α and12α positions, whereas the
more hydrophobic CDCA has only one additional hydroxyl group at the 7α position.
These bile acids are considered to be more hydrophobic. The secondary bile acids DCA
(hydroxyl group at 12α position) and LCA (no additional hydroxyl groups) are the most
hydrophobic common bile acids in humans. A major function of bile acids is to form
mixed micelles to solubilize lipids and fat-soluble vitamins for absorption in the small
intestine. Mixed micelles also function to solubilize biliary cholesterol in the bile ducts
and gallbladder. The amphipathic structure discussed above allows for bile acids to
associate and form micelles. The concentration at which micelles begin to form (critical
micelle concentration, CMC) can be measured by changes in surface tension and
concentration and is inversely correlated with the hydrophobic area of the molecule. Bile
acids with smaller hydrophobic areas, more β hydroxyl groups, larger number of
hydroxyl groups, and taurine/glycine conjugation have a lower CMC. In general, the
more hydrophilic bile acids have lower CMC values as well as reduced ability for micellar
formation and absorption3, 20. As such, the hydrophobic nature of the human bile acid
pool composition (predominantly CA, CDCA, DCA) is advantageous for forming micelles
and facilitating lipid absorption. In contrast, the major bile acid in mouse bile, MCA is a
relatively poor detergent, and can impair cholesterol and fatty acid absorption when
present in very high concentrations. This is thought to be the basis for the observation
that feeding MCA to experimental animals increases resistance to body weight gain with
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high fat diets21. Hydrophobicity is not only an indicator of lipid solubility, but it is also a
predictor of cholesterol enrichment of bile (lithogenicity) and cytotoxicity. More
hydrophobic bile acids such as DCA and LCA have been linked to cytotoxic and the
pathogenesis of certain disease22-24. While hydrophilic bile acids like UDCA promote bile
flow and cell cytoprotection, and are used for therapeutic purposes, hydrophobic bile
acids tend to cause ER stress, DNA damage, and oxidative stress25-28. In addition to the
role as detergents, bile acids also act as hormones and signal through various receptors,
including nuclear receptor29, 30 and G-protein coupled receptor regulated pathways31, 32.
Besides affecting their physicochemical properties, the structure of the bile acid dictates
its ability to function as a ligand (agonist/antagonist) for the various bile acid receptors14.
Beyond their micelle and signaling roles, bile acids also have antimicrobial properties
and serve to protect the gut mucosa14, 33 and maintain the intestinal barrier14, 34.

c. Enterohepatic Circulation and Bile Acid Transport
Bile acids are synthesized and conjugated to taurine/glycine in the liver, secreted
into bile, and stored in the gallbladder. To promote nutrient digestion and absorption, bile
acids are released postprandially from the gallbladder to the proximal intestine. Bile
acids are then reabsorbed from the distal small intestine (ileum) and carried in the portal
circulation back to the liver. Once bile acids have returned to the liver, they are taken up
by hepatocytes and re-secreted across the canalicular membrane into bile35, 36. This
process of bile acid storage, transport and (re)cycling throughout the body is known as
the enterohepatic circulation (EHC) and is shown in Figure 1. EHC is a highly efficient
process accounting for 95% reabsorption from the intestine and return to the liver. Much
of EHC is facilitated by specialized transporters located in the major (liver, gallbladder,
biliary tract, intestine) and minor (kidneys, systemic circulation, colon) enterohepatic
tissues. Alterations in the expression of these transporters and changes in bile acid
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transport has been associated with the pathophysiology of various liver and
gastrointestinal diseases.
a. Bile Acid Regulation, Homeostasis, Metabolism, and Signaling
The enterohepatic circulation is maintained by specific transporters and tightly
regulated by a variety of bile acid-activated receptors. These receptors work in concert
with the transporters to maintain bile acid homeostasis. The major bile acid receptors
include the nuclear receptor FXR and G-protein-coupled receptor TGR5. Dysregulation
of these receptors can predispose individuals to diseases such as cholestasis and
NAFLD.
i. FXR
The farnesoid x receptor (FXR, NR1H4) is the major bile acid receptor. The
natural bile acid with the highest affinity for FXR is the primary bile acid CDCA30.
Secondary bile acids, such as LCA and DCA, activate the receptor to a lesser extent.
Conjugated bile acids also bind to FXR with high efficiency29. This confirmation is very
important because conjugation of bile acids also facilitates efficient ileal reabsorption by
the ASBT35. AS a result of utilization of 2 different promoter and differential splicing, the
FXR gene encodes four isoforms, FXRα1, α2, α3 (β1) and α4 (β2)37. The isoforms
exhibit different patterns of tissue expression, and different inherent transcriptional
activity. Hepatocytes, enterocytes, and colonocytes express approximately equal levels
of all the isoforms whereas renal proximal tubule epithelial cells and gastric epithelial
cells expressing mostly α3/α438. Additionally, the adrenal glands express predominantly
α1/α2. FXR expression is also detected in colon, and potentially present at very low
levels in heart, brain, and skeletal muscle39. The response of each FXR isoform varies
with each tissue and natural and synthetic ligand37. However, FXRα4 is the most
responsive to natural and synthetic ligand activation, as assessed using the target gene
IBABP as a read-out37.
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FXR is an important regulator of bile acid homeostasis due to its regulation of
CYP7α1 and hepatic bile acid synthesis40. Once bile acids are absorbed into the
ileocyte, they bind to and activate FXR in the nucleus leading to the transcription of the
enterokine factor FGF1541. FGF15 is released from the ileum and travels to the liver
where it binds its receptor FGFR4. This leads to a signal cascade pathway, that includes
ERK/JNK mediated repression of the transcription of hepatic CYP7α1, and bile acid
synthesis42. FXR activation in the liver can also repress CYP7α1 through the
transcription factor SHP41.
FXR expression is positively modulated by bile acids and glucose, as well as
PPAR, HNF1α, and HNF4α38. FXR is negatively controlled by insulin and the acute
phase response (APR). These regulators suggest that FXR’s role reaches far beyond
bile acid metabolism to nutritional regulation and glucose and cholesterol metabolism.
FXR target genes include those responsible for cholesterol transport (ABCG5/G8,
SRB1), lipid and triglyceride metabolism (ApoA1, VLDLR), inflammation (Fibrinogen),
and also glucose metabolism (insulin, PEPCK)38, 43. When examining its additional roles
in bile acid metabolism, FXR controls various transporters such including BSEP and
NTCP in the liver and ASBT, OSTα-OSTβ, IBABP, and MRP2 in the intestine38. It also
regulates bile acid conjugation genes and detoxification38. In the liver, FXR
downregulates NTCP through SHP and upregulates the OATPs44, 45. Of particular
importance is its induction of BSEP expression to control canalicular export of bile acid
from hepatocytes46. As a result, FXR reduces intracellular bile acid levels and potential
cytotoxicity. Similarly, FXR also decreases ileal expression of the bile acid uptake
transporter ASBT through a mechanism involving SHP and induces expression of OSTαOSTβ to promote basolateral bile acid export47, 48. It also decreases cytotoxicity and
promotes transport of bile acids by upregulating expression of the cytosolic bile acid
binding protein, IBABP49.
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FXR has a very complex role in multiple diseases including cholestasis, type 2
diabetes, NASH, and IBD. Cholestasis is a disease in which bile flow out of the liver is
impaired or blocked. Genetic defects in hepatic transporters like BSEP lead to
progressive familial intrahepatic cholestasis (PFIC), which is a form of cholestasis that
begins in early infancy50. In cholestatic liver disease, FXR acts to protect against
accumulation of bile acids and cytotoxicity. For example, it induces bile acid canalicular
export through BSEP and MRP251. It also activates detoxification mechanisms. In the
intestine, FXR serves a similar protective role in downregulating ASBT and upregulating
OSTα-OSTβ47, 48. Bile acid accumulation can lead to oxidative damage and ROS
generation16, 22. By blocking bile acid synthesis and increasing transport, FXR functions
to prevent injury and oxidative stress in cholestasis. In FXR null mice, hepatic levels of
bile acids, hydrogen peroxide, and other oxidative and antioxidant markers are
significantly increased52. Changes were triglyceride and glucose metabolism were also
noted in the FXR null mice, suggesting more global roles in the regulation of metabolism
beyond just bile acid homeostasis53. Later studies using intestinal and liver-specific FXR
null mice further defined the function of the receptor in each tissue. Feeding an FXR
agonist to intestine and liver specific null restored expression in hepatic and intestinal
target genes, including BSEP, SHP, FGF15, IBABP, and OSTαβ54. There were also
decreases in hepatic CYP7α1 and CYP8β1. It was later discovered that these
mechanisms that are mediated in part through production of FGF15 by the intestine and
its signaling via ERK/JNK in the liver42. Although most evidence suggest that FXR has a
protective role in cholestasis, at least one study using bile duct ligated mice has claimed
that antagonizing hepatic FXR may be beneficial, by a mechanism involving induction of
hepatic MRP4 expression55. However, the result has not been replicated and the overall
case for FXR agonism through a natural or synthetic ligand seems to be a more rational
treatment. Transgenic mice expressing an intestine-specific constitutively active form of
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FXR mice had decreased serum bile acids and reduced liver injury and necrosis after
bile duct ligation56. All of which is suggestive that increased intestinal FXR may be a
potential target for some forms of liver disease. Similar ameliorations are also seen in
hyperglycemia and hyperlipidemia in GW4064 treated diabetic mice; mice treated with
the FXR agonist obeticholic acid show reduced levels of cirrhosis and decreased hepatic
oxidative stress in models of hepatic injury57, 58.

1. FGF15
FGF15 (FGF19 in humans) plays an important role in maintaining bile acid
homeostasis and is synthesized and released from the distal small intestine in response
to enterocyte bile acid uptake and activation of FXR. FGF15/19 regulates bile acid
metabolism is primarily through its receptor FGR4 and co-receptor βklotho59. FGF15
expression is largely restricted to the gastrointestinal tract in mice, with highest levels in
the terminal ileum60. Bile acid internalization and FXR activation is a major positive
regulator of FGF15 expression61. In addition to FXR, FGF15 can also be controlled posttranscriptionally and/or post-translationally by Diet162. Mice deficient in Diet1 have
significantly reduced levels of FGF15 and increased bile acid synthesis. Ileal bile acid
flux and transport drives much of FGF15 expression, as established in studies using
OSTα null mice (upregulation) and ASBT null (downregulation) mice63.
Due to FGF15/19’s direct regulation by FXR, one would think that increased
FGF15 would be beneficial for disease states. However, human patients with cholestatic
liver disease have increased expression of FGF19 in the biliary tract64. And patients with
biliary obstruction also show significant increases in plasma FGF19 and disease
severity65. Nonetheless, these increases in FGF19 may be done through adaptive
mechanisms to further minimize toxicity and cell damage66. And variants of FGF19 have
been proposed for treatment of cholestasis67. FGF19 is also a post-prandial metabolic
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regulator of insulin and glucose homeostasis in the liver68-70. In addition to this,
transgenic expression of FGF19 in mice has also been seen as increase metabolic
rate71. These studies, in addition to studies in FGF15 null mice suggest that FXR
agonism of FGF15/19 supplementation is a potential route for therapy of not only
metabolic disease but also cholestasis72.

ii. TGR5
TGR5 (GPBAR1) was discovered a few years after FXR. The receptor is
expressed in a variety of tissues and cell types, including adipocytes (specifically brown
fat), skeletal myocytes, cholangiocytes, ileocytes, colonocytes, gallbladder epithelial
cells, enteroendocrine L-cells, as well as neurons and splenocytes31. Hydrophobic bile
acids are the most potent natural ligands for TGR514. TGR5 null mice develop an
altered colonic morphology due to an increased intestinal permeability and decreased
barrier function34. In addition to barrier function, TGR5 also has a role in immunity and
modulates levels of cytokine such as TNFα31. These anti-inflammatory effects are
mediated through NFkβ. TGR5 also plays roles in energy and glucose metabolism, and
proliferation/apoptosis. TGR5 has been shown to increase energy expenditure and
decreases insulin resistance in mouse models of obesity73. TGR5 activation leads to the
release of GLP-1 which modulates glucose disposition74. In addition to the being a
metabolic regulator and controlling barrier function and immunity, TGR5 also exerts a
protective affect against apoptosis75.
In addition to changes in metabolism, TGR5 null mice exhibit significant
differences in bile acid flow, gallbladder size, and liver size and regenerative capacity76.
In this regard, TGR5 null mice also show prolonged cholestasis, more severe liver injury,
and a weakened immune response in models of liver injury. When TGR5 was
overexpressed in mice, they showed less injury in response to the fibrosing agent DDC,
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a model of induced sclerosing cholangitis77. This involvement of TGR5 in bile acid injury
suggests that it could play a role in cholestasis. TGR5 mutations could indeed be linked
to Primary Sclerosing Cholangitis (PSC) due to its anti-inflammatroy and anti-apototic
actions78. Alongside PSC and cholestasis, TGR5 could play a role in IBD. In Crohn’s
disease patients, TGR5 was upregulation in patients with inflammation, suggestive of a
mechanism to counteract the progression of colitis31. While TGR5 agonist treatment of a
PSC animal model (MDR2 null mice) did not produce obvious benefit, TGR5 agonists
are still an active area of development for cholestasis and bile acid induced injury79.

iii. Additional bile acid receptors
Additional bile acid receptors include PXR, CAR, and VDR. PXR is expressed by
enterocytes, hepatocytes, epithelial cells of the renal proximal tubules, as well as
neurons80. The most potent bile acid ligand for PXR is the secondary bile acid LCA.
However, PXR is also activated by other endobiotics and various xenobiotics and drugs
such as rifampicin. The major function of PXR appears to be to induce expression of
detoxification mechanisms. Upon activation, PXR induces transcriptionally induces
expression of Phase I and Phase II detoxification enzymes such as CYP3α and
UGT1α181. It also induces expression of transporters such as MRP2 and MRP3. PXR
null mice tend to have more liver injury and damage under cholestatic conditions82. It has
also been shown that treatment with the PXR agonist PCN reduced liver injury in
wildtype mice and increase levels of MRP383. PXR has a role in glucose and vitamin
metabolism, as well as inflammation84. Due to its role in inflammation, PXR is also linked
to IBD85.
CAR is a closely related receptor to PXR. Similarly, it is expressed mostly in
hepatocytes and enterocytes. CAR binds LCA and CA, although the role of bile acid
activation by CAR is still unclear80. Other substrates include xenobiotic ligands and
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drugs such as phenobarbital. Similar to PXR, CAR’s major role is in detoxification of
endobiotics/xenobiotics. CAR transcriptionally induces expression of Phase I and II
detoxification enzymes including CYP3a11 and CYP2b1086. Loss of CAR increases the
liver’s susceptibility to injury suggesting that CAR is protective in cholestasis, like PXR82.
Finally, CAR also regulates lipid and glucose metabolism80.
VDR has also been implicated in cholestatic disease due to its role in bile acid
homeostasis. VDR is expressed in enterocytes, renal cells, hepatocytes, adipocytes,
pancreatic β cells, and monocytes80. Substrates for the receptor include vitamin D,
unconjugated and conjugated LCA, and synthetic ligands. VDR’s major functions include
regulating vitamin, mineral, and bone metabolism as well as cell growth. Early research
was able to show that VDR negatively regulates bile acid synthesis by inducing FGF15
and repressing CYP7α187. In bile duct ligated-VDR null mice, levels of plasma bilirubin
and the cytokine IL-6 were elevated compared to wild type mice, suggesting that VDR
promotes immune regulation during cholestasis88. Experimental treatments with VDR
agonists stimulate bile acid detoxification in the intestine and liver through CYP3A481. In
this regard, VDR agonists appear to have the ability to modulate the inflammatory
response as well as bile acid toxicity.

d. Hepatic Bile Acid Transport
Hepatocellular bile acid transport is very important for maintaining the EHC and
bile acid homeostasis. In the liver, bile acids are synthesized and secreted into bile.
Additionally, to maintain homeostasis and EHC, bile acids must be efficiently taken up
from the portal circulation into hepatocytes. Because bile acid transit from blood to bile
occurs against a steep concentration gradient, active transport is required for efficient
uptake and secretion into bile36, 89. Active carrier mediated transporters are expressed in
a polarized fashion. The transporters located on the basolateral membrane, (NTCP,
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OATP) facilitate uptake into the hepatocyte whereas apical membrane transporters
(BSEP, MRP2) facilitate export into the canaliculus. Additional transporters (OSTαOSTβ, MRP3, MRP4) efflux or pump bile acids into the systemic circulation35, 89.

1. NTCP
Na+ taurocholate cotransporting polypeptide (NTCP, SLC10A1) is located on the
basolateral side of the hepatocyte. NTCP is the only Na+ dependent uptake mechanism
for bile acids in the liver and cotransports two Na+ molecules for every bile acid. Na+
dependent transport accounts for more than 80% of bile acid uptake in the liver. The
predominant substrates for NTCP are glycine and taurine conjugated bile acids36.
However, NTCP also weakly transports unconjugated bile acids, sulfated bile acids, and
steroids36, 89. Cloned and characterized in 199190, the transporter is expressed almost
exclusively by hepatocytes. Expression of NTCP is tightly regulated by its substrate. In
response to high bile acid load, NTCP is downregulated as an adaptive response to
reduce bile acid entry36. Bile acids can activate the nuclear receptor FXR and suppress
NTCP transcription to prevent accumulation of toxic bile acids89, 91. FXR does not bind to
the NTCP promoter, but it can induce expression of other transcription factors that can
act as repressors such as SHP44 and RXR92. Other indirect modulators of NTCP
expression include LRH-193, HNF1α94, and HNF4α95 , which can interact with SHP and
PGC1α. Under inflammatory conditions such as those induced by LPS, NTCP
expression is significantly repressed by cytokines such as TNFα and IL1β96, 97. NTCP
expression is also regulated by drugs via the nuclear receptors98, and by hormones such
as glucocorticoids and growth hormone98. However, the regulation by bile acids is
thought to play a particularly important role under pathophysiological conditions involving
the liver. Changes in NTCP expression are seen in bile acid-related diseases such as
hepatic cholestasis, liver injury, obstruction, and inflammation36. Potentially dysfunctional
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polymorphisms in human NTCP have been identified and the phenotype of a patient
homozygous for NTCP-deficiency was recently described99. This patient had
exceptionally high serum bile acid levels (“hypercholanemia”), as would be predicted in
response to reduced hepatic bile acid clearance. However, NTCP null mice exhibit a
more complex phenotype, reflecting an increased bile acid capacity by members of the
OATP family in mice versus humans100. In addition to being the major route for hepatic
bile acid uptake, NTCP was recently identified as the receptor for hepatitis B viral entry
into hepatocytes101. More importantly, this sets a precedent for the involvement of bile
acid transporters in human disease. NTCP deficiency in humans has been reported with
hallmarks of cholestasis, elevation of serum bile acids, and abnormal liver function102.

2. OATPs
Although there is some passive absorption of unconjugated bile acids across the
hepatocyte membrane, OATPs are the primary Na+ independent mechanism for
unconjugated bile acid uptake in the liver. These transporters are multispecific with a
wide range of substrates including both conjugated and unconjugated bile acids,
bilirubin, neutral steroids, bromosulfophthalein, cardiac glycosides, peptides, and many
drugs103. The main transporters that mediate Na+ independent hepatic bile acid transport
in humans are OATP1B1 and OATP1B389. OATP1A2 may also play a minor role and is
expressed in brain and kidney as well as liver, whereas OATP1B1 and OATP1B3 are
liver-specific104. Expresion of the OATPs is induced by PXR agonists, in agreement with
the proposed role of the OATPs in drug and metabolite clearance by the liver for
subsequent metabolism89. The transcription factors HNF1α105, 106 and HNF4α107 both
positively regulate OATPs. Cholic acid feeding reduces OATP expression demonstrating
potential negative regulation by bile acids108. OATP1A2, OATP1B1, and OATP1B3 are
all downregulated in cholestasis109. However, there are reports of increased or
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maintained expression of OATPs in primary sclerosing cholangitis89, 103, 104.
Polymorphisms in the OATPs can also increase the risk for developing
hyperbilirubinaemia109.

3. Hepatic Intracellular Bile Acid Transport
Transcellular transport of bile acids has remained an area of limited
understanding. Although it is known that bile acids enter the hepatocyte via the
sinusoidal (basolateral) membrane and exit by export across the apical canalicular
membrane, the mechanisms by which bile acids vectorially traffic through the cell
remains a mystery. Two general mechanisms that have been proposed and involve
either cytosolic bile acid binding proteins or intracellular vesicles89, 110. At present, the
evidence favors the hypothesis that bile acids are trafficked by cytosolic carrier proteins,
however a role for vesicle mediated transport under conditions of high bile acid load
cannot be excluded89. Numerous intracellular hepatic bile acid binding proteins have
been identified. These proteins include liver fatty acid binding protein (L-FABP),
glutathione S-transferase (GST), and 3αHSD. In studies using recombinant L-FABP, bile
acids were able to compete with and displace a bound bile acid probe111, 112, however
the affinity for L-FABP varied depending on the structure of the bile acid species. LFABP null mice also have higher levels of hepatic bile acids, increased expression of
CYP7α1, and BSEP, which could be compensating for alterations in bile acid
intracellular transport113. In that regard, expression of 3αHSD and GST were shown to
be increased. GSTs have a considerable affinity for bile acids. However, studies have
only been able to demonstrate binding in vitro, and it is unclear if bile acids are normally
bound to GST in vivo 114, 115. With in vitro studies where 3αHSD expression is inhibited,
bile acids are displaced from the cytosol of hepatocytes to the cell media89. Suggesting
that the protein is required retaining bile acids in the cytosol and controlling efflux.
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3αHSD and L-FABP are under FXR transcriptional control and their expression is
induced by bile acids53, 89. HNF1α also appears to regulate the expression of these two
factors106. As an alternative mechanism for intracellular transport, bile acids may be
shuttled in vesicles between different cellular compartment such as ER and Golgi110, 116,
and ultimately to the canalicular membrane for export117. For example, when vesicular
transport was inhibited colchicine treatment in bile acid fed hepatocytes, the delivery of
bile acids into the canaliculus was severely reduced110, 118 in a species dependent
manner. However, it should be noted that microtubule inhibition also affects the
trafficking of membrane proteins such as the bile salt export pump (BSEP) to the
canaliculus 103, and that could likely accounted for the reduced bile acid secretion.
Indeed, protein carrier mediated as opposed to vesicular transporter seems to be more
plausible mechanism, at least under physiological conditions 119, 120.
L-FABP regulation is closely tied to lipid homeostasis. PPAR agonism leads to
upregulation of L-FABP121. Unlike the related bile acid binding protein IBABP (FABP6),
L-FABP expression does not appear to be regulated by FXR. There is little known
regarding L-FABP’s role in cholestasis, however its relationship to nonalcoholic fatty
liver disease and the metabolic syndrome has been examined113, 122. In addition, L-FABP
has also been identified as an antioxidant. L-FABP may play a protective role to control
intracellular levels of metabolites (including bile acids) by modulating their interaction
with receptors and scavenging for ROS from cellular processes123. L-FABP null mice
have higher hepatic levels of oxidative stress124125, and siRNA knockdown of L-FABP in
vitro leads to increased ROS after induced oxidative stress126. In terms of mechanism, LFABP encodes methionine and cysteine groups that could function to bind and inactivate
free radicals127. The ability of other members of the FABP family to function as
antioxidants and their therapeutic potential for oxidative stress related disease should be
investigated in future research.
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4. BSEP
The bile salt export pump (BSEP, ABC11) is responsible for excretion of bile
acids into the canaliculus and is exclusively expressed by hepatocytes in the liver. BSEP
is an ABC transporter that requires ATP to translocate bile acids across the membrane.
BSEP predominantly transports taurine and glycine conjugated, but can transport
unconjugated monovalent bile acids and potentially some sulfated bile acids36. In
contrast to MRP2, BSEP transports only monovalent (single negative charge) bile acids
and not divalent species89. Although bile acids are the primary substrate, BSEP may
also transport certain drugs, although the number of drugs that function as inhibitors of
BSEP greatly outnumbers the number of transported drug substrates36.
BSEP is regulated by both transcription and post-transcription mechanisms. At
the transcriptional level, BSEP mRNA expression is increased in response to bile acids
128

. Whereas NTCP expression is repressed indirectly by bile acids acting via FXR,

BSEP expression is induced by direct binding of FXR to the BSEP promoter129. For
example, in FXR null mice, BSEP expression is low and not induced by feeding cholic
acid53. Activation of BSEP expression by FXR is bile acid species-specific, and some
natural bile acids such as LCA antagonize rather than induce FXR activation of BSEP130,
131

. There are also reports that other nuclear receptors such as HNF4α positively

regulate BSEP expression103. Aside from bile acid regulation via FXR, vitamins A and D
also act through nuclear receptors to transcriptionally control BSEP expression 87, 132133.
Important post-transcriptional regulation via the control of BSEP protein insertion into the
canalicular membrane has also been demonstrated. In response to an increased bile
acid load, rates of BSEP protein recruitment and insertion into the canalicular membrane
increases, and this is an important part of the therapeutic actions of ursodeoxycholic
acid (UDCA). Endo and exocytotic mechanisms can be regulated through bile acid
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stimulation of vesical transport as well as taurocholate and cAMP stimulation91, 134.
Finally, PI3K can also modulate canalicular membrane density and activity of BSEP135.
BSEP null mice show impaired excretion of bile acids into the canaliculus and
become cholestasic due to accumulation of bile acids in liver and plasma136. Bile acid
feeding exacerbates their condition137. Human deficiencies and mutations in BSEP have
been identified in patients with hereditary cholestasis46, 138. Progressive familial
intrahepatic cholestasis (PFIC) includes a group of inherited form of cholestasis that
often begin in infancy. PFIC2 syndrome is caused by mutations in BSEP103. The
disease is characterized by low bile secretion, jaundice, progressive cholestasis, and
hepatobiliary malignancy36. BSEP protein levels are undetectable or reduced in those
patients, suggesting defects in BSEP synthesis, trafficking, or stability139.

5. MRP2
Similar to BSEP, multidrug resistance protein 2 (MRP2) is the also an ABC efflux
protein that transports bile acids into the canaliculus. The protein is expressed on the
apical membrane of the hepatocyte, the proximal renal tubule epithelial cells of the
kidney, and duodenal, jejunal, and ileal enterocytes of the intestine89. MRP2 transports
glutathione and the glucuronidated or sulfated metabolites of a variety of organic
compounds, including drugs and bilirubin89. Regarding bile acid substrates, MRP2
exports divalent (sulfated or glucuronidated) bile acids across the canalicular membrane
into bile103. Although not a property of the naturally-occurring protein, site-directed
mutagenesis studies demonstrated that substitution of a single amino acid was sufficient
to broaden MRP2’s substrate specificity to include monovalent bile acids as well. One of
the more important functions of MRP2 (in hepatic bile formation) is its transport of
glutathione, which is a major driver of bile acid-independent bile flow103.

19

MRP2 is regulated by several nuclear receptors including FXR, PXR, and
CAR140, which appear to act via a common response element in the promoter region of
MRP2141. FXR transcriptionally activates expression by acting at this element along with
PXR and CAR142. MRP2 null mice exhibit a conjugated hyperbilirubinemia (elevated
levels of bilirubin glucuronides) due to impaired hepatic excretion143. Similar to null mice,
human MRP2 mutations cause Dubin-Johnson’s syndrome, a mild and rare form of
hyperbilirubinemia.89, 103 MRP2 expression is also decreased under cholestatic
conditions144.

6. Minor Hepatic Bile Acid Transport
Additional canalicular bile acid related transporters include MDR1, BCRP, MDR3
and ABCG5/G8. Multidrug resistance gene 1 (MDR1) transports a wide range of
substrates including drug compounds, steroid hormones, glycolipids, hydrophobic
peptides and potentially some bile acid species such as tetrahydroxylated bile acids.
However, MDR1’s major role appears to be in drug, metabolite, and xenobiotic transport,
and it contributes little to hepatic canalicular bile acid transport under physiological
conditions145. Although no mutations in MDR1 have been reported associated with
cholestasis, the protein is upregulated in this condition103, 110, 140, and may partially
compensate for loss of BSEP activity by transporting modified bile acids, such as polyhydroxylated species. Regulators of MDR1 are mostly modulators involved in drug
metabolism, such as PXR140. Additional modulators include cytokine or stress signal
activation of NF-kb, which upregulates MDR1103. Similar to MDR1, the breast cancer
resistance protein (BCRP) can transport some bile acid species, but this is not its
primary role140. BCRP is mostly highly expressed at the blood brain barrier and in the
intestine145. Due to its locations, it seems to serve more of a protective role in drug
disposition and is regulated by PXR140. Nonetheless, BCRP expression is also increased
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during cholestasis146. MDR3 is a phospholipid export pump that transports
phosphatidylcholine into the canaliculus103. Although MDR3 does not transport bile
acids, its ability to excrete phospholipids allows for the formation of micelles in bile with
monovalent and divalent bile acids and cholesterol. MDR3 is regulated by the nuclear
receptors involved with bile acid, lipid, and cholesterol metabolism, LXR, FXR, and
PPARα140. Human mutations of MDR3 cause PFIC3, and this leads to an absence of
phospholipids in bile103, 147. The ABC transporters ABCG5/G8 are the major mechanism
for biliary cholesterol secretion, but do not play a direct role in bile acid secretion140.
These proteins are regulated by cholesterol responsive nuclear receptors LXR, FXR,
and LRH-136, 140. Mutations in G5/G8 cause sitosterolemia, a genetic condition
characterized by increased intestinal absorption of plant nonsterols, impaired sterol
excretion into bile, and high plasma and tissue sterol levels148.
Alternative basolateral bile acid efflux proteins include MRP3, MRP4, and OSTαOSTβ. Under normal physiological conditions, bile acids are almost exclusively taken up
into the hepatocyte across the basolateral sinusoidal membrane, with minimal
basolateral efflux89. However, under cholestatic conditions, these transporters are
upregulated to compensate for reduced canalicular membrane export and the increased
hepatocellular bile acid load103. MRP3 has a minor role in bile acid export across the
sinusoidal membrane, in agreement with preference for Phase II metabolites
(glucuronidated and sulfated substrates). It is located in a variety of cells including
hepatocytes, epithelial cells of the proximal renal tubules, cholangiocytes, and
enterocytes89. Most substrates for MRP3 are glucuronidated or sulfated and include
divalent bile acids, glucuronidated bilirubin, and other glucuronides145. MRP3 is
regulated by CAR, PXR, and VDR, nuclear receptors involved with xenobiotic and bile
acid metabolism86, 140. MRP3 null mice do not show changes in bile acid excretion and
have low serum glucuronides suggesting increased bile acid transport function is only
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present during cholestasis and MRP3’s primary function is to defend and secrete
glucuronides149. The related protein MRP4 (ABCC4) is also localized to the basolateral
membrane of the hepatocyte and functions similarly to export a variety of organic anions
out hepatocytes into blood. Substrates include sulfated and amidated bile acids,
glutathione, conjugated steroids, cyclic nucleotides, and several drugs140. Regulators of
MRP4 include CAR, FXR, and PPARα140. Similar to MRP3 null mice, MRP4 null mice do
not show changes in biliary excretion150. MRP4 expression also increases during
cholestasis145. OSTα-OSTβ is a heterodimeric transporter whose primary function is in
ileal intestinal bile acid efflux into the portal circulation151. The transporter is also
expressed by hepatocytes, colonocytes, cholangiocytes, chromaffin cells of the adrenal
gland and the epithelial cells of the proximal renal tubules36, 145. Outside of conjugated
bile acids, OSTαβ also transports sulfated steroids, prostaglandins, and digoxin140, 152.
OSTαβ is regulated by bile acid activation of FXR and LXR through oxysterols or bile
acids140. During cholestasis, hepatic OSTαβ expression is increased to facilitate export
of bile acids and steroid sulfates into blood153. However, when OSTα is inactivated in
mice, this attenuates cholestasis, perhaps through increased urinary excretion154.
Further, OSTα null mice have a smaller bile acid pool size and their livers tend to
express higher levels of CAR in cholestasis suggesting adaptive mechanisms of
detoxification63, 154. Although OSTαβ has only a minor role in hepatic bile acid transporter
under physiological conditions, OSTαβ is the major basolateral membrane bile acid
transporter in the intestine.

iv. Intestinal Bile Acid Transport
In the intestine, micelle formation and fat/sterol absorption occurs in the proximal
intestine, whereas reabsorption of bile acids is highest in ileum. Bile acids can be
absorbed from the intestinal lumen by passive diffusion across the enterocyte apical
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brush border membrane, but are mostly taken up by an active transporter-mediated
process. Passive absorption of bile acids occurs down the length of the intestine.
However, reabsorption of bile acids for EHC is restricted to the ileum and coincides with
expression of the ASBT155. Due to the efficiency of the bile acid conjugation in the liver,
most bile acids secreted into intestine are in conjugated form and therefore require
active transport for reabsorption156-158. Within the cytosol, transcellular transport of bile
acids is mediated by binding to IBABP. Bile acids are then exported out of the ileocyte
across the basolateral membrane by OSTα-OSTβ.

1. ASBT
The apical sodium dependent bile acid transporter (ASBT, SLC10A2) was cloned
in 1994159. ASBT is a part of the SLC10 family along with NTCP, and similarly
cotransports at least 2 Na+ ions for every bile acid160. Unlike NTCP, it’s only reported
physiological substrates are conjugated and unconjugated bile acids35. Although the list
of natural substrates appears to include only bile acids, several non-bile acid compounds
have been synthesized recently which include alcohol substituents and appear to be
transported by ASBT, as assessed with in vitro cell based assays160, 161. The ASBT is
expressed at highest levels in the intestinal ileocyte but is also expressed in the proximal
renal tubule cells, cholangiocytes, the epithelial cells of the gallbladder, and in proximal
colonocytes (in mice)35. In the intestine, there is a gradient of expression along the
cephalocaudal axis restricting the majority of bile acid reabsorption to the terminal
ileum151, 162, 163. Given that enterocytes, and specifically ileocytes, are the main
absorptive cells of the intestine, ASBT’s expression is observed on the villus tip and not
the crypts35, 159, 164. The apical brush boarder membrane location of ASBT on the ileocyte
villus is consistent with the facilitation of uptake of bile acids from the lumen of the gut.
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The expression of ASBT is regulated at transcriptional and post-transcriptional
levels by a variety of factors. ASBT mRNA expression is restricted to the terminal ileum
through the actions of the transcription actor GATA436. Under normal physiological
conditions, GATA4 is expressed in proximal but not distal small intestine, and acts to
repress ASBT expression165. In intestine-specific conditional GATA4 knockout mice,
ASBT expression and bile acid absorption occurs down the length of the small intestine
including the duodenum and jejenum155. Other transcriptional regulators of ASBT
expression include CDX1/CDX2, HNF1α, LRH-1, FXR, PPARα, VDR, and
glucocorticoids. CDX1/CDX2 both bind the ASBT promoter region166, and control
enterocyte ASBT expression as part of their role as global regulators of intestinal
development, proliferation, and homeostasis167, 168.
HNF1α also transcriptionally regulates ASBT. In Tcf1 (HNF1α) null mice, levels
of ASBT mRNA and protein are undetectable106. And the ASBT promoter contains a
regulatory region for HNF1a/Tcf1106. Similarly, in LRH-1 null mice, ASBT expression is
reduced in the intestine suggesting the nuclear receptor modulates the transporter93. Bile
acid uptake by ASBT can also activate FXR and indirectly feedback to downregulate
ASBT expression. This mechanism has not been fully elucidated but appears to act
through SHP to antagonize LRH-136, 47, 169. Similarly, bile acids can decrease ASBT
expression by acting through FXR-SHP to antagonize RARα47 or through FXRFGF15/19170. While bile acids appear to be primarily negative regulators of ASBT
expression, bile acid activation of the epidermal Growth Factor receptors (EGFR) can
increase ASBT transcription171. Cholesterol has also been identified as a potential
regulator. Sterols downregulate expression of the ASBT through SREBP2 and
modulation of HNF1α activity172. Expression of ASBT is also regulated by PPARα, which
activates the ASBT promotor173. Transactivation of ASBT can occur via the vitamin D
receptor174, and ASBT transcription is strongly induced by glucocorticoids in vitro and in
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vivo175. Post-transcriptional control of ASBT expression is mediated at the level of mRNA
stability. The RNA binding protein HuR increases ASBT mRNA stability whereas the
RNA binding protein TTP destabilizes the ASBT transcript176. Other post-translational
regulatory mechanisms identified include phosphorylation of the ASBT protein via
PKC177 and ubiquitin-mediated degradation178.
ASBT plays a major role in the pathogenesis of various metabolic and
gastrointestinal diseases. Mutations in ASBT cause primary bile acid malabsorption by
blocking ileal active bile acid uptake and enterohepatic cycling158. These patients present
in infancy with chronic diarrhea, fat soluble vitamin malabsorption, and decreased
cholesterol plasma levels. To further understand this human disorder, ASBT null mice
were generated. Characterization of these mice showed increase fecal bile acid and lipid
excretion179. Moreover, studies using the mouse model highlighted the critical role of
intestinal FGF15/19 in the regulation of hepatic CYP7A1 expression179.
Other potential links of ASBT to disease stem from its role in maintaining bile
acid homeostasis and ability to indirectly affect cholesterol and lipid homeostasis.
Inhibition of the ASBT or deletion of the gene alters bile acid homeostasis by several
mechanisms: 1) bile acids are unable to enter the ileocyte and therefore cannot active
the FXR-FGF15 pathway, 2) inactivation of FXR-FGF15 prevents down regulation of bile
acid synthesis in the hepatocyte by CYP7α1, and 3) induction of CYP7α1 expression
leads to increased catabolism of cholesterol into bile acids63. This is nicely illustrated in
atherosclerotic mouse models (ApoE or Ldlr null mice), where inactivating the ASBT
results in reduced hepatic and plasma cholesterol levels as well as plasma triglycerides
due to significant increases in CYP7α16. As predicted from the reduced plasma
cholesterol levels, aortic cholesteryl ester accumulation was reduced in these mice.
Likewise, inhibition of the ASBT is also being investigated as a treatment for
nonalcoholic fatty liver disease (NAFLD) due to changes in levels of SREBP1, de novo
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lipogenesis, and increased catabolism180. ASBT inhibitors have also been shown to
lower plasma glucose, increase GLP-1 levels, and improve glucose disposition181.
ASBT’s potential role in hepatobiliary and gastrointestinal disorders reaches far
beyond bile acid malabsorption. As mentioned earlier, ASBT mutations are associated
with congenital bile acid malabsorption and diarrhea. However, down-regulation of ileal
ASBT expression may contribute to IBS and Crohn’s disease182, 183. In patients with
obstructive cholestasis, levels of ASBT mRNA expression are reduced162, suggestive of
an adaptive mechanisms to prevent further bile acid accumulation and damage in the
hepatocyte184. Reductions in ASBT expression have also been seen in Intrahepatic
Cholestasis of Pregnancy (ICP), an acquired form of maternal cholestasis that can lead
to fetal complications or even fetal death. In ICP, reductions in ASBT expression may be
playing a protective role to lower maternal bile acid levels185. It was proposed that
inhibiting ASBT (or OSTα/β) may be effective at reducing the harmful effects of ICP.
However, reductions in ASBT expression is a universal finding in cholestatic conditions.
In subtypes of the PFICs, ASBT expression may actually be increased and contribute to
the pathogenesis of the disease50. ASBT expression may also be induced in premature
infants and contribute to the development of necrotizing enterocolitis (NEC). Rat models
of NEC suggest that increased luminal bile acids and increased ASBT expression
correlates with disease186, perhaps through reduced mucin 2 (goblet cell) levels187. The
potential connection to NEC is very important since the role of bile acid accumulation
and cytotoxicity in intestinal injury has not been carefully studied, especially in
comparison to the liver.

2. Intestinal Intracellular Bile Acid Transport
Similar to hepatic transcellular transport, our understanding of the mechanisms
responsible for intestinal intracellular transport of bile acids have not been carefully
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explored. IBABP (FABP6) is in the same family as L-FABP and likely plays an important
role in intestinal intracellular bile acid trafficking. It also binds fatty acids, cholesterol, and
retinoids89. IBABP’s expression is largely restricted to ileocytes, with only low expression
in cholangiocytes and renal proximal tubule cells89. IBABP was one of the first FXR
target genes identified and FXR is a key regulator of IBABP expression. Activation of
FXR by bile acids positively modulates transcription of IBABP through an IR1 responsive
element49. In FXR null mice, IBABP mRNA and protein levels are significantly reduced
to almost undetectable levels188. IBABP may interact directly with FXR and modulate its
function, however those mechanisms remain unexplored189. IBABP may also bind to the
ASBT to facilitate “handoff” of the bile acid substrate and prevent accumulation and
cytotoxicity of unbound bile acids in the ileocyte189. In addition to bile acids, IBABP is
also regulated by sterols via SREBP1c and LXR190. PPAR agonism has also been
shown as a positive regulator191. FABP6 null mice do not possess an obvious disease
phenotype, however these mice do have altered bile acid absorption with increased
proximal intestine transport of bile acids and reduced distal transport. In NEC, IBABP
expression is reduced15, 192. This could potentially contribute to altered intracellular
transport and bile acid cytotoxicity15, 192. Although there no IBABP (FABP6) mutations
have been described or associated with human disease, there is a strong possibility that
IBABP dysregulation is associated with disease.

3. OSTα-OSTβ
OSTα-OSTβ is a heteromeric protein and the major basolateral bile acid exporter
expressed by the ileocyte. In addition to its highest levels of expression in the ileum
enterocytes151, it is also expressed by cholangiocytes, gallbladder epithelium, renal
proximal tubule cells, and at low levels by hepatocyte, colonocytes, chromaffin cells of
the adrenal gland, and the enterocytes in the proximal small intestine. Although it is
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expressed in a number of tissues, its major in vivo function appears to be in intestinal
reabsorption of bile acids. Substrates for OSTαβ are bile acids, sulfated steroids,
digoxin, and prostaglandins. Regulation of OSTαβ is primarily through bile acid
activation of FXR. Cholic acid feeding of wildtype mice increases the expression of both
OSTα and OSTβ48. Bile acids both positively and negatively regulate (“dynamic
regulation”) the transcription via the FXR and LRH-1 responsive elements in the
promoters of those genes. Stimulation occurs via FXR direct binding, whereas
repression is mediated by FXR induction of SHP, which suppresses LRH-1 activity48. A
primary role of FXR in the regulation of OSTαβ was confirmed using intestinal and liver
specific FXR null mice are fed a synthetic FXR agonist54. In addition to FXR, OSTαβ is
also regulated by oxysterols signaling via LXR193. Interestingly, LXR null mice have
higher expression of ileal OSTαβ, which could reflect direct effects on those genes or be
secondary to changes more global changes in bile acid metabolism194. As mentioned,
functional LRH-1 binding sites were mapped in the promoters of both the OSTa and
OSTb genes, and LRH-1 null mice have decreased expression of OSTαβ93. Inhibition of
LRH-1 may promote bile acid accumulation that could lead to cell injury.
Although expressed at low levels in hepatocytes under normal physiological
conditions, OSTαβ expression is dramatically induced under conditions of liver injury.
For example, cholestasis is a major pathophysiologic condition in which OSTαβ
expression and regulation is altered. Under cholestatic conditions, such as in human
primary biliary cholangitis (PBC), OSTαβ is upregulated to counteract the increases in
bile acids, and minimize bile acid induced injury153, 154. There is not an equivalent
condition described for the intestine, perhaps due to the high turnover rate of intestinal
cells. However, here we will present a case for a role of OSTαβ in preventing intestinal
bile acid induced injury. In cholestastic models (bile duct ligated mice) in which OSTα is
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inactivated, there is a buildup of hepatic and renal bile acids153, 154. Alongside this, there
is increased expression of CAR suggestive of increased detoxification and also an
adaptive mechanism of increased renal bile acid transport through upregulation of
MRP3154. Another disease that may be related to OSTαβ deficiency or regulation is ileal
bile acid malabsorption195, which would be due to downregulation of the transporter.
Colon cancer also may have links to a block in bile acid transport and accumulation of
hydrophobic bile acids196.
OSTα null mice, as mentioned previously, have alterations in bile acid
homeostasis, which is characterized by reduced bile acid pool size due to and
downregulation of CYP7α1 and decreased hepatic bile acid synthesis63. Accompanying
these changes in bile acid homeostasis is a distinct ileal morphology in which the villi are
blunted and fused and the crypts dysplasic197. Similar morphological changes have been
reported for other intestinal disorders such as celiac disease, microvillus inclusion
disease (microvillus atrophy), and Crohn’s Disease. However, in contrast to those
disorders, there is only a mild increase in inflammatory cells and no change in proinflammatory genes like TNFα or IL1β197. Nonetheless, these changes in phenotype
coincide with the changes in bile acid homeostasis suggesting that bile acids may be
responsible for the phenotype. A logical candidate would be the FXR-FGF15 pathway,
since FGF15/19 has mitogenic properties. Although inactivation of FXR in the OSTa null
mice does suppress ileal FGF15 expression and restore the induction of hepatic
CYP7a1 expression and bile acid synthesis, OSTα-FXR double null mice still display the
altered ileal morphology197. This suggests that the FXR (FGF15) signaling pathway is not
directly involved in the intestinal changes. Another bile acid activated receptor that has
not been investigated and could be involved is TGR5. TGR5, which is expressed in the
ileum and colon32, has been implicated in several gastrointestinal disorders including
Crohn’s disease31. Stimulation can reduce inflammation and also modulate EGFR and
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proliferation for colon carcinogenesis198. Arguing a role for TGR5 is its ligand specificity,
TGR5 is activated by more hydrophobic bile acids32 whereas the bile acid pool in OSTa
null mice is more hydrophilic, and the observation that TGR5 is not expressed by
absorptive enterocytes. Interestingly animal model of NEC, ileal expression of OSTαβ is
decreased whereas ASBT is increased192. As such, this imbalanced expression may
cause toxic bile acids to accumulate in the enterocyte and promote damage to the
terminal ileum15, 192. We hypothesize that the block in basolateral bile acid export in
OSTα null mice could lead to toxic bile acid accumulation and damage in a similar
fashion (Figure 2).

1. Minor Intestinal Transport
The intestine expresses a variety of other transporters that may play a minor role
in intestinal bile acid transport, including MRP2, MRP3, and MRP4. All of these
transporters can theoretically facilitate bile acid export from the enterocyte. All were
discussed earlier due to their expression in the hepatocyte and involvement in
canalicular membrane transport. MRP2 and MRP4 are both expressed on the apical
membrane of the enterocyte (and the epithelial cells of the proximal renal tubes) and
could facilitate bile acid export out of the cell. MRP2, MRP3, and MRP4 expression,
substrates, and regulation were discussed in the minor hepatic transport section. With
regards to the intestine, in OSTα null mice, MRP2 is downregulated, MRP3 is
upregulation and no change is seen in MRP4 expression63. Interestingly, MRP2 levels
are decreased in the intestine of animal models of NEC, suggesting that it may have a
role in disease progression199.

d. Experimental Models of Enterohepatic Circulation
Shown in Table I.
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e. Bile Acid Homeostasis during Development
Control of the expression of bile acid transporters and receptors in development
is regulated in part by the classical pathway of bile acid synthesis. Induction of a number
of hepatic transporters is mediated through FXR200. As discussed, the EHC is
maintained by transporters and the expression of bile acid receptors. Significant
expression of hepatic NTCP and BSEP occur prenatally and at birth suggesting an early
surge in bile acid synthesis. MRP4 and MDR2 follow suit with expression at postnatal
day 1. In the intestine however, ASBT expression does not appear until day 15 in
wildtype mice while OSTαβ appears as early day 1. This suggests that under
physiological conditions, ASBT is expressed just prior to the time of weaning whereas
OSTαβ is expressed prior to this. This may be related to OSTαβ’s ability to transport
other substrates besides bile acids. OSTαβ’s early expression also suggests that there
is some passive apical absorption of bile acids occurring, which may require OSTαβ to
efficiently export from the cells. In OSTα null mice, we show that ASBT expression is
prematurely induced, appearing as early as postnatal day 5 in OSTa null mice. Although
the mechanism responsible for the early ASBT expression is unknown, it could be due to
alterations in the expression of some of its known modulators such as CDX1/2, GATA4,
or TTP/HuR. Another possible mechanism may involve changes in glucocorticoids in the
OSTα null mice, since the glucocorticoid receptor is a potent activator of ASBT
expressionl201. After birth, there is a significant increase in the classical pathway for bile
acid synthesis (for example, expression of CYP7α1 and CYP8β1)200 and this appears to
be the major pathway for bile acid synthesis during the postnatal period in mice.
Expression of critical enzymes for the alternative pathway (CYP27α1 and CYP7β1) are
not significantly increased until approximately day 20 after birth. FXR appears around
day 1 in the liver and day 5 in the intestine, and there is an increase in the expression of
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the transporters. FGF15’s expression closely follows FXR in the intestine, as bile acid
synthesis is increasing in the liver. Although the composition of the bile acid pool shifts
over time, significant amounts of bile acids are still present in the serum and liver at birth
suggesting that maternal bile acids could play a role in the establishment of EHC. In
OSTα null mice, we hypothesize that bile acid induced injury occurs prior to day 5 and
that maternal bile acids may be involved. Similarly, maternal bile acids are a marker for
disease severity and fetal prognosis in ICP202. This could also be true for other pediatric
intestinal disorders such as NEC15. Although FXR has a role early in development, other
bile acid receptors like PXR do not appear until after birth in both the intestine and
liver200.
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Figure 1 – Experimental Models of Enterohepatic Circulation

The enterohepatic circulation of bile acids is mediated by a number of transporters located
in the intestine (enterocyte) and liver (hepatocyte). Bile acids are absorbed from the lumen
of the gut by the ASBT (and passive transport). Once absorbed, bile acids bind to and
activate the nuclear receptor FXR which leads to the release of FGF15 and
downregulation of hepatic CYP7a1 and bile acid synthesis. Bile acids exit the enterocyte
into the portal circulation by OSTab (and MRP2). Bile acid absorption in the hepatocyte is
facilitated by NTCP (and OATPs). Canalicular transport of bile acids into the gallbladder
bile is carried out by BSEP (and MRP2). Export of bile acids from the hepatocyte back into
the sinusoidal space (blood) is mediated by OSTab, MRP3, and MRP4
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Figure 2 – Interruption of the Enterohepatic Circulation of Bile Acids in OSTa null
mice

OSTa null mice have a block or interruption in the enterohepatic circulation of bile acids.
This results in bile acid accumulation in the ileocyte as early as postnatal day 5, as evident
by increased expression levels of FXR target genes such as FGF15 and IBABP. Cellular
accumulation of bile acids is hypothesized to cause cell injury and mitochondrial
dysfunction, leading to increases in apoptosis, proliferation, and oxidative stress
(increased NOX1 and ROS). Adult OSTa null mice display an adaptive response which
results in downregulation of ASBT and increased antioxidant response (increased Nrf2
and GST expression). OSTa null mice phenotype and mechanisms are discussed in depth
in chapter II.
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Table 1 – Experimental Models of Enterohepatic Circulation
Bile Acid
Transport
or Protein
(Knockout)
Mouse
Model
NTCP

Function of
Protein or
Transporter

Location of
Protein or
Transporter

Characteristics (Molecular,
Phenotypic, etc.) of Model

Correlative Human
Mutations and Diseases

Hepatic bile
acid uptake

Liver

OATPs

Hepatic bile
acid uptake;
also
transports
bilirubin,
steroids,
peptides,
and drugs
Intracellular
hepatic bile
acid
transport

Liver,
kidneys,
brain etc.

In mice (some evidence in
humans), elevated serum bile
acids (due to decreased bile
acid uptake) and decreased
liver function
Increased plasma bilirubin and
plasma bile acids, decreased
hepatic uptake

Human polymorphisms;
Associated with
cholestasis, liver injury,
hepatic obstruction and
inflammation, Hepatitis B
Polymorphisms increase
risk of hyperbilirumenia;
Also associated with
cholestasis, sclerosing
cholangitis

No human mutations
known; Could potentially
be associated with
cholestasis; Has been
linked to NAFLD

BSEP

Hepatic
canalicular
bile acid
transport

Liver

MRP2

Hepatic
canalicular
bile acid
transport;
Intestinal
bile acid
export; Also
transports
glutathione,
bilirubin,
and drugs
Intestinal
bile acid
uptake

Liver,
Intestine

Mice have higher total bile
acids, increased bile acid
synthesis due to upregulation
of CYP7α1, and upregulation
of BSEP to compensate for
lack of intracellular transport
Impaired excretion of bile acids
into canaliculus, accumulation
of plasma bile acids; Human
patients have low secretion of
bile, jaundice, progressive
cholestasis, and hepatobiliary
malignancy
Hyperbilirubinemia with
elevated levels of bilirubin
glucuronides and bilirubin due
to impaired excretion

Increased fecal bile acid and
lipid excretion, reduced
plasma cholesterol due to
upregulation of CYP7α1;
Resistance to metabolic
syndrome
(atherosclerosis/cardiovascular
disease, diabetes, obesity, and
NAFLD)

Human mutations result in
PBAM; Could be
associated with NEC and
ICP, also PFIC and
metabolic syndrome

L-FABP
(FABP1)

ASBT

Liver

Intestine,
colon
gallbladder,
kidneys

Evidence of human
deficiencies and
mutations; Associated with
hereditary cholestasis,
more specifically known
for PFIC2 syndrome
Evidence of human
mutations; Known for
Dubin-Johnson’s,
syndrome; Could
potentially be associated
with ICP, obstructive
cholestasis, and NEC
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OSTα-OSTβ

Intestinal
and hepatic
bile acid
export; also
transports

Intestine,
colon, liver,
gallbladder,
kidneys, etc.

IBABP
(FABP6)

Intracellular
intestinal
bile acid
transport

Intestine

Reduced bile acid pool size
due to decreased hepatic bile
acid synthesis and
downregulation of CYP7α1;
Altered intestinal morphology
of villus blunting and crypt
hyperplasia
Altered bile acid absorption,
increased intestine transport of
and reduced export

No human mutation
known; Could potentially
be associated with ICP,
NEC, IBD

No known human
deficiencies; Could be
associated with NEC
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CHAPTER II

ORGANIC SOLUTE TRANSPORTER ALPHA-BETA (OSTa-OSTb) PROTECTS
SMALL INTESTINE FROM BILE ACID-INDUCED INJURY

A manuscript based on this chapter will be submitted to Molecular and Cellular
Gastroenterology and Hepatology. Stylistic variations are due to requirements of the
journal. Courtney Ferrebee, Jianing Li, Jamie Haywood, Kim Pachura, Anurada Rao,
Ben Hinrichs, and Paul Dawson performed the experiments or data analysis. C.
Ferrebee and P.A. Dawson prepared the manuscript.
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Synopsis
Enterocyte bile acid stasis early in postnatal life results in bile acid-induced cytotoxicity,
reactive oxygen species-associated injury and a restitution response. Blocking
enterocyte apical membrane bile acid absorption protects against ileal injury.

Abstract
Background & Aims: Ileal enterocyte bile acid absorption is mediated by uptake via the
apical sodium-dependent bile acid transporter (Asbt) and basolateral export via the
heteromeric organic solute transporter alpha-beta (Ostα-Ostβ). In this study, we
investigated the cytotoxic effects of enterocyte bile acid stasis in Ostα-/- mice, including
the temporal relationship between intestinal injury and initiation of the enterohepatic
circulation of bile acids.
Methods: Ileal tissue morphometry, histology, markers of cell proliferation, gene and
protein expression was analyzed in male and female wild type (WT) and Ostα-/- mice at
postnatal days 5, 10, 15, 20, and 30. Ostα-/-Asbt-/- mice were generated and analyzed.
Results: As early as day 5, Ostα-/- mice exhibit significantly increased ileal weight per
length, decreased villus height, and increased epithelial cell proliferation. This correlated
with premature expression of the Asbt and induction of bile acid-activated FXR target
genes in neonatal Ostα-/- mice. Expression of NADPD oxidase-1 and Nrf2-anti-oxidant
response element genes were significantly increased in neonatal Ostα-/- mice at these
postnatal time points. Inactivation of the Asbt prevented the changes in ileal morphology,
and induction of anti-oxidant response genes in Ostα-/- mice.
Conclusions: Early in postnatal development, loss of Ostα leads to bile acid
accumulation, oxidative injury and a restitution response in ileum. In addition to its
essential role in maintaining bile acid homeostasis, Ostα-Ostβ functions to protect the
ileal epithelium against bile acid-induced injury.
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Introduction
Congenital diarrheal disorders are a heterogeneous group of rare inherited
enteropathies with a typical onset early in life. Most are monogenic disorders and can be
categorized based on their pathogenic mechanism into 4 distinct groups, of which
defects in digestion and absorption constitute the largest group of etiologies.1 Included in
this group are loss of function mutations in the Apical Sodium-dependent Bile acid
Transporter gene (ASBT; SLC10A2), the major transporter responsible for brush border
membrane uptake of bile acids from the terminal ileum. ASBT mutations in humans or
inactivation of the Asbt in mice yields a primary bile acid malabsorption phenotype, with
impaired intestinal bile absorption, induction of hepatic bile acid synthesis, and increased
fecal loss of bile acids in the absence of ileal histological or ultrastructural changes.2-4
After ASBT-mediated uptake into the ileal enterocyte, bile acids are exported across the
basolateral membrane into the portal circulation by the heteromeric Organic Solute
Transporter alpha-beta (OSTα-OSTβ; SLC51A-SLC51B).5, 6 Inactivation of Ostα in mice
also impairs intestinal bile acid absorption. However unlike Asbt-/- mice or patients with
ASBT mutations, Ostα-/- mice exhibit a complex phenotype that includes a paradoxical
reduction in hepatic bile acid synthesis and ileal hypertrophy.7, 8 The changes in bile acid
metabolism are associated with altered gut-liver bile acid signaling through the FXRFGF15-FGFR4 pathway, and the reductions in hepatic Cyp7a1 expression and bile acid
synthesis were reversed by inactivation of FXR in Ostα-/- mice.7-9 By contrast, the ileal
hypertrophy observed in Ostα-/- mice is not affected by inactivation of FXR.10 The ileal
changes observed in Ostα-/- mice, which include villous blunting, are typically associated
with epithelial damage and subsequent healing.11 Although adult Ostα-/- mice do not
exhibit overt symptoms of intestinal injury, such as elevated inflammatory gene
expression, bleeding, or diarrhea, newborn Ostα-/- mice exhibit a small postnatal growth
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deficiency, and this may coincide with the onset of injury or initiation of an adaptive
response.7, 8
Bile acid-induced injury is best described for forms of liver disease, such as
Progressive Familial Intrahepatic Cholestasis Type 2 (PFIC2). In PFIC2, inherited
mutations in the bile salt export pump (BSEP; ABCB11) lead to loss of canalicular bile
acid export, accumulation of bile acids, and subsequent hepatocellular damage.12 In
Ostα-/- mice, we hypothesize that loss of the enterocyte basolateral membrane bile acid
transporter leads to trapping of bile acids and bile acid-induced injury.13, 14 The ontogeny
of bile acid synthesis and transport has been carefully described in mice, with ileal Asbt
expression coinciding with the abrupt postnatal appearance of ileal concentrative bile
acid uptake between days 17 and 21.15-18 If ileal active bile acid uptake is important for
the ileal adaptive response in Ostα-/- mice, then induction of Asbt expression should
precede or coincide with the intestinal changes. To test this hypothesis, we investigated
the temporal relationship in Ostα-/- mice between the intestinal adaptive response and
initiation of the enterohepatic circulation of bile acids, and whether inactivation of the
Asbt is protective in in Ostα-/- mice.
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Materials and Methods
Animals, Treatments, and Tissue Collection
The Institutional Animal Care and Use Committees at the Wake Forest School of
Medicine and Emory University approved these experiments. The Ostα-/- and Asbt-/- mice
were generated as previously described.4, 7 The mice were backcrossed onto a C57Bl/6J
background for 8 generations and compared with wild type (WT) littermates on the same
background. The Ostα-/-Asbt-/- mice were generated by crossbreeding the corresponding
null mice and compared with lines generated from WT, Ostα-/-, and Asbt-/- littermates as
controls. The mice were grouped-housed in ventilated cages (Super Mouse 750
Microisolator System; Lab Products) containing bedding (1/8” Bed-O-Cobbs; Andersons
Lab Bedding Products) in the same temperature- (22° C) and light/dark cycle- (12-h; 6
AM to 6 PM) controlled room of the animal facility to minimize environmental differences.
The breeding mice were maintained in cages with standard bedding (1/8” Bed-O-Cobbs;
Andersons Lab Bedding Products) and pulp cotton fiber nesting material (Nestlets;
Anacare), fed adlibitum rodent breeder chow (21% of calories as fat; PicoLab Diet 20
No. 5058; PicoLab Cat. No. 0007689), and offspring were weaned at postnatal day 20.
Adult non-breeding mice were maintained on rodent chow (13% of calories as fat;
PicoLab Diet 20 No. 5053, Catalog No. 0007688). For the ontogeny study, WT and Ostα/-

breeders were closely monitored for pregnancy status. Offspring were collected within

4 hours of the end of the dark phase on postnatal days: 5, 10, 15, 20, and 30. The
gender of the pups at day 5 was confirmed by genotyping for the presence of the Y
chromosome as described.19 Body weight, small intestinal length and segment wet
weight were recorded at necropsy from 2 to 4 litters (n³7) per genotype and time point.
For the ontogeny study, small intestine was divided into three equal length segments for
histology and gene expression or five equal length segments for bile acid analysis;
segments for bile acid analysis were flushed with ice cold PBS to remove lumenal
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contents prior to weighing. For histological analysis, the small intestine segments were
fixed for paraffin embedding or flash frozen in liquid nitrogen and stored at -80°C. For
measurements of bile acid content, markers of oxidative stress, gene and protein
expression, the tissues were flash frozen in liquid nitrogen and stored at -80°C prior to
analysis. For analysis of the Asbt-Ostα double null mice, male Ostα-/-Asbt-/- and
corresponding control mice were analyzed at 10 days and 8 to 10 weeks of age. The
adult mice were fasted for approximately 4 hours at the end of the dark phase prior to
being euthanized to isolate tissues. For the adult Ostα-/-Asbt-/- and control mice, the small
intestine was subdivided into 5 equal length segments and flushed with ice cold PBS to
remove lumenal contents prior to being fixed for histological analysis or flash frozen in
liquid nitrogen and stored at -80°C for measurements of gene expression.7, 9

Histological and Immunohistochemical Analysis
The intestinal segments were flushed with PBS to remove luminal contents, fixed
overnight in 10% neutral formalin (Sigma-Aldrich), and stored in 60% ethanol until
processed for histology. Each segment was cut into longitudinal strips, stacked, and
encased in 2% agarose prior to being embedded in paraffin and processed by the
Children’s Healthcare of Atlanta (CHOA) Pathology Services. Histological section (5 µm)
were cut and stained with hematoxylin and eosin, stained for periodic acid-Schiff (PAS)
reaction positive cells, or for used for immunohistochemical or immunofluorescence
analysis. Microscopy was performed in the Emory University Integrated Cellular Imaging
Core. The average villus heights of the proximal and mid-intestinal segments were
measured for Ostα-/- and WT mice at postnatal days 5, 10, 15, 20, and 30. At least 20
well-oriented, full-length villus units per segment per mouse were measured; quantitative
analysis of the digitally acquired images was performed using Image J.20 Due to the
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aberrant morphology of the Ostα-/- mice, quantitative morphometric analysis was not
performed for distal (ileal) segment at postnatal days 5, 10, 15, 20, and 30.
For detection of phospho-histone H3, a marker of cell proliferation, paraffinembedded ileal sections underwent heat-induced epitope retrieval (HIER) and were
stained using a rabbit anti-phospho-histone H3 (Ser10) primary antibody (Cell Signaling,
Cat. No. 9701S, Lot 13) and Alex Fluor 488-conjugated goat anti-rabbit antibody
(Thermo Fisher, Cat. No. A-11034, Lot 1670152). For detection of apoptosis, terminal
deoxynucleotidyl transferase-mediated fluorescein-deoxyuridine triphosphate nick-end
labeling was performed using the in situ Cell Death Detection kit (Roche, Cat. No.
11684795910, Lot 10711900) as described by the manufacturer. At least 3 mice were
included for each experimental group or condition, and 6 to 8 field views at X 20
magnification for each ileal segment were analyzed for both phospho-histone H3 and
TUNEL positive cells. Since individual crypt-villus structures were difficult to discern in
Ostα-/- mice due to the altered morphology, comparisons were made for the number of
phospho-histone H3 and TUNEL positive cells counted per unit intestinal length. For
detection of mouse Ibabp (Fabp6), paraffin-embedded ileal sections underwent HIER
antigen retrieval and were stained using rabbit anti-FABP6 primary antibody (Abcam,
Cat. No. ab91184, Lot GR245572-3) and Alex Fluor 488-conjugated goat anti-rabbit
antibody (Thermo Fisher, Cat. No. A-11034, Lot 1670152).

Bile Acid and Lipid Measurements
Feces were collected from singly-housed adult mice over a 72 period to measure total
bile acid content by enzymatic assay.4 To measure ileum-associated bile acids, small
intestine was divided into 5 equal segments, flushed with PBS, and ground under liquid
nitrogen using a mortar and pestle. After addition of [14C]cholic acid (PerkinElmer Life
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Sciences) to monitor bile acid recovery, aliquots of ileal tissue were extracted in ethanol
and the bile acids quantified by enzymatic assay as described.21

Microarray and Measurements of mRNA Expression
Total RNA was extracted from frozen tissue using TRIzol Reagent (Invitrogen). For
microarray analyses, ileal total RNA samples were further purified using RNeasy
MinElute Cleanup Kit (Qiagen # 74204) followed by quality assessment using an Agilent
2100 bioanalyzer. Samples with RIN values > 8.0 were carried forward for cRNA
synthesis and hybridization to GeneAtlas MG-430 PM Array Strips (Affymetrix, Santa
Clara, CA) following the manufacturer’s recommended protocol. Briefly, approximately
250 ng of purified total RNA was reverse transcribed and biotin labeled to produce
biotinylated cRNA targets according to the standard Affymetrix GeneAtlas 3’-IVT
Express labeling protocol (GeneAtlas 3’ IVT Expression Kit User Manual, P/N 702833
Rev. 4, Affymetrix). Following fragmentation, 6 μg of biotinylated cRNA was hybridized
for 16 h at 45 °C with the Affymetrix GeneAtlas Mouse MG-430 PM Array Strips. Strips
were washed and stained using the GeneAtlas Fluidics Station according to standard
Affymetrix operating procedures (GeneAtlas™ System User’s Guide (P/N 08-0306 Rev
A January 2010). Strips were subsequently scanned using the GeneAtlas Imager system
according to the standard Affymetrix protocol. Fluidics Control, Scan control and data
collection was performed using the GeneAtlas Instrument Control Software version
1.0.5.267. The raw data generated were normalized using the robust multi-array average
(RMA) method.22 Ontology and pathway analysis was performed using DAVID.23 All
microarray analyses were performed by the Wake Forest School of Medicine Microarray
Shared Resource Core. Quantitative real time PCR analysis was performed and mRNA
expression levels were calculated based on the ΔΔ-CT method as described; values are
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means of triplicate determinations and expression was normalized using cyclophilin.7
The primer sequences used are provided (Supplemental data, Table 1).

Measurements of Protein Expression
Small intestinal extracts were prepared, subjected to SDS-PAGE using 4-20% gradient
(Tris-Glycine Midi Gel, Invitrogen) polyacrylamide gels, and analyzed by
immunoblotting.7 Blots were stripped and reprobed with antibody to GAPDH to normalize
for protein load. Protein expression was quantified by densitometry using a Microtek
ScanMaker i900 and FujiFilm Multiguage 3 software, and expression data was
normalized to levels of the loading control. Sources of the antibodies used in the study
are as follows: anti-mouse Asbt,4 anti-mouse Ostα, anti-mouse Ostβ,7 anti-mouse Ibabp
(anti-FABP6, Abcam, Cat. No. ab91184, Lot GR245572-3), anti-GAPDH (Thermo Fisher,
Cat. No. MA5-15738), HRP-conjugated goat anti-rabbit antibody (Sigma-Aldrich, Cat.
No. A9169, Lot 015M48581), HRP-conjugated goat anti-mouse antibody (Santa Cruz,
Cat. No. sc-2005, Lot K1915).

Statistical Analyses
Mean values ± SEM are shown unless otherwise indicated. The data were evaluated for
statistically significant differences using the Mann-Whitney test, the two-tailed Student’s t
test or by ANOVA (Tukey-Kramer honestly significant difference) (GraphPad Prism;
Mountain View, CA). Differences were considered statistically significant at P<0.05.
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Results
Ontogeny of the Morphological Changes in Small Intestine
As previously reported,7-9 Ostα-/- mice backcrossed onto the C57Bl/6J background are
viable and fertile and similar to WT littermates in terms of survival and gross
appearance. The body weights of male or female Ostα-/- mice were similar to WT mice at
days 5, 10 and 15, but reduced at days 20 and 30 (Supplemental Figure 1A). Analysis of
the small intestinal length and weight revealed significant increases as early as day 5 in
male and female Ostα-/- mice versus WT mice, and this was maintained at days 10, 15,
20, and 30 (Figure 1A, B; Supplemental Figure 1B, C, D). The distal intestinal mass per
unit length was also significantly increased (Figure 1C).
In Ostα-/- mice, the ileal morphology and histology are significantly altered (Figure
1D). As compared to WT mice, the distal small intestine of Ostα-/- mice exhibited mild to
severe villous blunting. The epithelium lining the shortened villi demonstrates features of
damage with regeneration consisting of cellular pseudostratification, loss of nuclear
polarity, and cytoplasmic ruffling. Numerous apoptotic epithelial cells are also present.
The shortened villi are associated with crypt hyperplasia as evidenced by increased
crypt length as well as increased mitotic figures. There is a mild increase in lamina
propria inflammatory infiltrates consisting predominantly of activated lymphocytes and
macrophages with occasional neutrophils, eosinophils, and plasma cells. However, in
agreement with previous studies9, there was no significant increase in the expression of
pro-inflammatory genes such as TNFα and IL1β (Supplemental Figure 2). The
epithelium at the tips of villi demonstrate altered mucin synthesis with both increased
goblet cell formation as well as increased “columnar blues” or “pseudo-goblet” cells. In
contrast to the ileal changes, there was little change in proximal (duodenum) or midintestinal (jejunum) morphology (Supplemental Figure 3A, B), and the villus height were
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similar between WT and Ostα-/- mice in these intestinal regions (Supplemental Figure
3C).
The histological assessment suggested that there was an increase in mitotic and
apoptotic cells in ileum of Ostα-/- mice. In order to quantify those changes, ileal sections
were stained for phospho-histone H3 and TUNEL-positive cells (Figure 2). As early as
postnatal day 5, Ostα-/- mice had significant levels of proliferating (phospho-histone H3
positive) cells in ileum compared to WT mice (Figure 2A), consistent with the increased
number of mitotic bodies note in the histopathology assessment. There was also an
increase in the number of TUNEL-positive nuclei in the ileal villus structures of Ostα-/compared to WT mice (Figure 2B).

Expression of Bile Acid Transporters and FXR Target Genes in Distal Small Intestine
The intestinal morphological changes in Ostα-/- mice are evident before the normal
appearance of ileal concentrative bile acid uptake between postnatal days 17 and 21 in
WT mice.15, 25 To determine if this temporal relationship is altered in Ostα-/- mice, ileal
bile acid transporter expression was examined in male (Figure 3) and female
(Supplemental Figure 4) WT and Ostα-/- mice. In WT male and female mice, the mRNA
and protein for Ostα-Ostβ transporter were abundantly expressed in distal small intestine
at postnatal day 5, and increased 3- to 5-fold by day 20. In Ostα-/- mice, mRNA and
protein for the Ostα subunit were undetectable (Figure 3A). For the Ostβ subunit, the
mRNA expression was significantly elevated in the neonatal Ostα-/- mice, but levels of
Ostβ protein were significantly reduced in the absence of its partner protein Ostα, as
previously reported.7, 8, 26 In WT mice, ileal Asbt mRNA and protein are almost
undetectable at postnatal days 5 and 10, and dramatically increased between postnatal
days 15 and 20. By contrast in Ostα-/- mice, Asbt is expressed prematurely, with ileal
mRNA levels that are elevated between 10 and 30-fold in day 5 and 10 male and female
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mice as compared to WT mice (Figure 3C; Supplemental Figure 4C). This is associated
with increased Asbt protein expression. After day 15, ileal Asbt mRNA and protein levels
were reduced in Ostα-/- mice as compared to WT mice, in agreement with previous
findings that ileal Asbt expression is reduced in adult (greater than 8-weeks of age) Ostα/-

mice.9 An increase in Asbt expression in the absence of Ostα-Ostβ-mediated

basolateral bile acid export is predicted to increase the intracellular burden of bile acids
in ileal enterocytes and increase expression of target genes for the bile acid-activated
nuclear receptor FXR. Consistent with an increased intracellular bile acid load,
expression of the FXR target genes Ostβ, (Figure 3B), Ibabp (Fabp6) (Figure 3D), Shp
(Nr0b2) (Figure 3E), and the sodium-sulfate co-transporter (Slc13a1) (Figure 3F) were
significantly induced in Ostα-/- as compared to WT mice at postnatal days 5 to 15. This
was particularly evident for the cytosolic bile acid binding protein Ibabp, whose mRNA
and protein levels were induced more than 100-fold at postnatal days 5 and 10. By
immunofluorescence, Ibabp was readily detected in ileal enterocytes of Ostα-/- but not
WT mice at postnatal days 10 and 15 (Figure 3G). In agreement with the increased
expression of FXR target genes, the bile acid content was increased in whole ileum of
10-day old Ostα-/- versus WT mice (Supplemental Figure 5).

Molecular mechanisms
Cellular accumulation of bile acids is associated with injury in a variety of diseases. The
cytotoxic effects of bile acids have been attributed to several molecular mechanisms,
including detergent-associated membrane damage, disruption of mitochondrial
membrane potential, enhanced generation of reactive oxygen species (ROS), direct
activation of cell death receptors such as CD95/Fas and TRAIL-R2, and induction of an
inflammatory response.13, 27, 28 In order to determine if similar mechanisms may be
engaged in Ostα-/- mice, microarray analysis of ileal gene expression was performed for
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adult male WT and Ostα-/- mice. As shown in Figure 4A and Supplemental Figure 6, this
analysis identified 70 genes that were increased and 238 genes that were decreased
more than 2-fold. Ontogeny analysis performed for differentially-expressed genes
revealed that inactivation of Ostα induced gene expression in a variety of pathways
related to oxidation-reduction, cell proliferation, and glutathione metabolism. In
particular, there was increased expression of ROS-related genes, with Nrf2/anti-oxidant
response element (ARE) target genes among the most highly induced genes. The Nrf2
system responds to oxidative stress and is a major regulator of the cytoprotective
response to environmental insults.29 In order to determine if there are similar changes in
the neonatal mice, expression of the Nrf2 target genes Gsta1, Gstm1, Gstm3, Gsta4,
and Nqo1 was measured in male and female mice. Consistent with the microarray
analysis, expression of these genes was significantly induced in Ostα-/- mice versus WT
mice as early as day 5. Since the ROS-generating enzyme NADPH oxidase 1 (Nox1)
has been reported to be expressed in the ileal epithelium and is potentially involved in
the redox-signaling associated with epithelial repair,30-32 Nox1 mRNA expression was
also measured and shown to be significantly elevated in neonatal Ostα-/- mice (Figure
4C).

Inactivation of the Asbt prevents ileal morphological changes in Ostα-/- mice
The results suggest that loss of the basolateral bile acid transporter Ostα-Ostβ leads to
ileal accumulation of cytotoxic levels of bile acids early in life, which induces a ROSrelated injury and restitution response. In order to directly test this hypothesis, the Asbt
null allele was crossed into Ostα-/- mice. In contrast to Ostα-Ostβ, the Asbt has a narrow
substrate specificity for bile acids and is not known to transport any other endogenous
small molecules.36 As such, if ileal active bile acid uptake is required for the intestinal
restitution phenotype, inhibition or inactivation of the Asbt should be protective.
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The Ostα-/-Asbt-/- mice are viable and fertile; crosses between heterozygous mice
produced the predicted Mendelian distribution of WT and mutant genotypes. The adult
Ostα-/-, Asbt-/-, and Ostα-/-Asbt-/- mice were indistinguishable from WT mice in terms of
survival and gross appearance. In order to confirm that inactivation of the Asbt was
sufficient to block ileal bile acid uptake, fecal bile acid excretion and expression of
hepatic and intestinal genes involved in bile acid metabolism was measured. As shown
in Supplemental Figure 7, fecal bile acid excretion was similar in WT and Ostα-/- mice.
Inactivation of the Asbt in Ostα-/- mice increased fecal bile acid excretion almost 6-fold to
levels similar to those in Asbt-/- mice. This bile acid malabsorption was associated with
increases of 4-fold and 3-fold in hepatic Cyp7a1 and Cyp8b1 expression, respectively. In
ileum, expression of the Asbt was reduced in Ostα-/- mice and undetectable in Asbt-/- and
Asbt-/-Ostα-/- mice. Expression of ileal FGF15 mRNA was dramatically reduced in the
Ostα-/-Asbt-/- and Asbt-/- mice to almost undetectable levels.
Morphologically, the small intestine of adult Ostα-/- mice (2 months of age) is
longer and heavier than wild type mice. Inactivation of the Asbt in Ostα-/- mice largely
restores the small intestine weight to the WT levels. Since Ostα-Ostβ exhibits a gradient
of expression along the cephalocaudal axis of the small intestine with highest levels in
ileum, the segmental intestinal mass was examined. Significant changes were evident in
the distal small intestine, where the intestinal weight per unit length was significantly
increased in male Ostα-/- mice but indistinguishable from WT in the Ostα-/-Asbt-/- mice.
Histologically, the ileum of postnatal day 10 and adult Ostα-/-Asbt-/- mice was almost
indistinguishable from WT mice demonstrating only mild epithelial reactive changes
(Figure 5A). The mRNA expression of Nrf2 target genes Gsta1, Gsta3, Gsta4, Gstmu1,
and Gstmu3 were all induced from 3 to 8-fold in adult male Ostα-/- mice, and the
expression of these genes were reduced to WT levels in the Ostα-/-Asbt-/- mice (Figure
5B).
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Discussion
Our study establishes that Ostα-Ostβ mediated bile acid export is required to
protect the terminal ileum from bile acid induced injury. We propose that inactivation of
Ostα-Ostβ results in bile acid accumulation and injury and early morphological changes
at postnatal day 5 due to increased expression of Asbt and impaired ileal bile acid
export. Similar to our model, in cholestasis, hepatic Ostα-Ostβ has a role in the
protecting against of bile acid accumulation in hepatocytes37-39. In the Ostα-/- mouse,
enterocyte bile acid stasis continues throughout development and includes villous
blunting, crypt hyperplasia, increased apoptosis and proliferation, as well as an increase
in the number of goblet cells. Coinciding with these changes is increased expression of
NOX1 and Nrf2/anti-oxidant response element target genes, suggesting a role for ROS
and redox signaling in the intestinal phenotype of the Ostα-/- mice.
Developmentally in WT mice, ileal Asbt expression and active bile acid uptake
does not appear until after postnatal day 1525. However, in Ostα-/- mice, we see an early
induction of Asbt expression. The mechanisms responsible for the temporal changes in
ileal Asbt are unclear. Our results suggest that FXR is activated early in postnatal
development in Ostα-/- mice. However, it has been reported that Asbt is negatively
regulated by FXR40, 41, and inactivation of FXR in Ostα-/- mice does not affect the ileal
morphological changes. Other factors that can regulate Asbt expression include
GATA421, TTP and HuR42, 43, CDX1 and 244, HNF1α45, LRH-146, PPARα47, VDR48 and
glucocorticoid receptor (GR)49. GATA4 is a negative regulator of the ASBT, however
there was no obvious inverse temporal correlation between ileal expression of GATA4
and ASBT in the Ostα-/- mice (data not shown). Other important regulators of ASBT
expression are the RNA binding proteins TTP and HuR, however changes in the mRNA
expression for those factors do not appear to account for the early increase in ASBT
expression (data not shown). CDX1 and CDX2 are important transcriptional regulators of
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many intestinal genes, including the Asbt. We see that early in development from days 5
to 20, CDX1 mRNA expression is increased in Osta-/- mice (data not shown), but then
decreases at day 30. However, changes in CDX2 expression did not correlate with the
early induction of Asbt expression. We speculate that changes in CDX1 and
compensatory mechanisms are regulating Asbt in Ostα-/- mice, however due to the
complexities of the phenotype and an assortment of regulators, one mechanism does
not appear to be the sole contributor.
Mechanisms of alterations in EHC, bile acid cytotoxicity, and stasis are well
documented in gastrointestinal and hepatic disease, including cholestasis. In models of
necrotizing entercolitis (NEC), the ileal damage observed correlates with an upregulation
of Asbt in response to increased lumunal bile acids52, 53. Elevated levels of toxic bile
acids such as deoxycholate can also induce apoptosis in tissues including colon through
mechanisms involving PKCd54 and PLA255. Essentially, these hydrophobic bile acids
induce morphological changes and apoptosis through a number of molecular pathways
including altering mitochondrial membrane permeability transition (MPT) 27, 55, 56 and
generating oxidative stress57, activating NOX55, 58, 59, and signaling through EGFR and
CD95/Fas 14, 60. Because we see changes in PLA2 (upregulated) and PKCd
(downregulated) in the microarray data of adult Ostα-/- mice, we hypothesize that
cytotoxic intracellular bile acids may also be regulating PLA2 and PKCd to affect to
apoptosis, NOX activation, and ROS production.
Plasma membrane enzymes such as PLA/PLC, PKC, and NOX are not only
activated by bile acids but also by ROS generated through mitochondrial oxidative
stress61, 62. Although deoxycholate-induced damage is attenuated in mice without NOX59,
ROS generation by toxic bile acids can also lead to Nrf2 activation64. Antioxidant
mechanisms of Nrf2 signaling include detoxification and scavenging by regulating
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glutathione synthesis and utilization, thioredoxin production and utilization, and quinone
detoxification65. Low to moderate levels of ROS maintain tissue homeostasis and
promote cell proliferation and survival65. However, higher levels lead to cell damage and
death55, 58, 59, 65 provoking responses to limit or prevent ROS through increased Nrf2
signaling. Similar to the deoxycholate model mentioned above, in Ostα-/- mice, we see
significant upregulation of gene expression for glutathione-s-transferase (GST) enzymes
to combat increased oxidative stress. We also see that survival curves for Drosophila
deficient in Cnc (Nrf2 equivalent) are diminished post-CDCA feedings suggesting higher
probability of death due to bile acid-induced oxidative stress (data not shown). Mice
deficient in glutathione peroxidase 1/2 develop ileocolitis due to NOX1 induction30 66. In
our study, we did not see changes in the ratio of oxidized to reduced glutathione in
whole ileum from day 10 Ostα -/- mice versus WT mice or from isolated ileal enterocytes
from adult Ostα-/-, Asbt-/-, and Ostα-/-Asbt-/- mice versus WT mice. However, we do see
an increase in ratio of oxidized to reduced cysteine in Ostα-/- mice. Under incidences of
chronic oxidative stress, ROS levels may stabilize67. There is evidence that similar a
similar homeostatic balance occurs with GSH levels67-69 which could explain the stable
GSSH:GSH ratio in ileum of Ostα-/- mice. Collectively, the studies suggest a complex
protective role for antioxidant mechanisms and Nrf2 in small intestine of Ostα-/- mice24, 73.
The idea that Nrf2 is unique to redox responses is not entirely accurate. Nrf2 deletion
leads to cholestasis and is required for bile acid homeostasis74. In addition to this, Nrf2
also can regulate ROS production by mitochondria and NOX75. Again, this presents a
more complicated scenario where bile acids could signal through a variety of pathways
in Ostα-/- mice (PLA2, NOX1, and Nrf2) to elicit oxidative stress, apoptosis,
morphogenesis, and ileal epithelial damage.
Although we focused on oxidative stress contributing to a more damaging
phenotype, ROS has also been shown to have a physiologic role in stimulating cell
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proliferation and promoting tissue restitution76. In particular, there is compelling evidence
that NOX1 generated ROS in gut the epithelium stimulates enterocyte or colonocyte
proliferations and is required for restitution and wound repair after mechanical injury or
chemical-induced colitis34, 77 78, 79.
More recently, bile acids have been linked to altered Notch signaling in the
pathogenesis of diseases such as Barret’s esophagus (BE)80. In BE, bile acids can
induce Notch ligand (Delta-like 1) expression in the esophagus and may play a role in
the metaplasia where the normal stratified squamous epithelium is replace by columnar
epithelium and goblet cells81, 82. However, Notch1 expression is significantly reduced in
adult Ostα-/- mice and restored back to WT mouse levels in adult Ostα-/-Asbt-/- mice. As
such, changes in Notch1 expression does not correlate with the intestinal morphological
changes. Delta like ligands 1 and 3 are also reduced in Ostα-/-, Asbt-/-, and Ostα-/-Asbt-/mice. Taken together, these does not appear to be a direct role of altered Notch
signaling in our model, however this question will require further investigation.
The primary focus of our study of the Ostα-/- phenotype is on the effects of bile
acid damage and signaling on ileal enterocytes. However, we recognize that other cell
types may be involved. In NEC, transport of bile acids decreases levels of mucin 2 in the
ileum83. Mucin 2 is prominent component of the protective mucous layer and is secreted
by goblet cells. And bile acids have also been implemented in initiating the development
of goblet cells through Notch and TLR4 in NEC84. PAS staining of day 10 and adult Ostα/-

ileum appears to show an increase in the number of goblet cells present in the blunted

villous-like structures. This increase is reversed in the Ostα-/-Asbt-/- ileum. Due to the
network of cell types (enterocyte, goblet, paneth, stem cells etc.) in the intestine85, the
Ostα-/- phenotype is presumably a mosaic of the effects of alterations of the EHC and bile
acid homeostasis on the intestinal ileum, not exclusive to enterocytes.
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Options for treatment, protection, or prevention for Ostα-/- include antioxidant
supplements (based on our study findings demonstrating the antioxidant response as a
form of protection), altering the bile acid pool composition, and inhibiting bile acid
transport into the ileum. One of the more plausible forms of treatment would be
administering N-acetyl cysteine (NAC) to Ostα-/- dams or pups to prevent oxidative
damage86-90. Alternative approaches include altering EHC and exerting anticholestatic
methods maternally during pregnancy or early in Ostα-/- development. In intrahepatic
cholestasis of pregnancy (ICP), maternal and fetal bile acid levels are elevated and
associated with an increased incidence of fetal complications91. The ratio of CA to
CDCA, levels of CA, or levels of LCA have all been proposed as biomarkers for ICP92.
Administration of UDCA has proven to be an effective therapy93, 94 due to several
mechanisms. UDCA reduces bile acid accumulation by acting through hepatocytes and
cholangiocytes to stimulate bile secretion. The mechanisms include both transcriptional
and post-transcriptional regulation of export pumps and transporters93, 95, decreasing bile
acid cytotoxicity by increasing bile pool hydrophilicity93, 95, and preventing bile acidinduced apoptosis95. In vivo studies in wild type and Nrf2-/- mice treated with UDCA
shows significant increases in Nrf2 protein as well as heptatocellular transporters Mrp2,
Mrp3, and Mrp496 suggesting a protective role for UDCA in detoxification and
antioxidative stress. Additionally, FXR agonists also have a protective role in bile acidinduced damage and oxidative stress in ICP by decreasing bile acid levels, attenuating
apoptosis, and increasing expression of anti-apoptotic enzymes97. Lastly, our data
shows that inactivation of Asbt in Ostα-/- leads to a phenotypic protection in Ostα-/-Asbt-/mice. Considering Asbt’s presumed role in bile acid-induced damage and phenotype in
Ostα-/-, inhibition of Asbt through pharmacological methods would also be a beneficial
and effective treatment. Mdr2-/- mice (model for cholestatic liver) treated with an Asbt
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inhibitor show improvements in disease due to decreased levels of bile acid transport
(Ostα, Ostβ, Mrp2, Mrp3), reduced bile acid load, and altered bile acid composition98, 99.
In conclusion, we have provided data suggesting that blocking basolateral
membrane bile acid export leads to ileal enterocyte bile acid accumulation and cell injury
in Ostα-/- mice. Inactivation of Ostα-Ostβ resulted in increased expression of FXR target
genes as well as villous blunting, cell apoptosis, and oxidative stress in early postnatal
development. There is also an early robust induction of Nrf2 anti-oxidant and
cytoprotective target genes, which may be involved the subsequent healing and
restitution response.
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Figure 1 – Ontogeny of intestinal changes in Ostα-/- mice

Small intestine (A) length, (B) weight, and (C) ileal weight/length were measured in wildtype and Ostα-/- male and female mice (2-4 litters, n³7) at postnatal days 5, 10, 15, 20, &
30. (D) Micrographs of hematoxylin and eosin stained sections of ileum from male and
female mice at postnatal days 5, 10, 15, 20, & 30. Images were acquired using Zeiss
Axioplan 2, AxioVision 4.8 at magnification of 20X with 100µm (black) scale bar.
Significant differences are indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, ****
p£0.0001.
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Figure 2 – Ileal proliferation and apoptosis in Ostα-/- mice

Detection of (A) p-Histone H3 proliferative positive and (B) TUNEL apoptotic positive
cells was done by immunofluorescence in ileum from male wild-type and Ostα-/- mice
(n=3) at postnatal days 5, 10, 15, 20, & 30. Images were acquired using Olympus
FV1000, Olympus Fluoview V4.2 at magnification of 20X with 100µm (white) scale bar.
Quantification of proliferation and apoptosis was done by averaging the number of
positive cells per high powered 20X field (6-10 images measured). Significant
differences are indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Figure 3 – Ontogeny of enterohepatic circulation and intestinal bile acid transport
in Ostα-/- mice (Males)

Ileal (A) Ostα, (B) Ostβ, (C) Asbt, (D) Ibabp, (E) SHP and (F) Slc13α1 mRNA expression
at postnatal days 5, 10, 15, 20, & 30 in wild-type and Ostα-/- male mice. mRNA and
protein expression as well as (F) SHP and (G) Slc13α1 mRNA expression at postnatal
days 5, 10, 15, 20, & 30 in wild-type and Ostα-/- male mice. mRNA expression (n=3-4)
was determined by normalizing calculated real time PCR values (triplicate) to cyclophilin.
Protein expression (n=3-4) was determined by immunoblotting pooled ileal extracts. As
an immunoblotting control, protein expression was also determined for GAPDH. (G)
Detection of Ibabp was done by immunofluorescence in ileum from wild-type and Ostα-/male mice at postnatal days 10, 15, and 30. Significant differences are indicated as
follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Figure 4 – Ileal oxidative stress and Nrf2 target expression in Ostα-/- mice

Ileal (A) heat map of oxidative stress and antioxidant gene transcripts from microarray
analysis in adult wild-type and Ostα-/- male mice. Microarray data (n=4) was sorted and
prepared in the R to generate the heat map. Ileal (B) Nox1, (C) Gstα1, Gstα4, and Nqo1
mRNA expression in wild-type and Ostα-/- male and female at postnatal days 5, 10, 15,
20, & 30. mRNA expression (n=3-4) was determined by normalizing calculated real time
PCR values (triplicate or quadruplicate) to cyclophilin. Significant differences are
indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Figure 5 – Ostα-Asbt-/- mice are protected from bile acid induced oxidative stress
and injury

(A) Micrographs of hematoxylin and eosin stained sections of ileum from wild-type, Asbt/-

, Ostα-/-, and Ostα-Asbt-/- male and female mice at postnatal day 10 and adult (2-3

months). Images were acquired using Olympus FV1000, Olympus Fluoview V4.2 at
magnification of 20X with 100µm (white) scale bar. (B) Pathologist description of
hematoxylin and eosin stained section of the small bowel mucosa or ileum in adult wildtype, Asbt-/-, Ostα-/-, and Ostα-Asbt-/- males. Detection of (C) p-Histone H3 proliferative
positive and (D) TUNEL apoptotic positive cells was done by immunofluorescence in
ileum from adult wild-type, Asbt-/-, Ostα-/-, and Ostα-Asbt-/-male mice (n=5).
Quantification of proliferation and apoptosis was done by averaging the number of
positive cells per high powered 20X field (6-10 images measured). Ileal (E) Nrf2, Gstα1,
Gstα3, Gstα4, Gstmu1, and Gstmu3 mRNA expression in adult male mice for the
indicated genotypes. mRNA expression (n=5) was determined by calculating real time
PCR values (triplicate) and are expressed relative to wild type. Different lowercase
letters indicate significant differences (p£0.05).
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Supplemental Figure 1 – Ontogeny of morphometric changes in Ostα-/- mice

Phenotypic and morphometric changes (A) body weight, (B) small intestine length
normalized to body weight, (C) intestinal weight normalized as percentage body weight,
and (D) small intestine weight normalized to length were measured in male and female
mice (2-4 litters, n³7) at postnatal days 5, 10, 15, 20, & 30. Significant differences are
indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Supplemental Figure 2 – Ontogeny of proximal intestinal (duodenal and jejunal)
changes in Ostα-/- mice

Micrographs of hematoxylin and eosin stained section of (A) duodenum and (B) jejunum
in wild-type and Ostα-/- male and female mice at postnatal days 5, 10, 15, 20, & 30. (C)
Duodenal and (D) jejunal mean villus height were measured in wild-type and Ostα-/- male
and female mice (n=3) at postnatal days 5, 10, 15, 20, & 30. Images were acquired
using Zeiss Axioplan 2, AxioVision 4.8 at magnification of 20X with 100µm (black) scale
bar. Quantification of villus height was done in Image J by averaging the villus height per
high powered 20X field (20+ villi measured). Significant differences are indicated as
follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Supplemental Figure 2
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Supplemental Figure 2
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Supplemental Figure 3 – Ileal inflammation in Ostα-/- mice

Ileal (A) TNFα and (B) Il1β mRNA expression for the indicated time points, genders, and
genotypes. mRNA expression (n=3-4) was determined by normalizing calculated real
time PCR values (triplicate or quadruplicate) to cyclophilin. Significant differences are
indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Supplemental Figure 4 – Ontogeny of enterohepatic circulation and intestinal bile
acid transport in Ostα-/- mice (Females)

Ileal (A) Ostα, (B) Ostβ, (C) Asbt, and (D) Ibabp mRNA and protein expression as well
as (E) SHP and (F) Slc13a1 mRNA expression for the indicated time points and
genotypes in female mice. mRNA expression (n=3-4) was determined by normalizing
calculated real time PCR values (triplicate or quadruplicate) to cyclophilin. Protein
expression (n=3-4) was determined by immunoblotting pooled ileal extracts. As an
immunoblotting control, protein expression was also determined for GAPDH. Significant
differences are indicated as follows: * p£0.05, ** p£0.001, *** p£0.001, **** p£0.0001.
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Supplemental Figure 4
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Supplemental Figure 5 – Bile acid uptake and accumulation in Ostα-/- mice

Measurement of ileal tissue associated bile acids in male and female mice (n=8-9)
postnatal day 10 for indicated genotypes. Extracts were analyzed by the enzymatic plate
assay. Significant differences are indicated as follows: * p£0.05, ** p£0.001, *** p£0.001,
**** p£0.0001.
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Supplemental Figure 6 – Ileal oxidative stress in Ostα-/- mice

Measurement of ileal percentage of oxidized cystine (% of CYSS), GSSG-GSH ratio,
and redox potential in wild-type and Ostα-/- female mice (n=8-10) postnatal day 10.
Extracts were analyzed by HPLC.
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Supplemental Figure 7 – Ostα-Asbt-/- mice morphometry (Postnatal Day 10)

Phenotypic and morphometric changes (A) body weight, (B) small intestine weight, (C)
small intestine length, (D) intestinal weight normalized as percentage body weight, (E)
small intestine length normalized to body weight, (F) small intestine weight normalized to
length, (G) ileal weight normalized to length were measured in wild-type, Asbt-/-, Ostα-/-,
and Ostα-/-Asbt-/- male and female mice (n=3) at postnatal day 10. Different lowercase
letters indicate significant differences (p£0.05).
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Supplemental Figure 8 – Ostα-Asbt-/- mice morphometry & bile acid metabolism
(Adults, 2-3 months)

Phenotypic and morphometric changes (A) body weight, (B) small intestine weight, (C)
small intestine length, (D) intestinal weight normalized as percentage body weight, (E)
small intestine length normalized to body weight, (F) small intestine weight normalized to
length, (G) ileal (segment 4 and segment 5) weight normalized to length were measured
in wild-type, Asbt-/-, Ostα-/-, and Ostα-Asbt-/- male and female mice (n=5) at adult (8
weeks). Ileal (H) FGF15, Asbt, Ibabp, Ostβ, and Diet1 mRNA expression in adult male
mice for the indicated genotypes. mRNA expression (n=5) was determined by
calculating real time PCR values (triplicate) and are expressed relative to wild type.
Hepatic (I) mRNA Cyp7a1, Cyp8b1, and SHP mRNA expression was also measured.
Mice were also analyzed for (J) fecal bile acids. Different lowercase letters indicate
significant differences (p£0.05).
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Abstract
The classical functions of bile acids include acting as detergents to facilitate the
digestion and absorption of nutrients in the gut. In addition, bile acids also act as
signaling molecules to regulate glucose homeostasis, lipid metabolism, and energy
expenditure. The signaling potential of bile acids in compartments such as the systemic
circulation is regulated in part by an efficient enterohepatic circulation that functions to
conserve and channel the pool of bile acids within the intestinal and hepatobiliary
compartments. Changes in hepatobiliary and intestinal bile acid transport can alter the
composition, size, and distribution of the bile acid pool. These alterations in turn can
have significant effects on bile acid signaling and their downstream metabolic targets.
This review discusses recent advances in our understanding of the inter-relationship
between the enterohepatic cycling of bile acids and the metabolic consequences of
signaling via bile acid-activated receptors such as farnesoid x nuclear receptor (FXR)
and the G-Protein-coupled bile acid receptor (TGR5).

KEY WORDS
Bile acids; Liver; Intestine; Transporters; Lipid metabolism; Energy homeostasis

Abbreviations: ACCII, acetyl-CoA carboxylase 2; ASBT, apical sodium-dependent bile
acid transporter; BSEP, bile salt export pump; DIO2, deiodinase 2; FAS, fatty acid
synthase; FGF, fibroblast growth factor; FGFR4, fibroblast growth factor receptor 4;
FXR, farnesoid x-receptor; G6Pase, glucose-6-phosphatase; GLP-1, glucagon-like
polypeptide-1; HNF4α, hepatocyte nuclear factor 4 alpha; IBABP, ileal bile acid binding
protein; LDL, low density lipoprotein; NTCP, Na+-taurocholate transporting polypeptide;
OATP, organic anion transporting polypeptide; OST, organic solute transporter; PEPCK,
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phosphoenolpyruvate carboxykinase; PGC1α, peroxisome proliferator-activated receptor
gamma coactivator 1 alpha; PPAR, peroxisome proliferator-activated receptor; SHP,
small heterodimer partner; SREBP1c, sterol regulatory element binding protein-1c; T4,
thyroid hormone thyroxine; TGR5, G-Protein-coupled bile acid receptor; VLDL, very low
density lipoprotein
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Introduction
Research over the past 80 years has yielded considerable insight into the role of bile
acids in intestinal fat absorption, hepatic bile formation, and cholesterol homeostasis1.
However more recently, it has become apparent that bile acids also serve as signaling
molecules with metabolic effects that extend beyond their control of hepatobiliary and
intestinal function1-3. This has generated considerable renewed interest in bile acids and
their metabolism. Bile acids are steroid acids synthesized from cholesterol in the liver4.
Following their synthesis, bile acids are secreted along with other biliary constituents into
the small intestine. After functioning in the proximal intestine to promote nutrient
digestion and absorption, bile acids travel down the length of the small intestine to the
terminal ileum for absorption. The bile acids are then carried in the portal circulation
back to the liver for uptake and resecretion into bile. The process of intestinal absorption
is very efficient and about 95% of the bile acids secreted into the small intestine are
reclaimed. Those bile acids that escape absorption pass into the colon and can be
eliminated in the feces. Specialized membrane transporters expressed on the apical and
basolateral membranes of the hepatocyte and ileal enterocyte largely mediate the
movement of charged plasma membrane-impermeant bile acids molecules across those
cell barriers5. For hepatocytes, the major transporters are the Na+-taurocholate
cotransporting polypeptide (NTCP; SLC10A1) and members of the Organic Anion
Transporting Polypeptide (OATP) family (OATP1B1 and OATP1B3 in humans) on the
sinusoidal membrane and the bile salt export pump (BSEP; ABCB11) on the canalicular
membrane. For the ileal enterocyte, the major transporters are the apical sodium
dependent bile acid transporter (ASBT; SLC10A2) on the brush border membrane and
the heteromeric organic solute transporter alpha-beta (OSTα-OSTβ; SLC51A, SLC51B)
on the basolateral membrane6,7. In this paradigm, the ASBT and OSTα-OSTβ function
as major gatekeepers for the intestinal compartment of the enterohepatic circulation of
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bile acids. However, in addition to being important for determining the fate of bile acids,
i.e. their absorption versus their excretion in the feces, bile acid uptake by the ileal
enterocyte is important for gut-liver signaling and regulation of bile acid synthesis. During
transit through the ileal enterocyte, bile acids activate the nuclear receptor farnesoid x
nuclear receptor (FXR), and increase transcription of the polypeptide hormone, fibroblast
growth factor-19 (mouse ortholog, FGF15). FGF15/19 is then released from the intestine
and travels to the liver where it signals through its cell surface receptor, a complex of the
fibroblast growth factor receptor-4 (FGFR4) and its protein co-receptor β-klotho, to
repress transcription of the microsomal cytochrome P450 gene CYP7A1 and inhibit
hepatic bile acid synthesis8. Although a major function of the FXR-FGF15/19 pathway is
to control hepatic bile acid synthesis and prevent bile acid accumulation, there is also
evidence that this pathway can impact lipid, carbohydrate, and energy metabolism9-11.
Bile acids are being viewed increasingly as metabolic regulators, and this has opened
the door to targeting bile acid-related pathways as potential therapies for nonalcoholic
fatty liver disease and other metabolic disorders2,12,13. This review focuses on the
crosstalk between the enterohepatic cycling of bile acids and the metabolic
consequences of signaling via bile acid-activated receptors such as FXR and TGR5 (the
G-Protein-coupled bile acid receptor).

2. Bile acid signaling pathways and metabolic regulation
2.1. Effects of hepatic FXR on metabolism
FXR was established as the primary bile acid nuclear receptor in 199914,15. Although
expressed in a variety of tissues such as white adipose, kidney, and adrenal, FXR is
expressed at highest levels in the liver and intestine and is best known for its role in
maintaining bile acid homeostasis. This is accomplished in part by regulating the
expression of bile acid transporters such as BSEP, OSTα-OSTβ, and NTCP, and the
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expression of transcription factors such as small heterodimer partner (SHP), which is
involved in the repression of CYP7A1. However, FXR also regulates the metabolism of
other lipids, either directly or indirectly via its effects on bile acid metabolism. For
example, FXR-mediated repression of hepatic bile acid synthesis also reduces the
catabolism and elimination of cholesterol as a result of the cholesterol-bile acid
precursor-product relationship4,16. Through such direct or indirect mechanisms, FXR has
been associated with a myriad of effects on lipid metabolism. With regard to triglyceride
metabolism, activation of FXR by the natural agonist cholic acid reduces hepatic
triglyceride levels by decreasing sterol regulatory element binding protein-1c
(SREBP1c)-stimulated lipogenesis in a mechanism involving SHP17. These effects of
FXR on SREBP1c expression and triglyceride synthesis may be mediated in part by the
peroxisome proliferator-activated receptor gamma coactivator 1alpha (PGC1α)18. In
humans, FXR can induce expression of the nuclear receptor peroxisome proliferatoractivated receptor alpha (PPARα), a master regulator of fatty acid metabolism19. In this
way, activation of FXR could lead to increased lipolysis, increased fatty acid oxidation,
and decreased lipogenesis. FXR’s list of actions also encompass effects on lipoprotein
metabolism20. For example, studies have shown that FXR can affect plasma lipid
transport by decreasing expression of the apolipoproteins (apo) as apo AI and apo CII,
and increasing apo CIII; FXR also induces expression of the very low density lipoprotein
(VLDL) receptor to contribute to lipoprotein clearance21-25.
In addition to its role in lipid metabolism, FXR may regulate glucose metabolism26,27.
FXR induction of SHP expression can decrease expression of hepatocyte nuclear factor4alpha (HNF4α) targets such as the gluconeogenic genes glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK)28. This may be
accomplished in part by FXR modulation of hepatic PGC1α to repress expression of
these gluconeogenic genes29. Activation of FXR also stimulates expression of pyruvate
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dehydrogenase kinase, which may further suppress glycolysis and enhanced fatty acid
oxidation30. Finally, activation of Akt and effects on insulin secretion and signaling by
FXR suggests that multiple pathways may be mediating its effects on glucose
metabolism31.

2.2. Effects of intestinal FXR on metabolism
FXR activation in the intestine, specifically the ileum, has a major role in bile acid
homeostasis. FXR regulates expression of the ileal bile acid transporters, ASBT, OSTαOSTβ and the cytosolic ileal bile acid binding protein IBABP (FABP6)5. However, in
addition to controlling bile acid flux and systemic exposure to bile acids, intestinally
expressed FXR may affect metabolism via regulation of FGF15/19 production. Evidence
indicates that the actions of FGF15/19 extend beyond its effects on bile acid metabolism,
and include regulation of lipid and glucose metabolism11. For example, transgenic
overexpression of FGF19 or treatment with recombinant FGF19 reduces adiposity and
increases metabolic rate and levels of the satiety hormone leptin32. FGF19 has been
shown to inhibit hepatic fatty acid synthesis by decreasing the expression of SREBP1c
through indirect mechanisms33. It is also important to note that FGF19 can signal
through FGF receptors in addition to FGFR4, and may act through these receptors in the
central nervous system to alter lipid and glucose homeostasis34-36. Since many of these
studies rely on use of exogenous recombinant FGF19, the question of whether these
effects are physiological or pharmacological has been raised9. However, there is very
strong genetic evidence from mouse models supporting endogenous FGF15’s ability to
elicit similar metabolic effects37,38. These studies suggest that FGF15 acts in parallel with
insulin to maintain normal glycogen levels by using an alternate Ras-ERK-p90RSK
pathway37. In addition, FGF15/19 negatively regulates PGC1α and suppresses hepatic
gluconeogenesis38. It has also been suggested that FGF15 may affect expression of
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FOXO1, a regulator of gluconeogenesis39. Interestingly, FGFR4 deficiency or
administration of FGFR4 antisense oligonucleotides improves hyperlipidemia, adiposity,
and insulin resistance characteristic of fatty liver and diet-induced obesity, further
supporting the hypothesis that FGF receptors in addition to FGFR4 are involved in the
metabolic effects of FGF15/1940,41.
2.3. Effects of TGR5 on metabolism
TGR5 was identified as a bile acid-activated G-protein couple receptor in 200342. With
the growing appreciation of bile acids as signaling molecules, considerable study is
being directed towards understanding the physiological functions of TGR543. For
example, bile acid activation of TGR5 can regulate gallbladder filling, intestinal motility,
and may have a role in bile acid-induced itch and the analgesia associated with
cholestatic liver disease44-46. There are also metabolic effects associated with TGR5
signaling in brown adipose, muscle, and macrophages10. As with FXR, there is
increasing interest in TGR5 as a potential therapeutic target for a variety of metabolic
diseases12,13,47. For example, administration of the TGR5-selective synthetic agonist
(INT-777) to mice attenuated diet-induced obesity and improved glucose tolerance48.
The metabolic benefits may be due in part to increased metabolic rate and energy
expenditure, secondary to TGR5-mediated increases in expression of deiodinase 2
(DIO2) and increased production of thyroid hormone (thyroxine, T4)49,50. These
metabolic effects may also be mediated through bile acid activation of TGR5 on
enteroendocrine L-cell in the distal small intestine and colon treatment. In that
mechanism, TGR5 signals to increase the production and release of glucagon-like
polypeptide-1 (GLP-1), the incretin hormone that promotes insulin sensitivity, and
thereby improves glucose disposition51,52. Therapies targeting GLP-1 are currently used
to treat diabetes and strategies that augment GLP-1 production, half-life, or activity may
have benefit in other disorders such as hepatic steatosis and cardiac hypertrophy53.
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Finally it should be noted that bile acids signal through other receptors and pathways in
addition to FXR and TGR5, and additional research is needed to understand their
contribution to the metabolic effects of bile acids2,3,43,54.

3. Metabolic effects associated with altered intestinal absorption of bile acids
3.1. Bile acid sequestrants and bile acid transporter inhibitors
Emerging research examining the effects bile acid sequestrants (bile acid binding resins)
suggests a metabolic benefit associated with blocking intestinal absorption of bile acid
beyond its well-characterized plasma cholesterol-lowering actions55. Bile acid
sequestrants were originally used to treat hypercholesterolemia and bile acid
malabsorption in the 1960’s55,56. Disruption of the enterohepatic circulation of bile acids
by blocking their intestinal absorption stimulates hepatic de novo bile acid synthesis from
cholesterol. The hepatic demand for cholesterol is met by increasing hepatic cholesterol
synthesis and plasma clearance of lipoproteins such as low density lipoprotein (LDL)57.
Although not widely used to treat hypercholesterolemia after introduction of the HMG
CoA reductase inhibitors (statins), bile acid sequestrants operating through this
mechanism had shown benefit with regard to lowering plasma cholesterol levels and
reducing cardiovascular disease in studies such as the Lipid Research Clinics Coronary
Primary Prevention Trial58. However, in addition to their plasma cholesterol lowering
properties, there is evidence that bile acid sequestrants can improve glycemic control
and the underlying mechanisms of action are being explored55,59,60,61. Various
mechanisms have been thus far been implicated. Decreasing bile acid enterohepatic
cycling will reduce the pool of bile acids available for micellar solubilization of lipids in the
intestinal lumen, and is predicted to reduce lipid absorption in the proximal small
intestine. Indeed, treatment with a bile acid sequestrant has been shown to increase the
incorporation of sterols and fatty acids into bile and feces and alter lipid metabolism
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through excretion62. In addition, by blocking the apical uptake of bile acid into the ileal
enterocyte, bile acid sequestrants block activation of the FXR-FGF15/19 pathway. This
will increase hepatic CYP7A1 expression and bile acid synthesis, altering the
composition of the bile acid pool. In mouse models treated with a bile acid sequestrant, it
has been proposed that the increased synthesis of bile acids via the CYP7A1 pathway
increases entry of natural TGR5 agonists (such as cholic acid and cholic acid
derivatives) into the systemic circulation. This leads to increased energy expenditure in
muscle and brown adipose tissue50. Blocking intestinal absorption also increases the flux
of bile acids into the colon and can increase the TGR5-mediate release of GLP-1, which
would act to promote insulin sensitivity51,52. Not surprising, administration of a small
molecule inhibitor of the ASBT has effects similar to those described for bile acid
sequestrants. For example, ASBT inhibitors also reduced LDL cholesterol levels in
various animal models63-65. Triglyceride and glucose metabolism has also been studied
in animal models treated with ASBT inhibitors66,67.

3.2. Knockout models of defective intestinal bile acid absorption
Although loss of either the ASBT and OSTα-OSTβ transporters impairs intestinal bile
acid absorption, characterization of the ASBT and OSTα-OSTβ null mice are beginning
to reveal important phenotypic differences in bile acid homeostasis that could affect lipid
and glucose metabolism68,69. For the parameters examined to date, the ASBT null mice
display a similar metabolic phenotype to that described for treatment with bile acid
sequestrants or ASBT inhibitors66. Inactivation of the ASBT increases hepatic CYP7A1
and also reduces SREBP1c, improving triglyceride metabolism. With induction of hepatic
bile acid synthesis and an enhanced flux of bile acids into the colon, there is also the
potential for increased activation of TGR550,67. The phenotype of the OSTα null model is
more complicated. Bile acids are internalized by the ileocyte, but due to OSTα deletion
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bile acid is trapped inside the cell. This leads to activation of the FXR-FGF15/19
pathway and subsequent repression of CYP7A1 expression and a decrease in bile acid
synthesis7,68,70. Similar to the ASBT null model, there is a predicted decrease in intestinal
lipid absorption due to a reduction in the bile acid pool size. However, the potential for
TGR5 activation is predicted to be less in the OSTα null mice. Candidate mechanisms
and predicted metabolic consequences of blocking ileal apical versus basolateral bile
acid transport are summarized in Fig. 2.
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Figure 1 – Bile acid (BA) mediated activation of FXR and TGR5 pathways in the
enterohepatic circulation and systemic tissues. In the hepatocyte, bile acid activation of
FXR increased SHP expression, which can decrease expression SREBP1c and
lipogenesis. Hepatic SHP activation can also lead to decreased expression of glucose-6phosphatase (G6Pase) and PEPCK, and reduced gluconeogenesis. FXR regulation of
lipid metabolism and transport may involve decreasing the expression of fatty acid
synthase (FAS) and apolipoproteins such as ApoAI, and induction of PPARα. FXR also
controls bile acid transport by titrating the expression of NTCP (import) and BSEP
(export) in the hepatocyte, and ASBT, OSTα-OSTβ, and IBABP in ileal enterocytes. FXR
stimulation in the intestine increases the production of FGF15/19, which can have
systemic effects on acetyl-CoA carboxylase 2 (ACCII), SREBP1c, and PPAR expression
in white adipose. TGR5 stimulation in the brown adipose (and skeletal muscle, not
pictured) can stimulate deiodinase (DIO2) expression, which leads to increased energy
expenditure and metabolic rate. TGR5 activation in the colon (not shown) can also
increase release of GLP-1, leading to improved glucose disposition and increased
insulin sensitivity.

136

137

Figure 2 – Predicted regulatory and metabolic effects of blocking ileal apical membrane
(Asbt null) versus ileal basolateral membrane (Ostα null mice) bile acid transport. The
arrows indicate the direction of predicted changes in Asbt null mice or Ostα null mice
relative to wild type mice for the indicated physiological processes or pathways.
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Abstract:
Background & Aims: New approaches are needed to treat obesity and metabolic
disease. To address this unmet need, we studied the molecular basis of bile acid-based
therapies. Bile acids (BA) are essential for intestinal function and are recycled through
an active enterohepatic circulation (EHC). Although bile acid sequestrants (BAS) disrupt
the EHC of bile acids and are approved for diabetic treatment in humans, their molecular
mechanisms of action are not fully understood and it is unclear if BAS therapy protects
against obesity and steatohepatitis. To address these questions, we studied the
development of obesity, insulin-resistance, and steatohepatitis in knockout mouse
models that interrupt BA transport at different steps in the EHC.
Methods: Body weight, glucose disposition, lipid and fatty acid absorption, metabolic
parameters, fecal lipid excretion, and hepatic lipids and steatosis were analyzed in
female wild type (WT), Ostα-/- and Asbt-/- mice fed a high fat diet (HFD) starting at 2 to 4
months of age.
Results: Body weight gain was similar in HFD-fed WT, Asbt-/- and Ostα-/- mice. However,
as compared to HFD-fed WT mice, Asbt-/- and Ostα-/- mice were more glucose tolerant,
with lower plasma glucose levels during GTT. Intestinal lipid absorption is decreased, as
measured using the sucrose polybehenate method. Significant changes in metabolic
parameters were also seen. Overall, Asbt-/- mice appear to consume O2 and produce
CO2 at a lower rate, have a lower RER and energy expenditure, with no changes in heat
production or activity. Ostα-/- mice exhibit higher rates of O2 consumption and CO2
production, higher RER and energy expenditure, and increased heat production and no
change in activity. Hepatic triglyceride and cholesterol (total, free, and esterified) were
significantly decreased in Asbt-/- and Ostα-/- mice. Fecal bile acid excretion was
increased in Asbt-/- but not Ostα-/- mice, whereas fecal neutral sterol excretion was
increased in both.
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Conclusions: Alterations in EHC and bile acid absorption in Asbt-/- and Ostα-/- mice are
associated with improved glucose disposition (more glucose tolerant) and reduced
intestinal absorption of fats (unsaturated and saturated fatty acids). In addition to this,
blocking ileal bile acid absorption leads to reductions in hepatic lipids as well as changes
in metabolic parameters and fecal lipid excretion. Targeting Asbt or Ostα may be
beneficial in the treatment of the metabolic syndrome (diabetes, obesity, nonalcoholic
fatty liver disease).
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Introduction
Although researchers appreciated since the 1920’s that adiposity predisposes to
disease, the term metabolic syndrome (MetS) did not come into common usage until the
1970s. MetS is known as an “umbrella” condition that encompasses multiple risk factors
including central adiposity, insulin resistance (Type 2 Diabetes), dyslipidemia, and
cardiovascular disease1. With increasing public health concern regarding MetS, there is
a need to better understand its etiology as well as develop new forms of effective
treatment. Prognostic factors include adiposity and insulin resistance2. At the forefront of
this research are mouse models of adiposity and dyslipidemia/hyperlipidemia, which
include ob/ob (leptin deficient) mice3, db/db (leptin receptor deficient) mice4, LDLr-/- (LDL
receptor deficient)5 mice, and diet induced adiposity/obesity (DIO) models 6. Increased
caloric dietary intake is a major driver of adiposity in metabolic syndrome, and DIO
models such as that used in our study are among the most widely used research
models.
The enterohepatic circulation (EHC) of bile acids is an important mechanism
allowing for the bile acid reabsorption and reuse for intestinal fat absorption7, 8. After food
consumption, bile acids (the major solute present in bile) empty from the gallbladder into
the proximal small intestine (duodenum), where they are mixed with pancreatic
secretions and chyme from the stomach. In that process, bile acids form mix micelles
with dietary and biliary lipids to increase their solubility and facilitate their digestion and
absorption by the small intestine. Migrating waves of intestinal motility then move bile
acids down the length of the intestine to the distal ileum for reabsorption and recycling to
the liver. Specific hepatic and intestinal transporters are critical for bile acid movement
through these tissues9, 10. The current study focuses on role of the intestinal transporters,
the apical sodium dependent bile acid transporter (Asbt) and the organic solute
transporter alpha beta (Ostαβ). The Asbt mediates bile acid uptake from the intestinal
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lumen across the apical brush border membrane of the ileal enterocyte, whereas Ostαβ
exports bile acids across the enterocyte basolateral membrane into the portal
circulation9. The Asbt-/- and Ostα-/- mouse models display distinct bile acid phenotypes
due to differences in bile acid signaling11, 12. In the Asbt-/- model, the inability to take up
bile acids into the ileal enterocyte prevents activation of the nuclear receptor farnesoid x
nuclear receptor (FXR). FXR regulates many aspects of bile acid homeostasis, including
the hepatic synthesis of bile acids. Activation of FXR in the ileum stimulates production
and secretion of fibroblast growth factor 15 (FGF15). FGF15 then travels in the portal
circulation to the liver and binds to its receptor-coreceptor FGFR4-βKlotho to repress
expression of the rate-limiting enzyme in bile acid synthesis, cholesterol 7 alpha
hydroxylase (CYP7α1)13. Although ileal FXR is not activated in the Asbt-/- model, FXR is
activated in Ostα-/- mice since bile acids are still internalized. This results in constitutive
increases in ileal FGF15 production and repression of hepatic bile acid synthesis14.
Bile acid metabolism has been investigated in these models, but less is known
about the effects of inhibiting ileal apical versus basolateral bile acid transport on
metabolism. Our lab has shown that in atherosclerosis-susceptible models (ApoE-/- and
LDLr-/- mice), Asbt deletion increases hepatic Cyp7α1/decreases ileal FGF15 expression
and lowers plasma VLDL/LDL cholesterol levels to reduce vessel plaque formation15. In
contrast, inactivation of Ostα decreases hepatic Cyp7α1 expression promoting higher
levels of plasma cholesterol and atherogenesis. The following study was designed to
determine if these models are differentially resistant to the negative effects of HFD
consumption such as development of obesity and insulin resistance. There are several
studies that suggest inhibition of the Asbt or Ost will be protective. Bile acid sequestrants
(BAS) and Asbt inhibitor (Asbti) models mimic the bile acid metabolism and signaling of
phenotype of Asbt-/- mice. Administration of a BAS or Asbti to HFD-fed mice or ob/ob
mice increased energy expenditure, reduced body weight gain, improved triglyceride
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metabolism, and increased of fatty acid excretion16, 17. There are few comparable models
to Ostα-/- in the literature. However, in FGFR4 ASO-treated mice, the reduction in hepatic
FGFR4 signaling resulted in increased bile acid synthesis, expansion of the bile acid
pool, and increased ileal FGF15 production and plasma FGF15 levels. This was
associated with increased in energy expenditure and metabolic rate, and decreased
body weight and hepatic triglyceride levels18. Pilot data (not shown) collected prior to this
study suggested that HFD-fed Asbt-/- mice are resistant to body weight gain and glucose
intolerance. Ostα-/- mice are also resistant to age related weight gain and insulin
resistance. Studies in the literature suggest that both the Asbt-/- and the Ostα-/- model will
be resistant to the negative effects of high fat diet consumption19, 20. This raises the
question as to what are the mechanisms engaged by the different ileal bile acid
transporter deficient models that act to counter development of the metabolic syndrome.
The hypothesized mechanisms include reduced lipid absorption, increased intestinal Lcell TGR5 activation/GLP-1 release, increased systemic TGR5 activation, and increased
systemic FGF15 signaling. The findings is this study is predicted to increase our
understanding of the molecular mechanisms involved, and aid in the development of
new therapeutic approaches for the metabolic syndrome.

Materials and Methods
Animals, Treatments, and Tissue Collection
The Institutional Animal Care and Use Committees at the Wake Forest School of
Medicine and Emory University approved these experiments. The Asbt-/- and Ostα-/- mice
were generated as previously described11, 12. The mice were backcrossed onto a
C57Bl/6J background for 8 generations and compared with wild type (WT) littermates on
the same background. Female mice, 2-4 months of age, 6 mice per genotype or group,
were fed a western diet (Harlan Teklad TD.88137), containing 42% calories from fat (fat
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source: milk fat) and 0.2% cholesterol for 17 weeks. For the body weight analysis, mice
were weighed weekly. For food intake measurements, mice were singly housed on wire
bottoms and food consumption was measured daily for a period of one week.
Intraperitoneal glucose tolerance test (IPGTT) was performed after 10h of fasting.
Glucose was administered by intraperitoneal injection at a dose of 2g/kg BW. Blood
glucose was measured using a Contour Blood Glucose Meter/Glucometer (Bayer
Diagnostic)21. Mice were housed in an Oxymax apparatus (Columbus Instruments,
Columbus, OH) to measure oxygen consumption, carbon dioxide production, respiratory
exchange ratio (RER), energy expenditure (EE), heat production, and motor activity
(ambulatory, rearing and total motor activity)17. At study’s end, mice were necropsied
and small intestine (separated into 5 equal length segments), colon, liver, epididymal
white adipose, brown adipose, bile, and kidneys. Plasma was also collected throughout
the study for analysis.

Bile Acid and Lipid Measurements
To measure lipid and individual fatty acid absorption, mice were fed a similar high fat diet
(42% calories from fat) containing behenic acid22, singly housed on wire bottom cages
for 72 hours. Feces were collected, and the lipids extracted, and analyzed using a gas
chromatograph. For fecal bile acid measurements, feces were collected from singlyhoused adult mice over a 72 period and [14C]cholic acid (PerkinElmer Life Sciences) was
added to monitor bile acid recovery. The bile acids were then extracted and measured
by enzymatic assay as described.23 Fecal neutral sterols were extracted in ethanol and
measured using gas chromatography.12 Hepatic levels of total cholesterol, cholesterol
ester, free cholesterol, and triglycerides were measured by enzymatic assay (Roche
Applied Science)24.
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Statistical Analyses
Mean values ± SEM are shown unless otherwise indicated. The data were evaluated for
statistically significant differences by ANOVA (Tukey-Kramer honestly significant
difference) (GraphPad Prism; Mountain View, CA). Differences were considered
statistically significant at P<0.05.

Results
Deletion of ileal apical and basolateral bile acid transport has no effect on diet induced
obesity but improves glucose tolerance
To investigate the metabolic effects of Asbt and Ostα inactivation in a HFD-fed model,
Asbt-/- and Ostα-/- mice were fed Teklad TD.88137 diet (42% calories from fat) for 17
weeks and changes in body weight and glucose tolerance were monitored. In contrast to
the pilot data and previous reports in the literature, body weight gain was similar in WT,
Asbt-/-, and Osta-/- mice (Figure 1A, 1B). At necropsy, liver, epididymal white adipose,
and brown adipose were weighed and there were no significant differences between the
different HFD-fed groups (Figure 1C). To ensure that any changes in body or tissue
weights were not due to the Asbt-/- and Ostα-/- mice consuming less calories, food intake
was measured at various points in the study. Food intake was not affected by genotype
(Figure 2) suggesting that these animals had a similar caloric intake as their WT
counterparts. As assessed using an IPGTT, both Asbt-/- and Ostα-/- mice had lower blood
glucose areas under the curve (AUC) as compared to WT mice (Figure 3A, 3B). Despite
little change in body weight or adiposity, blocking or inactivating apical and basolateral
bile acid transport improved glucose disposition.

Deletion of ileal apical and basolateral bile acid transport reduces lipid and individual
fatty acid absorption
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Intestinal lipid absorption was reduced in Asbt-/- and Ostα-/- mice as compared to WT
mice (Figure 4A). Analysis of individual fatty acid species In Ostα-/- mice (Figure 4B)
revealed significant reductions in the intestinal absorption of the major saturated fatty
acids, myristic, palmitic, and stearic acid. Reductions were also found in the intestinal
absorption of the unsaturated fatty acids, oleic, linoleic, and eicosenoic acid. In Asbt-/mice, there were significant reductions in several fatty acid species, including stearic,
oleic, and linoleic acid. In Ostα-/- mice, reductions were observed for saturated,
monounsaturated, and polyunsaturated fatty acids. Decreases in fatty acid absorption for
Asbt-/- were seen mostly in unsaturated fatty acids. Overall, the results for the individual
fatty acid absorption agree with the total lipid absorption profile.

Metabolic effects associated with deletion of ileal apical and basolateral bile acid
transport
Indirect calorimetry was performed for Asbt-/-, Ostα-/-, and WT mice to assess metabolic
differences between the HFD-fed genotypes. There were no significant changes in O2
consumption and CO2 production during the light and dark cycles and overall for a 24-hr
period. However, Asbt-/- mice did appear to have lower levels of O2 consumption and
CO2 production at various time points (Figure 5A, 5B). Ostα-/- mice appear to have
increased O2 consumption and CO2 production during the dark cycle. The RER for Asbt-/mice was slightly lower than Ostα-/- and WT mice during both the light and dark cycles,
and the RER for all groups remained close to 0.8, suggesting that these animals are
burning more fat and protein than carbohydrate25 (Figure 5C). In contrast to results with
BAS-treated mice, the Asbt-/- mice had significantly lower EE during the light cycle; a
trend that continued throughout the dark cycle (Figure 5D). Ostα-/- mice appear to have
slightly higher EE, suggesting that these animals are burning more calories during the
dark cycle. Similar to those findings, heat production was also slightly higher in Ostα-/-
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mice during the dark cycle (Figure 5E). There was considerable variation in the activity
levels, but overall did not differ significantly between groups (Figure 6).

Deletion of ileal apical and basolateral bile acid transport alters fecal and hepatic lipids,
and protects against diet induced hepatic steatosis
Fecal neutral sterol excretion was significantly higher in Ostα-/- mice as compared to
Asbt-/- and WT mice (Figure 7A). In agreement with those findings, intestinal cholesterol
absorption, as measured using the dual isotype method, was significantly reduced in
Ostα-/- mice24. The trends for fecal bile acid excretion were similar to that previously
reported for basal diet and chow-fed Asbt-/- and Osta-/- mice. Fecal bile acid excretion
was elevated in Asbt-/- mice12, but unaffected or reduced in Osta-/- versus WT mice11
(Figure 7B). The fecal output (fecal weight per day) was also significantly different
between the three genotypes (Figure 7D). Livers were collected at necropsy and later
assayed for hepatic lipid content. Both Asbt-/- and Ostα-/- mice had a significantly lower
content of total cholesterol (free cholesterol and cholesteryl esters), and triglyceride as
compared to WT mice (Figure 8A, 8B, 8C, 8D). This suggests that blocking apical and
basolateral bile acid transport protects against diet-induced hepatic steatosis. No
changes were seen in hepatic total phospholipid content (Figure 8E).

Discussion
The aim of the current study was to determine if disrupting the EHC by blocking
ileal apical versus basolateral bile acid transport would have differential effects on the
development of obesity and glucose intolerance in HFD-fed mice. In contrast to previous
reports for BAS-treated mice or Osta-/- mice, blocking reabsorption of bile acids (apical
or basolateral) did not affect development of diet-induced obesity in this study. However,
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inhibition of either apical or basolateral transport prevented HFD-induced glucose
intolerance. There was also a mild effect on other metabolic features, along with
significant reductions or differences in intestinal fat and cholesterol absorption, fecal
neutral sterol and bile acid excretion, and hepatic triglyceride and cholesterol levels. The
decreased intestinal fat and cholesterol absorption may be secondary to reductions in
bile acid pool size and a shift in the bile acid pool composition toward more hydrophilic
bile acid species, which would impair solubilization of dietary/biliary lipids and sterols in
the lumen of the gut. Based on previous research, models such as Asbti and BAS
(similar to Asbt-/-) have shown resistance to diet-induced weight gain, hepatic steatosis,
and insulin resistance. Although we did not see resistance to weight gain in this study,
the effects on obesity could be affected by sex. Depending upon the mouse background,
female mice have been reported to be more resistant to adiposity and some of the
negative metabolic consequences that accompany HFD feeding. The significant
reduction in hepatic steatosis is in agreement with results seen in mouse studies using
an Asbti or BAS.
Various molecular mechanisms have been proposed that could explain the
beneficial metabolic benefits associated with interruption of the EHC. This includes
increasing energy expenditure and metabolic rate through systemic activation of TGR5.
Recent studies of TGR5 has implicated this bile acid-activated G-protein coupled
receptor as a potential target for drug treatment in diseases including diabetes26. For
example, treating HFD-fed mice with the BAS Colestimide increased hepatic bile acid
synthesis, increased circulating levels of TGR5-agonistic bile acids, and was associated
with increase systemic energy expenditure through TGR5 activation in brown adipose
tissue17.
Although this mechanism is plausible, it raises several questions. In order to
thoroughly determine TGR5’s role in these models, further investigation of the receptor’s
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expression in brown adipose is important. Other mechanisms to consider include bile
acid activation of TGR5 in colonic L-cells to stimulate release of the incretin hormone
GLP-1. As shown in this study and in previous reports, Asbt-/- mice have an increased
flux of bile acids through the colon. Due to TGR5’s location in the L-cells of the ileal and
colonic mucosa, bile acid could stimulate GLP-1 production/release, which would act to
improve glucose homeostasis and endocrine pancreas function. Although this could
explain the benefits of blocking apical bile acid transport, there are also conflicting
reports regarding the ability of BAS to affect activity and energy expenditure. Other
potential mechanisms must still be considered.
In both Asbt-/- and Ostα-/- mice, intestinal lipid absorption was reduced. This is
likely due to reductions in the bile acid pool size and changes in bile acid pool
composition, which impair the ability of the pool to efficiently solubilize dietary fat in the
intestinal lumen. The reduced absorption of the non-esterified fatty acids derived from
dietary fat may play a major role in the decrease in hepatic steatosis observed in the
HFD-fed Asbt-/- and Ostα-/- mice versus WT mice27.
The final mechanism to address involves one of the more important pathways for
bile acid homeostasis, the FXR-FGF15 pathway. In addition to its role in bile acid
metabolism, FGF15 is also an endocrine hormone with potent metabolic and mitogenic
properties. Increased plasma FGF15 has been proposed to activate FGF receptors such
as FGFR1c in tissues such as muscle, adipose, and brain18. Activation of FGFR1c can
elicit many effects in white adipose tissue including increasing metabolic rate, energy
expenditure, and decreasing triglyceride and cholesterol content. After treating high fat
diet fed mice with FGFR4 ASO, there are significant increases in plasma FGF15 due to
a compensatory increase in ileal production in response to reduced hepatic FGFR4
signaling. Mice treated with the FGFR4 ASO were resistant to HFD-induced weight gain,
and exhibited reduced fat depot weights, increased fatty acid oxidation, and improved
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blood glucose in the insulin tolerance test. In addition to FGF15 eliciting metabolic
effects, indirect upregulation of CYP7α1 would also reduce cholesterol levels and
improve metabolic state. FGF15 mechanisms of improving metabolic homeostasis could
explain the changes seen in the Ostα-/- model.
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Figure 1. Effects of ileal apical and basolateral transport deletion on body weight gain.
Female mice age 2-4 mos were fed a 42% high fat diet for a period of 17 weeks. A)
Body weight (g) was measured weekly throughout the study for each genotype, n=6. B)
At the end of the study, the total Δ in body weight (g) was analyzed. C) During necropsy
liver, epWAT, and BAT weights were calculated as a % of body weight.
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Figure 2 – Effects of ileal apical and basolateral transport deletion on food intake. Food
intake (cal/g BW) was analyzed for each genotype for 2 periods in the study. A) Week 3,
n=6. B) Week 6.
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Figure 3 – Effects of ileal apical and basolateral transport deletion on glucose
disposition. A) Glucose intolerance was assessed by IPGTT (mg/dL), n=6. B) AUC was
calculated based on the quantified results obtained.
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Figure 4 – Effects of ileal apical and basolateral transport deletion on lipid and fatty acid
absorption. Mice were fed a diet containing behenic acid and feces were collect. A) Fat
absorption (% of fat absorption based on total amount consumed and excreted factoring
in nonabsorbable behenic acid aborbed) was analyzed by gas chromatography after
extraction, n=6. B) In addition to investigating total lipid absorption, individual fatty acid
absorption was also assessed.
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Figure 5 – Effects of ileal apical and basolateral transport deletion on metabolic
homeostasis. A) O2 consumption (ml/kg/hr) was analyzed for a 24hr period during
calorimietry analysis, n=6 and separated into the light and dark cycles. B) CO2
production (ml/kg/hr), C) RER (VCO2/VO2), D) EE (kcal/kg/hr), and E) heat production
(kcal/hr) was also analyzed.
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Figure 6 – Effects of ileal apical and basolateral transport deletion on activity. A) Total
activity (counts per hr) was analyzed for a 24hr period and separated into light and dark
cycles. B) Ambulatory and C) rearing activity was also analyzed.
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Figure 7 – Effects of ileal apical and basolateral transport deletion on neutral sterol and
bile acid excretion. A) Feces were collected and analyzed for sterol excretion
(mg/day/100g BW) by gas chromatography, n=6. B) Fecal bile acids (µmoles/day/100g
BW) were measured by enzymatic assay. C) Feces were collected and analyzed for
fecal phytosterol excretion (mg/day/100gBW) by gas chromatography, n=6. D) Fecal
output (g/day) was measured to determine any changes in output based on genotype.
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Figure 8 – Effects of ileal apical and basolateral transport deletion on hepatic lipids and
development of steatosis. Livers were collected during necropsy, extracted, and
analyzed for hepatic lipids and steatosis. A) Hepatic free cholesterol (µg/mg protein) was
analyzed by gas chromatography. B) Hepatic cholesterol ester, C) total cholesterol, and
D) triglycerides, and E) phospholipids were also analyzed.
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CHAPTER V

DISCUSSION

Courtney Ferrebee prepared this chapter. Dr. Paul Dawson acted in an editorial and
advisory capacity.
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I.

Bile Acid Cytotoxicity and Pathophysiology: Overview
Although bile acids are important for various physiological properties in the

intestine and liver, higher concentrations tend to be pathophysiological. Due to the
structure and detergent property of bile acids, cytotoxicity can be associated with
increasing amounts of hydrophobic bile acids. At high concentrations, hydrophobic bile
acids are capable of causing injury by binding to membranes and increasing
permeability 12. Due to this, retention and accumulation of hydrophobic bile acids in
hepatocytes is an important contributor to liver injury in forms of cholestasis3, 4. Similarly,
these same hydrophobic suspects have been implicated in colon cytotoxicity and
cancer5. Some of the proposed molecular pathways underlying the cytotoxicity include
bile acid-induced apoptosis (necrosis and/or autophagy), oxidative stress, ER stress,
and DNA damage2.

a. Molecular Pathways of Bile Acid Cytotoxicity
i. Bile Acid-Induced Cell Death and Autophagy
Apoptosis is separated into two major pathways: extrinsic and intrinsic. The
extrinsic pathway is mediated through membrane cell death receptors Fas, and FADD5,
6

. Within the extrinsic pathway, activation of the receptor results in the formation of the

death inducing signaling complex (DISC) and cleavage/activation of procaspase 8,
triggering apoptosis6. Activation of these receptors by bile acid has been documented in
hepatocytes. Bile acids have been shown to activate EGFR in stellate cells, which
signals to trigger apoptosis7 via Fas/CD95 activation and caspase cleavage. Proapoptotic bile acids acting through Fas can activate caspase 6 and induce apoptosis
through the mitochondrial protein Bid8. Apoptosis of colonic cells has also been studied
in recent years. Apoptosis is an important component of the short life-cycle of the gut
epithelial cells, whereby mature enterocytes undergo sloughing and turnover
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approximately every 3 days9. Modulation of those pathways by bile acids has been
studies in the colon, where for example caspase 8 is activated after bile acid treatment10,
11

. Bile acids have also been shown to induce ROS formation, which can signal through

the EGFR to stimulate Fas oligomerization and activate caspase 85. Other membrane
receptors that can induce apoptosis through oxidative stress include PLA2 and PKCδ12,
13

. Overall, these studies show that the extrinsic pathway could be involved in bile acid-

induced apoptosis.
The intrinsic pathway is initiated due to intracellular stress stimuli leading to
mitochondrial events. Intracellular bile acids have the ability to interfere with
mitochondrial membrane function, leading to toxicity in the form of reduced permeability
(mitochondrial membrane permeability transition or MPT), membrane potential, and
mitochondrial respiration14. Changes in these areas lead to the release of pro-apoptotic
factors like cytochrome c. For cells other than hepatocytes, there is considerable more
evidence that bile acids can induce apoptosis through interactions with the mitochondria
and activation of the intrinsic pathway rather than the extrinsic pathway. In addition to
bile acids interacting directly with the mitochondria, they can induce ROS and indirectly
induce mitochondrial oxidative stress. For example, bile acids such as DCA and CDCA
can increase ROS generation in colon cells12, 15, leading to cytochrome c release, Bax
activation, and formation of the apoptosome with activated caspase 9. This can also lead
to activated effector caspase 3. Additionally, bile acids can act through Bid or stimulate
release of Bak in response to ER stress5.
Besides apoptosis, bile acids may be able to induce necrosis or necroptosis.
Primary hepatocytes treated with GCDC have increased levels of LDH, a hallmark of
necrosis16, 17. Furthermore, this mechanism has been implicated in obstructive
cholestasis. Necroptosis is the regulated form of necrosis. This process is initiated by the
TNF receptor family. Within the signaling pathway are receptor interaction kinases
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(RIPK1 & 3) that forms a complex with FADD and activates caspase 818. In patients with
PBC, hepatic RIP3 protein expression is significantly increased19. Also in BDL, after 3 to
14 days, the mRNA and protein levels of RIP3 and protein levels of RIP1 are
significantly increased. In RIP3 null mice with BDL, necrosis is reduced. Taken together,
this suggests that bile acid induced cell death is not solely an apoptotic or necrotic event
but could also include necroptosis as well.
Alongside cell death is the concept that bile acids could induce autophagy.
Autophagy is the process by which lysosomes degrade cell organelles and proteins for
cell survival and in response to cell stress. Although retention and accumulation of bile
acids in the liver during cholestasis leads to injury and cell death, research has also
shown a role for bile acid flux in autophagy. In FXR null mice, as compared to wildtype,
there is an accumulation of autophagosome proteins LC3 and p62 suggestive of
impaired autophagy20. Overall, bile acids appear to suppress autophagy in favor of
promoting cell death pathways.

ii. Bile Acid-Induced Oxidative Stress
There are multiple actions by which bile acids can generate ROS. This includes:
1) bile acids entering the cell and interfering with mitochondrial function, 2) activation of
NADPH oxidase enzymes on cellular membranes, and or 3) activation of PLA2
membrane receptors. The ability of bile acids to disrupt mitochondrial function has been
studied in the greatest depth. In models of cholestasis, bile acids have been shown to
cause lipid peroxidation in hepatic mitochondria21. Once hydrophobic bile acids reach
the mitochondria, they impair electron transport and decrease the activities of electron
transport chain enzymes in liver22. In addition to this, hydrophobic bile acids also
decrease liver mitochondrial bioenergetics by membrane permeability and MPT, most of
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which effect respiration23. Generation of intracellular ROS can be a result of MPT and an
early event of hydrophobic bile acid interactions with mitochondria12, 24-26.
Another major source of bile acid induced ROS generation is through activation
of NOX enzymes and has been studied primarily in the liver27. However, activation of
NOX by DCA and CDCA has also been investigated as a mechanism of oxidative stress
and apoptosis in colon adenocarcinoma cells12. This is a plausible mechanism given that
NOX1 (and DUOX2) is most highly expressed in intestinal and colonic epithelial cells28.
Bile acids have also been proposed to activate NOX5 and TGR5 to produce oxidative
stress and DNA damage in esophageal adenocarcinoma cells29. Much of the damage
produced by bile acids in the small intestine and colon leads to colitis or colitis-like
phenotypes. In models of DCA induced colitis, NOX2 null mice show attenuated colonic
inflammation, oxidative DNA damage, and nitrosative stress, suggesting that NOX is
involved with the development of the disease30. In addition, in mice deficient in
antioxidant glutathione peroxidase genes, NOX1 has been shown to cause ileocolitis,
suggesting that ROS is involved in the process as well31. GCDCA has also been shown
to regulate NOX3 expression in hepatocytes through Sp132. Alongside NOX activation by
bile acids is activation of other membrane receptors like PLA2. Interestingly, DCA and
CDCA have also been proposed to activate PLA2 and induce ROS not only in the
process of apoptosis/necrosis but also by altering transepithelial permeability in the gut12,
33

.

iii. Bile Acid-Induced ER Stress and DNA damage
A minor mechanism to bile acid induced oxidative stress is bile acid induced ER
stress and DNA damage. Bile acids have been proposed to induce ER stress via their
ability to activate PLC and produce IP3, DAG, and calcium release5. DCA can bind to
and activate PLC and PKC to increase calcium release34. Due to calcium’s triggering of
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apoptosis as well as the ER being a reservoir of calcium, this supports the potential
theory that bile acid induced ER stress could lead to apoptosis35. GCDCA has been
shown to induce apoptosis through the ER36. Furthermore, bile acids have been shown
modulate PKCδ, resulting in morphogenic changes in colonic cells13.
DNA damage has been a demonstrated as a mechanism in colon cells37-39. The
mechanism has been proposed an indirect effect to the generation of ROS5. While it was
originally proposed as an apoptotic mechanism thorough p53, there are conflicting
reports showing DCA suppresses its expression40. Moreover, p53 has been discovered
as a modulator of bile acid homeostasis suggesting a possible role for both protein and
steroid in apoptosis41. p53 independent apoptosis include the DNA damage response
protein GADD153, which increases in expression in response to bile acids42.

b. Bile Acid Cytotoxicity and Pathophysiology: Disease, Treatment, and
Future Directions
Various diseases are associated with bile acid cytotoxicity from cholestatic liver
disease to cancer43. In cholestatic liver, hepatic levels of bile acids are significantly
increased4. Similarly in intrahepatic cholestasis, serum bile acids are significantly
elevated and this correlates with disease severity44, 45. As discussed in Chapter II, OSTα
null mice have blunted villi due to early upregulation of ASBT, increased bile acid uptake
and accumulation, and induction in bile acid induced oxidative stress. Similar to many
other bile acid associated diseases, impairment of bile acid transport in OSTα null mice
leads to a block and accumulation of bile acids. As discussed earlier, ICP and PFIC2
have deficiencies in bile acid transporters like MDR3 and BSEP46. Other diseases
affected by potential changes in bile acid transport include NEC, which has upregulation
of ASBT47-49. There is also altered regulation of bile acid transport (and control of nuclear
receptors) in cholestatic states50, 51 52. And in inflammatory bowel disease disorders,
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there are also alterations in bile acid transporters such as MRP3, MRP4, and OSTαβ53.
Accordingly, cholestatic diseases as well as inflammatory bowel diseases not only
center on bile acids but the adverse effects of the molecules54-56.
Treatment strategies are designed from a perspective of targeting the regulation
of bile acid homeostasis, for example limiting bile acid transport and synthesis. And
these strategies also target the adverse effects of cytotoxicity including reducing
oxidative stress. Inhibitors of bile acid transporters have been proposed as potential
therapeutics for bile acid associated diseases. ASBT inhibitors are in development for
diseases such as NAFLD57-59, and their effects may be mediated through their ability to
increase cholesterol catabolism into bile acids and stimulate colonic TGR5 and GLP-1
production. Treatment of cholestastic liver diseases with an ASBTi has also been
proposed, due to their ability to reduce the circulating bile acid pool size60. In MDR2 null
mice (model for liver injury and sclerosing cholangitis), inhibition of ASBT reduces
hepatic bile acid load and injury through reduction of toxicity by: 1) increasing
phospholipid to bile acid ratio and decreasing the amount of toxic bile acid monomers,
and 2) altering the bicarbonate umbrella)52. Alongside these reductions were changes in
bile acid pool composition, which has been identified in ASBT null mice61. Increased
activation of colonic TGR5 and increased GLP-1 production is also an attractive potential
mechanism62. In NEC, ASBT has been implicated in disease progression. Inactivation
and inhibition of ASBT ameliorates ileal damage, suggesting an important potential role
for ASBT inhibitors in the treatment of this disease63. ABST inhibitors have also been
proposed for the treatment of idiopathic constipation64. Similar to ASBT inhibitors, bile
acid resins and sequesterants elicit have been used for bile acid disease65.
Cholestyramine and covesevalam are predicted to have a similar but not identical
mechanisms of action as ASBT inhibitors, where both strategies block ileal bile acid
uptake. BAS, which are FDA-approved, has been used for bile acid malabsorption and
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diarrhea66. However, there are intriguing reports that this strategy may also be useful in
the treatment of some forms of cholestasis67.

***

FXR agonists have also been investigated in as a potential therapeutic agent. In
models of maternal cholestasis, treatment with an FXR agonist decreased serum and
hepatic bile acids and reduced apoptosis and liver injury68. Oxidative stress is also
decreased (lower levels of NOX4 and higher levels of Gstmu3, Gsta4, and Prdx1) in this
model. FXR activation increases canalicular biliary transport through MRP2 and BSEP,
which could be a formidable treatment in some forms of cholestasis 69. Obetacholic acid,
a bile acid-based FXR agonist, also shows improvements in the treatment of PBC70.
Other potential bile acid based therapeutic approaches include the use of a variant form
of FGF1971 and TGR5 agonists. For example, mice overexpressing TGR5 have less
injury in sclerosing cholangitis60. TGR5 also promotes bicarbonate secretion and
influences bile acid pool composition, which serves to limit bile acid hydrophobicity and
toxicity72.
Ursodeoxycholic acid has been investigated as a therapeutic for cholestatic liver
disease. Mechanisms of anti-cholestatic actions for UDCA include: 1) stimulating bile
acid secretion from hepatocytes and cholangiocytes, 2) decreasing bile acid cytotoxicity
by altering the bile acid pool from hydrophobic to hydrophilic, and 3) inhibiting
apoptosis73. One of the hallmarks of UDCA is its ability to transcriptionally regulate
BSEP and MRP2, regulating of targeting and membrane insertion of proteins, and
reducing mitochondrial membrane permeability to prevent apoptosis73. UDCA treatment
of PBC, ICP, and PFIC reduces bile acid toxicity, delays disease progression, and
improves liver function74. Many of the positive and protective effects of UDCA extend
into the area of oxidative stress. UDCA prevents oxidative injury through antioxidant
effects or by increasing antioxidant defenses2. The bile acid stimulates hepatic MRP2,
MRP3, and MRP4 levels as well as Nrf2, the transcription factor that regulates the
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antioxidant response to protective against oxidative damage75. NorUDCA, a derivative of
UDCA, ameliorates liver injury and reverses the effects of sclerosing cholangitis and
obstructive cholestasis in ABC4 null mice60, 76.
Therapeutics include antioxidants to combat the induction of oxidative stress. As
mentioned, UDCA is considered an antioxidant drug due to its prevention of oxidative
stress and activation of Nrf2 pathway. Nrf2 is a transcription factor that mediates the
adaptive response to counteract oxidative stress77. Signaling within the pathway is
controlled by the protein partner Keap1 which sequesters the Nrf2 in the cytosol. After
responding to oxidative stress, Keap1 is ubiquitinated and degraded, allowing Nrf2 to
translocate to the nucleus and initiate transcription of detoxification and antioxidant
genes78. Target pathways/genes include glutathione production and utilization (Gclm,
Gsta, Gstm, Gstt, etc.), thioredoxin production (Txnrd1, Prdx1, etc.) and NADPH
production (Nqo1, etc.)79. These various pathways reduce oxidative stress by
scavenging oxygen radicals. Nrf2 is also seen as a potential regulator of bile acid
metabolism through its control of transporter genes77. In mice deficient in Gprx 1 and 2,
NOX1 activation leads to increased injury and ileocolitis31. In colon cancer cells, DCA
and TCDCA treatment results in upregulation of thioredoxin reductase suggesting an
increase in oxidative stress80. Similarly, in hepatocytes, toxic bile acids have also been
shown to provoke an adaptive defense response through increasing Nrf2 targets (Gclm,
Glcc, Trx1, Gsta1/2, and Nqo1)81. Antioxidant treatment using N-acetyl cysteine
alleviates and protect against intestinal injury in NEC and colitis82-84. Administration of
TEMPOL and RNPO also help to ameliorate the symptoms of colitis85.
Bile acid transport and EHC models such as OSTα null mice present an
interesting scenario for and against targeting bile acid homeostasis in disease and for
treatment. ASBT inhibitors have been marketed for their use in a variety of diseases
such as bile acid diarrhea and metabolic syndrome (cardiovascular disease, diabetes,
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NAFLD). However, the OSTα null model suggests that precautions should be made
when considering designing small molecule inhibitors targeting the protein. Further, in
the realm of disease, this model aligns itself with more cholestatic models such as PFIC,
ICP, and NEC. Experimental treatment using the approach of bile acid injury and
oxidative stress in OSTα null mice may also prove to be beneficial in the treatment of
these diseases as well.
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